
Abstract. Experimental data from in vitro and in vivo
models indicate that peroxisome proliferator-activated
receptor (PPAR) ligand activation regulates differentiation
and induces cell growth arrest and apoptosis in a variety of
cancer types. Thiazolidinediones such as ciglitazone (CGZ)
constitute the most well-known synthetic ligands for
PPARÁ. We previously reported a remarkable antitumor
effect of the retinoid 6-OH-11-O-hydroxyphenantrene
(IIF), synthetic retinoid X receptors (RXRs) agonist, on
many cancer cell lines. Since PPARs bind to DNA as
heterodimers with RXRs, in this study we investigated if
IIF potentiates the antitumoral properties of the PPARÁ
ligand CGZ in glioblastoma U87MG and melanoma G361
cells. Our results show that either IIF or CGZ inhibited cell
growth and tissue invasion ability, but these properties
were enhanced by using IIF and CGZ in combined treat-
ment. Since matrix metalloproteinases (MMPs) play a
major role in tumor cell invasion, we analyzed the effect of
IIF and CGZ on MMP2 and MMP9 activity and expression.
The addition of IIF to CGZ resulted in a decrease of MMP2
and MMP9 expression and activity, higher than when each
agent was used alone. Furthermore, treatment with IIF
and/or CGZ enhanced PPARÁ expression but both agents in
combined treatment caused the maximum efficiency.
Finally, we demonstrated that IIF can potentiate PPARÁ
trascriptional activity induced by CGZ, by evaluation of
peroxisome proliferator-responsive element transactivation.
In conclusion, these findings suggest that the RXR
selective retinoid IIF, in combination with the PPARÁ
ligand CGZ, may provide a therapeutic advantage in cancer
treatment.

Introduction

Peroxisome proliferator-activated receptors (PPARs) have
lately attracted much attention as therapeutic targets.
PPARs have been shown to play an important role in the
regulation of energy homeostasis by modulating glucose
and lipid metabolism and transport. Recent studies have
demonstrated that PPARs agonists, especially PPARÁ
ligands can regulate differentiation and induce growth
arrest and apoptosis in a variety of cancer types (1,2).
Among PPARÁ agonists, very important are thiazo-
linediones (TZDs). Interestingly, beyond the treatment of
diabetes, a wide spectrum of action for TZDs, including
antineoplastic properties has been reported in various types
of human cancer cell lines. TZD inhibited cell proliferation
of human bladder carcinoma cell lines by increasing cyclin-
dependent kinase inhibitor expression and induced cell
death (3), inhibited the growth of human lung cancer cell
lines by inducing apoptosis (4), and induced differentiation
in human colon carcinoma cell lines (5,6). These studies
suggest that targeting PPARÁ may be a potential useful
strategy for cancer treatment. Consequently, several clinical
studies have been conducted using PPARÁ ligands in human
cancer. However, on the whole, these clinical trials have so
far indicated that PPARÁ agonists may not be useful as a
monotherapy for common cancers (7,8).

PPARs are ligand-activated transcription factors. As a
result, after ligand binding, PPARs can regulate gene
expression by binding to peroxisome proliferator-responsive
element (PPRE) in target genes as heterodimers with the
retinoid X receptors (RXR). As a consequence, RXRs play a
fundamental role in controlling cell proliferation and
metabolism and the retinoids which bind to RXR (rexinoids)
may be the most preferable partner for the PPAR agonists
(9).

Retinoids have long been investigated in preclinical
models, and clinical data have supported the potential of
these compounds as cancer preventive and therapeutic agents
(10-13). Moreover, cancer therapy using rexinoids (14,15)
has been proved to be clinically useful and also less toxic
than therapy with all-trans retinoic acid (ATRA) or conven-
tional retinoids that bind RAR receptors (16,17). In previous
studies we demonstrated that IIF, a retinoid whose receptor is
RXR (18), has a strong antitumoral effect on many cancer
cell lines (19-23).
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On the basis of these observations, the combined use of
PPARÁ and RXR ligands could be a critical strategy for
cancer treatment. In the present study we examined the
antitumoral properties of the TZD ciglitazone (CGZ) in
combination with the retinoid IIF in U87MG glioblastoma
and G361 melanoma human cells, with the aim to find a
potentiated antitumor effect produced by the combination of
PPARÁ ligand plus RXR ligand.

Materials and methods

Cell culture. The human tumor cell lines U87MG (glio-
blastoma) and G361 (melanoma) were obtained from Interlab
Cell Line Collections (Genoa, Italy). They were maintained
in RPMI (Sigma, USA) supplemented with 10% fetal
bovine serum (FBS), 2 mM glutamine, 50 U/ml penicillin
and 50 μg/ml streptomycin and grown at 37˚C in a humidified
air with 5% CO2. IIF (provided by Dr Khodor Ammar; pat.
WIPO W0 00/17143, Bologna, Italy) and CGZ (Sigma) were
dissolved in propylene glycol and ethanol, respectively,
just before use and the final concentrations, in the range
10-30 mM, were obtained with the culture medium. The
concentration of the solvent in the highest dose of drugs did
not affect cell proliferation and invasion of the cell lines.

MTT assay. The effect of IIF and CGZ on cell viability was
evaluated by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay, based on the reduction
of the number of metabolically active cells, and the results
were expressed as percentage of the controls. Briefly,
3x103 cells/well were seeded into a 96-well plates and
treated with specific concentrations of IIF or CGZ, after
which 0.5 mg/ml of MTT (Sigma) were added to each well
and incubated for 4 h at 37˚C. Following the incubation, a
solution containing 10% SDS and 0.01 M HCl was added.
After at least 18 h at 37˙C, the absorbance of each well was
measured in a micro-plate reader (Bio-Rad, USA) at 570 nm.
The results were expressed as percentage of the controls.

Cytotoxity test of T cells. T lymphocytes from blood samples
of several donors (men and women) were isolated by density
gradient centrifugation and erythrocyte resetting. T cells
(0.8x106 cells/ml) were cultured in RPMI containing 10%
FBS and 20 μg/ml phytohemagglutinin P (Difco Laboratories,
USA). Viability was determinated using MTT assay after
treatment with IIF and CGZ and their solvent (propylene
glycol and ethanol).

MMPs activity. MMP2 activity of U87MG and G361 cells was
determined by gelatin zymography. After a 4-day treatment
with CGZ 30 μM and/or IIF 20 μM the cells were washed with
PBS and replaced in serum-free medium (RPMI) for 18 h with
the same treatment. After centrifugation (300 x g for 10 min)
the supernatant was separated and protein concentration
determinated; 10 μg per lane, added by sample buffer (Tris-
HCl 1M, pH 6.8, sodium dodecyl sulphate (SDS) 2%, glycerol
10%) were applied to 10% SDS-polyacrylamide gel containing
1 mg/ml gelatin (Sigma). After electrophoresis, SDS was
removed from gel by washing twice with 2.5% Triton X-
100 for 1 h. After a brief rinse, the gel was incubated at 37˚C

for 18 h in buffer, pH 7.6, containing 100 mM Tris-HCl,
10 mM CaCl2, 20 mM NaCl. The gel was stained with 1%
Coomassie Brilliant Blue R250 for 2 h and then treated with
destaining solution (40% methanol, 10% acetic acid, 50%
distilled water). The MMP2 activity was indicated by clear
bands of gelatin digestion on a blue background. Activity of
MMP2 in the gel was quantified by using a densitometric
images analysis software (Image Master VDS, Pharmacia
Biotech, Uppsala, Sweden). MMP9 activity in the gel was
not revealed at these experimental conditions.

MMP9 activity. MMP9 immunoassay kit (Chemicon, USA)
was used for the determination of MMP9 level in conditioned
medium of human cells after treatment with IIF and/or CGZ.
Supernatant (50 μl) and enzyme antibody solution (300 μl)
were added into the bottom of a test tube. Anti-MMP9 coated
bead was placed in each tube and incubated at RT for 1 h.
After three washings the reaction was stopped by stop
solution. Absorbance was measured at 492-nm wavelength.

Western blot analysis. To determine MMP2, MMP9, RXRÁ
and PPARÁ levels, the cells were plated and treated with IIF
and CGZ as described above for zymography. The cells were
detached and were collected by centrifugation at 300 x g for
10 min and pellets were resuspended in lysis buffer (20 mM
Tris-HCl, pH 7.5, 0.5 mM EDTA, 0.5% Triton X-100, 5 μM
Na3VO4) and sonicated on ice, in the presence of protease
inhibitors. Protein concentration was determined by the
method of Lowry. Cell lysates (50 μg of protein per lane)
were size fractioned in 10% SDS-polyacrylamide gel, prior
to transfer to HybondTM-C Extra membranes (GE Healthcare,
UK) by standard protocols. Membranes were blocked for 2 h
with 5% milk in transfer buffer saline (TBS) at RT. The
membranes were incubated overnight at 4˚C with anti-
MMP2, or anti-MMP9 (Santa Cruz Biotechnology, USA), or
anti-PPARÁ (Vinci Biochem, Italy) and anti-RXRÁ (TEMA,
Italy) dissolved in TBS-5% milk. The membranes were
washed 2 times with TBS-5% milk and were incubated for
1 h with the respective peroxidase-conjugated antibodies.
The anti-MMP2, the anti-MMP9, the anti-PPARÁ and the
anti-RXRÁ were diluted 1:500 and the antirabbit peroxidase
conjugated antibody was diluted 1:1000 with 5% milk in
TBS-1% Tween-20. The proteins were detected by luminol
(GE Healthcare, UK). Bands were quantified by using a
densito-metric images analysis software (Image Master VDS,
Pharmacia Biotech, Sweden). The amount of protein in each
lane was the same, as confirmed by actin (Sigma).

Invasion assay. Invasion of cells into Matrigel was determined
using Boyden chambers (NTG, Italy) with polycarbonate
membrane, 8.0-μm pore size (NTG). The filter was coated with
12.5 μg of Matrigel (Sigma) and, after 2 h, U87MG and G361
cells treated or not with 20 μM IIF and/or 30 μM CGZ for
4 days, were seeded into the upper part of each chamber
(4x105 cell/well in 800 μl in serum-free RPMI) with the same
treatment. In the lower part 200 μl chemoattractant (RPMI
with 10% FBS) were added. After incubation for 18 h at 37˚C,
non-migratory cells on the upper surface of the filter were
wiped with a cotton swab, and cells migrated on the lower
surface of the filter were fixed and stained with toluidine blue.
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The invasion activity was evaluated by counting cells, in five
random fields, using microscopy at magnification, x100.

Immunocytochemistry. U87MG and G361 cells grown on
coverslips and after treatment with IIF and/or CGZ were
fixed with 4% paraformaldehyde and permeabilized with
Triton X-100 (0.1% in phosphate buffer saline (PBS) and
saturated in PBS-BSA 4% for 30 min. Then, cells were
incubated with anti-PPARÁ (mouse) or anti-RXRÁ (rabbit)
for 1 h at RT. After washings, cells were incubated with anti-
mouse fluorescein isothiocyanate (FITC)-conjugated and
with antirabbit tetramethyl rhodamine isothiocyanate
(TRIC)-conjugated secondary antibodies. Finally, slides were
mounted in glycerol-PBS medium containing 30 mg/ml 1,4-
diazabicyclo(2,2,2)octane (Dabco) (Sigma). Evaluation of
antibody specificity was carried out either by omitting
primary antibody or by using unspecific sera.

Luciferase assay. Cells/well (2.5x105) were plated and grown
for 24 h before transfection in a 24-well plate. Cells were
washed with PBS then transfected with 500 ng of the
appropriate responsive reporter: PPRE-Luc and pCMX-
nRXRÁ (provided by Professor Ronald Evans). Plasmids
were transiently transfected in U87MG and G361 cells by the
lipofectamine plus method (Gibco, USA) with 800 ng of the
receptor expression plasmid vector and 200 ng of the reporter
luciferase plasmid per well. The cells were transfected for 6
h, incubated with and without IIF 20 μM or CGZ 30 μM for
48 h, washed twice with PBS and treated with a lysis buffer
(25 μM Tris phosphate pH 7.8; 8 μM MgCl2; 1 mM DTT;
1% Triton X-100; 1% BSA; 15% glycerol). After 30 min, the
enzymatic activity of luciferase was measured with an
automated luminometer (Digene DCR-1, MGM Instruments,
CT, USA) and was expressed as relative light units per
milligram of protein. Basal luciferase activity was deter-
mined by taking the activity obtained with the reporter
plasmids and receptor expression vectors in the absence of
IIF or CGZ. In order to control transfection efficiency in each
experiment, cells were transfected with the wild-type (wt)
760-luc vector, which contains the luc gene under the control
of the HCMV major IE promoter (MIEP, -760 to +65, kindly
provided by Dr. C.V. Paya, Mayo Clinic, Rochester, NY,
USA).

Statistical analysis. Data were expressed as the mean (±
SEM). Differences were analysed by Student's t-test and
considered statically significant at p<0.05 between the
control and experimental samples.

Results

In this study we have investigated the antitumoral effect of
CGZ and of IIF on two cancer cell lines of ectodermic
origin, characterized by a high degree of tumorigenicity: the
melanoma G361 and the glioblastoma U87MG cell lines. The
compounds employed, directly (CGZ) or indirectly (IIF),
activate PPARÁ. PPARÁ is the receptor of CGZ and it is
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Figure 2. Effect of CGZ (30 μM) and IIF (20 μM) on invasion of U87MG
and G361 cells, as assessed by Matrigel invasion assay. Cells migrated
through the matrigel-coated membranes were fixed, stained and counted
under light microscopy. Each bar represents the mean (± SEM) of 3
independent experiments. *p<0.05; CTR, control.

Figure 1. Effect of different doses (μM) of CGZ and IIF on G361 (A),
U87MG (B) and on lymphocytes (C) cell viability after six days as assessed
by MTT assay. Each bar represents the mean (± SEM) of six replicate
cultures from 3 independent experiments; *p<0.05.
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active only when forming a heterodimer with RXR, the
receptor of IIF. We have studied if the anticancer efficacy of
the two compounds could be enhanced by using them
together.

Fig. 1 shows the antiproliferative effect of various doses
of CGZ and of IIF (10-30 μM), alone or in combination, on
G361 (Fig. 1A) and U87MG (Fig. 1B) cell lines. After six
days of incubation, both compounds inhibited cell growth in
a dose-dependent manner, but the effect was higher when the
compounds were added together.

In Fig. 1C it is shown that, in normal human lympho-
cytes, both IIF and CGZ, given alone or in combination, were
not toxic to cells. Only when 30 μM IIF and CGZ were used
in concert was a significant reduction of cell growth noted.

In order to test the effect of the two compounds on the
metastatic potential of the cell lines, we have examined three

parameters: the capacity of cells to migrate and the activity
and expression of MMP2 and MMP9, the enzymes that
facilitate cell migration in tissues by digesting collagen. To
evaluate the ability of the compounds to inhibit tissue
invasion, we have performed experiments in which we have
measured their effect by using Invasion Matrigel assay, a test
that measures the capacity of cells to migrate. Fig. 2 shows
that treatment with the two compounds in association
reduced the migration of cells, measured by the chemo-
invasion test, to a higher degree with respect to using each
compound alone. As invasiveness is mediated by the effect
of metalloproteases and in particular by MMP2 and MMP9,
we measured the activity of these two gelatinases. Fig. 3
shows that, in both cell lines, the inhibitory effect on MMP2
(Fig. 3A) and on MMP9 (Fig. 3B) exerted by IIF or CGZ used
alone was enhanced when the compounds were added
together to the incubation medium.

Western blot analysis (Fig. 4) confirmed the reduction of
MMP2 and MMP9 activity observed in the presence of both
componds: the expression of the enzymes was reduced to a
higher degree when the two compounds were used in
combination.

In Fig. 5A, it is shown that, in G361 and U87MG cells,
after treatment with IIF and/or CGZ, PPARÁ expression is
strongly enhanced with respect to untreated controls and that
the expression was further increased when the compounds
were added together. Similar results are noted when
evaluating RXRÁ expression in G361 cells, althought to a
lesser extent, but not in U87MG cells (Fig. 5B). These results
were confirmed by immunocytochemistry (data not shown).

It is known from literature that IIF is a ligand of RXR and
that PPARÁ is able to exert its functions only when bound to
RXR to form a heterodimer. We have performed experiments
in order to verify if the rexinoid IIF enhances PPARÁ trans-
criptional activity induced by CGZ. It is important to note that
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Figure 4. Effect of CGZ (30 μM) and IIF (20 μM) on MMP2 and MMP9
protein levels, as assessed by Western blotting in cell lysates of G361 (1-4)
and U87MG (5-8) after 5-day treatment. Densitometric data are expressed as
percentage of treated samples with respect to control. Each bar represents
the mean (± SEM) of 3 independent experiments; *p<0.05, **p<0.01.

Figure 3. Effect of CGZ (30 μM) and/or IIF (20 μM) on MMP2 (A) and
MMP9 activity (B) after five days treatment on G361 (1-4) and U87MG
(5-8) cell lines. (A) Gelatin zymogram showed the MMP2 (72 kDa) form in
serum-free conditioned media. Densitometric data are expressed as
percentage of treated samples with respect to control. (B) MMP9 activity
measured immunoassay is expressed as percentage of treated samples with
respect to control (CTR). The results are representative of 3 independent
experiments (± SEM); *p<0.05.
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the heterodimer PPARÁ-RXR, in order to act on DNA, must be
activated by a ligand of PPARÁ; in our experimental system
the ligand is CGZ. Activated PPARÁ acts on DNA by binding
to PPRE. Fig. 6 shows that the activation of PPRE exerted by
the heterodimer is strongly increased when cells were treated
with IIF or CGZ alone, but the activation was doubled when
the compounds were added together.

Discussion

In previous studies, we had demonstrated that IIF, a retinoid
whose receptor is RXR (18) had a strong antitumoral effect
on various cancer cell lines (19-23). CGZ is another com-
pound with strong antitumoral effects exerting its action by
binding to PPARÁ (24,25).

Since RXR forms a heterodimeric complex with PPAR,
and the activation of PPARÁ exerts antiproliferative effects
in cancer cells (26), it seems to be reasonable that the

combination of RXR and PPARÁ agonists may offer new
therapeutic strategy in cancer treatment. Recent preclinical
studies showed the effectiveness of this combined treatment
for some hematologic malignancies (27), and also in certain
type of solid tumors, such as breast and colorectal cancer
cells (28-32). The goal of this study was to investigate the
effectiveness of the combination of IIF (RXR agonist) and
CGZ (PPAR agonist), in other malignancies, such as human
glioblastoma and melanoma cells.

We demonstrated that, when the compounds were added
to cells in combination, their antiproliferative effect was
enhanced in both cell lines. We also demonstrated, using
human lymphocytes, that the compounds, alone or in
combination, at the same doses as used on cancer cells, are
not toxic for normal cells. This observation is particularly
interesting and it confirms the fact that, when used in
therapy, rexinoids evoke fewer collateral effects. The small
decrease observed after 6 days of treatment nevertheless is
not comparable to the toxic effects caused to lymphocytes by
commonly employed anticancer drugs. Under the same
experimental conditions, 1 nM tamoxifen reduced the
number of lymphocytes by 85% with respect to untreated
controls (data not shown).

Expression and activity of MMP2 and MMP9 are
correlated consistently with the invasive behaviour of tumor
cells (33-35). In a previous study (19), we verified that IIF
strongly inhibited these parameters in glioblastoma cells;
herein we demonstrated that the inhibitory effect of IIF on
cell invasion was increased when this compound was used in
combination with CGZ, either in glioblastoma or melanoma
cells. Furthermore, we demonstrated that IIF potentiates
PPARÁ expression and transcriptional activity induced by CGZ
in both cell lines.

The molecular mechanisms by which PPARÁ and RXR
agonists induce potentiated cooperative anticancer effects are
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Figure 6. Evaluation of PPRE transactivation in G361 and U87MG cells.
Basal luciferase activity was determined by taking the activity obtained with
the reporter plasmids [wild-type (wt) 760-luc vector] in the absence of CGZ
(30 μM) or IIF (20 μM). The data are expressed as treatment/control and are
the mean of 3 independent experiments (± SEM); *p<0.05.

Figure 5. Effect of CGZ (30 μM) and IIF (20 μM) on PPARÁ (A) and
RXRÁ (B) protein levels, as assessed by Western blotting in cell lysates of
G361 (1-4) and U87MG (5-8) after 5-day treatment. Densitometric data are
expressed as percentage of treated samples with respect to control. Each bar
represents the mean (± SEM) of 3 independent experiments; *p<0.05.
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currently unclear. It was reported (36) that PPARÁ and RXR
ligands can differentially recruit subset of transcriptional
coactivator proteins to the receptor complex, thus leading to
an enhanced transcriptional activation and cellular effects.
The transactivation of the PPRE by PPARÁ/RXR
heterodimer could modulate the expression of important
target genes, which could play a critical role in cancer
development (2,37). The activation of PPRE exerted by the
heterodimer PPARÁ-RXR was greatly enhanced also when
IIF was added to cells, probably because it activated the RXR
bound to PPARÁ. It is noteworthy that the simultaneous
addition of the two components of the heterodimer resulted
in a remarkable enhancement of various cellular events
caused by simple direct PPARÁ or RXRÁ ligands.

In conclusion, PPARÁ ligands, as CGZ, have anti-tumoral
and anti-invasive properties. In combination with rexinoids,
these effects are enhanced. The very low toxicity of these
compounds, together with the low toxicity of rexinoids,
suggests a potential role for utilizing a combination regimen
of PPARÁ and RXR agonists in cancer treatment.

Acknowledgements

The present work was supported by a grant from MURST,
Italy. We thank Dr K. Ammar for the kind gift of IIF,
Professor R. Evans for the kind gift of PPRE-luc plasmid and
Dr Paola Dal Monte for his support in the luciferase assay.

References

1. Grommes C, Landreth GE and Heneka MT: Antineoplastic
effects of peroxisome proliferator-activated receptor gamma
agonists. Lancet Oncol 6: 419-429, 2004.

2. Michalik L, Auwerx J, Berger JP, et al: International Union of
Pharmacology. LXI. Peroxisome proliferator-activated
receptors. Pharmacol Rev 58: 726-741, 2006.

3. Guan YF, Zhang YH, Breyer RM, Davis L and Breyer MD:
Expression of peroxisome proliferator-activated receptor
gamma (PPARgamma) in human transitional bladder cancer and
its role in inducing cell death. Neoplasia 1: 330-339, 1999.

4. Roman J: Peroxisome proliferator-activated receptor gamma
and lung cancer biology: implications for therapy. J Investig
Med 56: 528-533, 2008.

5. Cerbon A, Toaldo C, Laurora S, Briatore F, Pizzimenti S,
Dianzani MU, Ferretti C and Barrera G: 4-Hydroxynonenal and
PPARgamma ligands affect proliferation, differentiation, and
apoptosis in colon cancer cells. Free Radic Biol Med 42:
1661-1670, 2007.

6. Yoshizumi T, Ohta T, Ninomiya I, Terada I, Fushida S,
Fujimura T, Nishimura G, Shimizu K, Yi S and Miwa K:
Thiazolidinedione, a peroxisome proliferator-activated receptor-
gamma ligand, inhibits growth and metastasis of HT-29
human colon cancer cells through differentiation-promoting
effects. Int J Oncol 25: 631-639, 2004.

7. Krishnan A, Nair SA and Pillai MR: Biology of PPAR gamma
in cancer: a critical review on existing lacunae. Curr Mol Med
6: 532-540, 2007.

8. Rumi MA, Ishihara S, Kazumori H, Kadowaki Y and
Kinoshita Y: Can PPAR gamma ligands be used in cancer
therapy? Curr Med Chem Anticancer Agents 4: 465-477, 2004.

9 Zoete V, Grosdidier A and Michielin O: Peroxisome
proliferator-activated receptor structures: ligand specificity,
molecular switch and interactions with regulators. Biochim
Biophys Acta 1771: 915-925, 2007.

10. Altucci L, Leibowitz MD, Ogilvie KM, de Lera AR and
Gronemeyer H: RAR and RXR modulation in cancer and
metabolic disease. Nat Rev Drug Discov 6: 793-810, 2007.

11. Desjardins A, Rich JN, Quinn JA, et al: The retinoic acid
paradox in cancer chemoprevention. J Natl Cancer Inst 98:
426-427, 2006.

12. Garattini E, Gianni M and Terao M: Retinoids as differentiating
agents in oncology: a network of interactions with intracellular
pathways as the basis for rational therapeutic combinations.
Curr Pharm Des 13: 375-400, 2007.

13. Zhu J, Riaucoux-Lormière F, Honoré N, et al: RXR is an
essential component of the oncogenic PML/RARA complex in
vivo. Cancer Cell 12: 23-35, 2007.

14. Kagechica H and Shudo K: Synthetic retinoids: recent
development concerning structure and clinical utility. J Med
Chem 48: 5875-5883, 2005.

15. Nahoum V, Pérez E, Germain P, et al: Modulators of the
structural dynamics of the retinoid X receptor to reveal receptor
function. Proc Natl Acad Sci USA 104: 17323-17328, 2007.

16. Germain P, Chambon P, Eichele G, Evans RM, Lazar MA,
Leid M, De Lera AR, Lotan R, Mangelsdorf DJ and
Gronemeyer H: International Union of Pharmacology. LXIII.
Retinoid X receptors Pharmacol Rev 58: 760-772, 2006.

17. Kong G and Brown PH: The retinoid X receptor-selective
retinoid, LGD1069, down-regulates cyclooxigenase-2
expression in human breast cells through transcription factor
crosstalk: implications for molecular-based chemoprevention.
Cancer Res 65: 3462-3469, 2005.

18. Orlandi M, Mantovani B, Ammar K, Dal Monte P and Bartolini G:
Retinoids and cancer: antitumoral effects of ATRA, 9-cisRA
and the new retinoid IIF on the HL-60 leukemic cell line. Med
Princ Pract 12: 164-169, 2003.

19. Papi A, Bartolini G, Ammar K, Guerra F, Ferreri AM, Rocchi P
and Orlandi M: Inhibitory effects of retinoic acid and IIF on
growth, migration and invasiveness in the U87MG human
glioblastoma cell line. Oncol Rep 18: 1015-1021, 2007.

20. Bartolini G, Orlandi M, Ammar K, Magrini E, Ferreri AM and
Rocchi P: Effect of a new derivative of retinoic acid on
proliferation and differentiation in human neuroblastoma cells.
Anticancer Res 23: 1495-1500, 2003.

21. Bartolini G, Ammar K, Mantovani B, Scannabissi F, Ferreri AM,
Rocchi P and Orlandi M: Retinoid and cancer: antitumor effect
of ATRA and of a new derivative of retinoic acid, IIF, on colon
carcinoma cell lines CaCo-2 and HT-29. Anticancer Res 24:
1779-1783, 2004.

22. Bartolini G, Orlandi M, Papi A, Ammar A, Guerra A, Ferreri AM
and Rocchi P: Search for multidrug resistance modulators:
effects of retinoids in human colon carcinoma cells. In Vivo 20:
729-733, 2006.

23. Bartolini G, Orlandi M, Papi A, Ammar K, Tonelli R,
Franzoni M, Pession A, Rocchi P and Ferreri AM: Growth
inhibition and proapoptotic activity induction by IIF and
Valproic acid on RA-resistant leukemia cells. Anticancer Res
28: 283-288, 2008.

24. Yaacob NS, Darus HM and Norazmi MN: Modulation of cell
growth and PPARgamma expression in human colorectal cancer
cell lines by ciglitazone. Exp Toxicol Pathol (In press)

25. Yang YC, Tsao YP, Ho TC and Choung IP: Peroxisome
proliferator-activated receptor-gamma agonists cause growth
arrest and apoptosis in human ovarian carcinoma cell lines. Int J
Gynecol Cancer 17: 418-425, 2006.

26. Shimizu M and Moriwaki H: Synergistic effects of PPAR
ligands and retinoids in cancer treatment. PPAR Res 11555: 1-
10, 2008.

27. Lee YR, Yu HN, Noh EM, Kim JS, Song EK, Han MK, Kim BS,
Lee SH and Park J: Peroxisome proliferator-activated receptor
gamma and retinoic acid receptor synergistically up-regulate
the tumor suppressor PTEN in human promyeloid leukemia
cells. Int J Hematol 85: 231-237, 2007.

28. Cesario RM, Stone J, Yen WC, Bissonnette RP and Lamph WW:
Differentiation and growth inhibition mediated via the RXR:
PPARgamma heterodimer in colon cancer. Cancer Lett 240:
225-233, 2005.

29. Yamazaki K, Shimizu M, Okuno M, et al: Synergistic effects of
RXR alpha and PPAR gamma ligands to inhibit growth in
human colon cancer cells phosphorylated RXR alpha is a critical
target for colon cancer management. Gut 56: 1557-1563, 2007.

30. Hellemans K, Kerckhofs K, Hannaert JC, Martens G, Van
Veldhoven P and Pipeleers D: Peroxisome proliferator-
activated receptor alpha-retinoid X receptor agonists induce
beta-cell protection against palmitate toxicity. FEBS J 274:
6094-6105, 2007.

31. Ziouzenkova O and Plutzky J: Retinoid metabolism and
nuclear receptor responses: New insights into coordinated
regulation of the PPAR-RXR complex. FEBS Lett 582: 32-38,
2008.

PAPI et al:  PPARÁ LIGANDS AND RXR SELECTIVE RETINOIDS IN COMBINATION1088

1083-1089  5/3/2009  02:43 ÌÌ  ™ÂÏ›‰·1088



32. Crowe DL and Chandraratna RA: A retinoid X receptor (RXR)-
selective retinoid reveals that RXR-alpha is potentially a
therapeutic target in breast cancer cell lines, and that it
potentiates antiproliferative and apoptotic responses to
peroxisome proliferator-activated receptor ligands. Breast
Cancer Res 6: 546-555, 2004.

33. Clark IM, Swingler TE, Sampieri CL and Edwards DR: The
regulation of matrix metalloproteinases and their inhibitors. Int J
Biochem Cell Biol 40: 1362-1378, 2008.

34. López-Otín C and Matrisian LM: Emerging roles of proteases in
tumour suppression. Nat Rev Cancer 7: 800-808, 2007.

35. Rydlova M, Holubec L, Ludvikova M, Kalfert D, Franekova J,
Povysil C and Ludvikova M: Biological activity and clinical
implications of the matrix metalloproteinases. Anticancer Res
28: 1389-1397, 2008.

36. Park EY, Cho I and Sang GK: Transactivation of the PPAR-
responsive enhancer module in chemopreventive glutathione S-
transferase gene by the peroxisome proliferator-activated
receptor-Á and retinoid X Receptor heterodimer. Cancer Res 64:
3701-3713, 2007.

37. Lazar MA: PPAR gamma, 10 years later. Biochimie 87: 9-13,
2005.

ONCOLOGY REPORTS  21:  1083-1089,  2009 1089

1083-1089  5/3/2009  02:43 ÌÌ  ™ÂÏ›‰·1089


