Hindawi Publishing Corporation

PPAR Research

Volume 2008, Article ID 326915, 6 pages
doi:10.1155/2008/326915

Review Article

The Role of PPAR-y and Its Interaction

with COX-2 in Pancreatic Cancer

Guido Eibl

Hirshberg Laboratories for Pancreatic Cancer Research, Department of Surgery, David Geffen School of Medicine,
University of California, Los Angeles, 675 Charles E. Young Drive South, MRL 2535, Los Angeles, CA 90095, USA

Correspondence should be addressed to Guido Eibl, geibl@mednet.ucla.edu

Received 19 February 2008; Accepted 22 May 2008

Recommended by Dipak Panigrahy

In recent years, the study of the peroxisome proliferators activated receptor gamma (PPAR-y) as a potential target for cancer
prevention and therapy has gained a strong interest. However, the overall biological significance of PPAR-y in cancer development
and progression is still controversial. While many reports documented antiproliferative effects in human cancer cell and animal
models, several studies demonstrating potential tumor promoting actions of PPAR-y ligands raised considerable concerns about
the role of PPAR-y in human cancers. Controversy also exists about the role of PPAR-y in human pancreatic cancers. The current
review summarizes the data about PPAR-y in pancreatic cancer and highlights the biologically relevant interactions between the

cyclooxygenase and PPAR system.
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1. INTRODUCTION

Despite advances in surgical techniques, imaging modalities,
and intensive care, pancreatic cancer is still an almost
universally lethal disease with annual mortality figures
virtually equaling incidence numbers. An estimated number
of 37 170 patients hse been diagnosed with pancreatic cancer
in 2007, and 33 370 patients have succumbed to that disease
in the same year [1]. Absence of specific symptoms, lack
of early detection markers, aggressive tumor growth, and
virtual resistance to conventional chemo- and radiotherapy
conspire to culminate in a median overall survival of less
than nine months. Currently, surgical removal of the tumor
offers the only hope of long-term survival with 5-year
survival rates approaching 25-30% in large-volume centers
in the US [2]. Although an adjuvant treatment regimen
after surgical resection seems to prolong survival, the precise
treatment protocol including drug-of-choice is still debated
and the focus of several ongoing clinical trials [3]. Only a
disappointing 10-15% of patients at the time of diagnosis are
candidates for surgical resection and even patients who have
undergone “curative” resection often die of recurrent tumor.
The majority of pancreatic cancer patients unfortunately
present with locally advanced or metastatic tumors which
render them ineligible for surgical resection. Gem-citabine,

an S-phase nucleoside cytidine analog, has been the stan-
dard chemotherapeutic drug for locally advanced and
metastatic pancreatic cancer for more than ten years, but
the improvement of overall survival is unacceptably small,
often approaching only a few weeks [4]. Currently, sev-
eral trials are underway that investigate gemcitabine-based
combination therapiesin patients with advanced pancreatic
cancers. Capecitabine, an oral fluoropyrimidine carbamate
and 5-fluorouracil prodrug, and erlotinib, an inhibitor of
the epidermal growth factor receptor, are two promising
agents which seem to improve survival in combination with
gemcitabine compared to gemcitabine monotherapy [4]. The
encouraging results from a large, double-blind, placebo-
controlled, international phase III trial led to the approval of
erlotinib for the treatment of locally advanced and metastatic
pancreatic cancer in combination with gemcitabine [5].
Although certainly noteworthy, the improvement of over-
all survival with the combination regimen, however, was
only marginal compared to gemcitabine monotherapy [5],
strongly emphasizing the need for the identification of novel
targets and the development of more efficacious therapeutic
agents.

Although several environmental risk factors for the
development of pancreatic cancers, including tobacco smok-
ing and dietary factors, have been described, detailed insights
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into the pathogenetic mechanisms are virtually lacking
[6]. Dietary intake of high-caloric, high-fat diets with
ensuing obesity and metabolic syndrome has been correlated
with an increased risk of pancreatic cancer [7, 8]. An
important molecule in fatty acid sensing and metabolism
is the peroxisome proliferator activated receptor gamma
(PPAR-y), a member of the nuclear receptor superfamily
that functions as a ligand-activated transcription factor [9].
There is now a large body of evidence demonstrating an
important role of PPAR-y in the metabolic syndrome [10-
13]. The thiazolidinedione (TZD) class of PPAR-y ligands
has been used for the treatment of hyperglycemia and
insulin resistance in type 2 diabetes for the past ten years
[14]. In addition, TZDs may also show beneficial effects
on cardiovascular complications associated with type 2
diabetes and the metabolic syndrome [14-17]. More recently,
the role of PPAR-y in various human cancers has been
studied. There is now strong evidence that PPAR-y is
overexpressed in a variety of cancers, including colon, breast,
prostate, stomach, lung, and pancreas [18-20]. However, the
biological significance of PPAR-y is still controversial [21,
22]. Although several reviews highlight the antiproliferative
actions of PPAR-y ligands in cell culture and animal models
of human cancers [23, 24], more recent studies illustrating
a tumor-promoting effect of PPAR-y, in particular in colon
and breast cancer models, raise considerable concern about
the significance and safety of PPAR-y ligands as anticancer
drugs [25-29]. This review will summarize and discuss the
data concerning the role of PPAR-y in pancreatic cancer.

2. PPAR-GAMMA IN PANCREATIC CANCER

Reports from several groups have shown that the thiazo-
lidinedione (TZD) class of PPAR-y ligands attenuates the
growth of pancreatic cancer cells in vitro by induction
of terminal differentiation and G1 phase cell cycle arrest
[30, 31], and by an increase in apoptotic cell death [32].
Furthermore, thiazolidinediones attenuated pancreatic can-
cer cell migration and invasion by modulation of actin
organization and expression of matrix metalloproteinase-2
and plasminogen activator inhibitor-1, respectively [33, 34].
However, many growth-inhibitory effects of PPAR-y ligands
are independent of PPAR-y [35]. To date, several non-
PPAR-y targets have been implicated in the antitumor
activities of certain TZDs, for example, troglitazone and
ciglitazone, including intracellular Ca?" stores, mitogen-
activated protein kinases, cyclin-dependent kinase inhibitors
p27kipl and p21WAF/CIP1, the tumor suppressor protein
p53, and Bcl-2 family members [36]. There is increasing
evidence that TZDs directly affect mitochondrial function
which impairs oxidative respiration leading to increased
reactive oxygen species (ROS) production and ATP deple-
tion, which in turn can activate AMP kinase [37]. An
increase in ROS and activation of AMP kinase can lead to
PPAR-y independent reduction in inflammation and cell
growth [37]. In addition, it has been shown in pancre-
atic cancer cells that 2-cyano-3,12-dioxooleana-1,9-dien-28-
imidazolide (CDDO-Im), a partial PPAR-y agonist, induces
apoptosis directly by targeting mitochondrial glutathione

[38]. Furthermore, 3,3’-diindolylmethane (DIM), another
PPAR-y agonist, induced apoptotic cell death in pancreatic
cancer cells through activation of the endoplasmic stress
response [39]. Overall, the potential to elicit PPAR-y-
independent effects may be ligand- and cell context-
dependent. Our own studies have demonstrated that PPAR-y
is expressed in the nucleus of six human pancreatic cancer
cells and that treatment of these cells in vitro with 15-deoxy-
A2 _prostaglandin ]2 (15-PGJ2) and ciglitazone dose- and
time-dependently decreases cell growth by induction of
caspase-3-dependent apoptosis [40]. In addition to their
antiproliferative actions, both ligands, 15-PGJ2 and cigli-
tazone, reduced the invasive capacity of pancreatic cancer
cells in vitro by a PPAR-y-mediated decrease of urokinase-
type plasminogen activator and elevation of plasminogen
activator inhibitor-1 expression that resulted in an overall
reduction in urokinase activity [41]. Taken together, there
is a strong evidence today from cell culture models that
PPAR-y ligands potently reduce the growth of human
pancreatic cancer cells. The discrepancy of the reported
underlying mechanisms, however, may be caused by the use
of different cell lines, culture conditions, and experimental
settings. In contrast to the notion of PPAR-y ligands being
potent antitumor drugs in pancreatic cancers, we have
reported that treatment of human pancreatic cancer cells
in vitro with 15-PGJ2 and troglitazone dose-dependently
increases the secretion of the vascular endothelial growth
factor (VEGF), which is widely recognized as a potent
stimulus for tumor angiogenesis [42]. In addition, the
culture medium of troglitazone-treated human pancreatic
cancer cells enhanced migration of endothelial cells, another
step in the angiogenic cascade (own finding). These findings
are already observed at submicromolar concentrations of
the PPAR-y ligands, which are usually considerably lower
than the typical ligand concentrations needed for the
antiproliferative effects in pancreatic cancer cells. Our in
vitro data suggest that PPAR-y ligands may have a tumor-
promoting effect in vivo by enhancing tumor angiogenesis.
Although the precise role of PPAR-y in tumor angiogenesis
is still debated and controversial, there is accumulating
evidence that activation of PPAR-y stimulates VEGF pro-
duction and neoangiogenesis also in other cell models
(43, 44].

In addition to the effects of PPAR-y ligands on the growth
of established pancreatic cancers in preclinical cell culture
and xenograft mouse models, dietary intake of 800 ppm
pioglitazone for 22 weeks correlated with an improved serum
lipid profile and a decreased incidence and multiplicity of
pancreatic tumors in the N-nitrosobis(2-oxopropyl)amine
(BOP) model of pancreatic carcinogenesis in Syrian golden
hamsters, suggesting a potential chemopreventive role of
TZDs [45].

There are very few data concerning the significance of
PPAR-y in clinical pancreatic cancer specimens. In a recent
study, PPAR-y was expressed in the majority of human pan-
creatic cancer specimens, positively correlated with higher
tumor stage and grade, and interestingly was associated
with shorter patient survival, suggesting a potential role in
pancreatic cancer progression [20].
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FIGURE 1: Possible interactions between the COX-2 and PPAR-y
pathways: polyunsaturated fatty acids (PUFAs) are substrates for
cyclooxygenase-2 (COX-2) enzymes leading to the formation of
various prostaglandins (PGs). Certain PUFAs and PGs can also
activate PPAR-y. Selective and nonselective COX-2 inhibitors (COX
Inh) block PG formation by COX-2 but can also at higher
concentrations activate PPAR-y. Solid arrows indicate activation;
dashed arrow indicates metabolic pathway; blocked arrow indicates
inhibition.

3. INTERACTION BETWEEN THE PPAR-GAMMA
AND COX-2 PATHWAYS

Besides the TZD class of antidiabetic drugs, various intra-
cellular lipids and lipid mediators are capable of activating
PPAR-y. Among those, polyunsaturated fatty acids (e.g.,
arachidonic acid (AA) and eicosapentaenoic acid (EPA))
and eicosanoids (e.g., 15-deoxy-A!>4-prostaglandin J, (15-
PG]J,)) are also substrates and products, respectively, of intra-
cellular cyclooxygenase (COX) enzymes strongly suggesting
relevant interactions between the PPAR and COX pathways
(see Figure 1).

3.1. COXproducts as PPAR-y activators

COX activity leads to the formation of an unstable hydroxy-
endoperoxide, prostaglandin H,, which can be further
converted to various prostanoid species by tissue specific
isomerases [46]. While parent prostaglandins (e.g., PGE,,
PGF,4, and PGD;) transduce their signals through binding
to G-protein coupled cell surface receptors [47], cyclopen-
tenone prostanoids (e.g., PGJ,) are known ligands of PPAR-y
[48]. In fact, there is evidence suggesting that COX-2 is
preferentially located on the nuclear membrane allowing
cyclopentenone prostaglandins to directly enter the nucleus
and bind to ligand-activated transcription factors [49]. In
this regard, human pancreatic cancer cells seem to express
COX-2 preferentially in a perinuclear localization [50]. 15-
deoxy-A'>!*-prostaglandin J, (15-PG]J;), a nonenzymatically
formed dehydration product of PGD,, is detectable in
COX-2 expressing human pancreatic cancer cells (own
observation) and able to activate PPAR-y in these cells
[42]. Furthermore, a selective COX-2 inhibitor at a con-
centration that inhibits COX-2 activity and consequently
prostanoid production reduces PPAR-y activity, presumably
by decreasing the levels of cyclopentenone prostaglandins
(own observation).

3.2. COXsubstrates as PPAR-y activators

Certain polyunsaturated fatty acids (PUFAs) (e.g., arachi-
donic acid (AA; 20 : 4 n—6) and eicosapentaenoic acid (EPA;
20:5 n—3)) are substrates for COX enzymes and also known
PPAR-y ligands [51]. Both PUFAs are released from the sn-
2 position of major membrane phospholipids by phospho-
lipase A, (PLA;) enzymes, particularly by the cytoplasmic
PLA,, which upon activation seems to preferentially locate
to the nuclear membrane [52, 53]. Once released, the PUFAs
can be metabolized by COX enzymes or enter the nucleus
to activate PPAR-y. Our own studies demonstrated that
EPA decreased the growth of human pancreatic cancer cells
through COX-2 dependent and independent mechanisms
(manuscript in press). The COX-2 independent mechanism
involved activation of PPAR-y by EPA as the growth-
inhibitory effect of EPA was abolished by a pharmacological
PPAR-y antagonist. Furthermore, EPA and to a lesser extent
AA can activate PPAR-y transcriptional activity in human
pancreatic cancer cells (own observation). This effect is less
pronounced in pancreatic cancer cells that express COX-2
presumably because EPA is rapidly metabolized by COX-2 in
these cells. The overall efficacy of PUFAs to activate PPAR-y
may therefore be dependent on the cellular expression and
activity of COX-2.

3.3. COXinhibitors as PPAR-y activators

In addition to COX-2 substrates and products, certain
nonselective and selective COX-2 inhibitors have also been
shown to activate PPAR-y independent of their ability
to inhibit COX-2 enzymatic activity [54], although the
precise molecular mechanisms are still unknown. There is a
compelling evidence today that the inducible COX-2 isoform
plays an important role in pancreatic cancer development
and growth and that selective COX-2 inhibitors may be
efficacious for pancreatic cancer prevention and therapy
[50]. Our own studies demonstrated that dietary intake of
a selective COX-2 inhibitor delayed the progression of rec-
ognized pancreatic cancer precursor lesions in a genetically
engineered mouse model of pancreatic cancer development
[55]. Furthermore, a selective COX-2 inhibitor decreased
the growth of COX-2 positive human pancreatic cancers
in a xenograft mouse model by induction of apoptosis
in cancer cells and by inhibition of tumor angiogenesis
[42]. In contrast, the selective COX-2 inhibitor enhanced
the growth of xenografted human pancreatic cancers that
lacked or had very little COX-2 protein expression. This
tumor-promoting effect was associated with an increase
in intratumoral VEGF levels and tumor angiogenesis [42].
Additional studies showed that the tumor-enhancing effect
of the selective COX-2 inhibitor in COX-2 negative or weakly
COX-2 expressing human pancreatic cancers was abolished
by GW9662, an irreversible pharmacological PPAR-y antag-
onist, suggesting biologically important interactions between
the COX-2 inhibitor and PPAR-y [42]. Further studies
demonstrating enhanced PPAR-y binding activity in tumors
that were treated with a selective COX-2 inhibitor confirmed
that interaction [42]. The findings obtained in vivo were
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corroborated by in vitro experiments. Human pancreatic
cancer cells treated with relatively high concentrations of
selective COX-2 inhibitors showed an increased production
and secretion of VEGE, which was inhibited by a pharmaco-
logical PPAR-y antagonist and a dominant-negative PPAR-y
receptor [42]. Additionally, the selective COX-2 inhibitor at
that concentration stimulated PPAR-y transcriptional and
DNA-binding activities [42]. These data clearly indicated
that a biologically significant interaction between selective
COX-2 inhibitors and PPAR-y exists and that activation
of PPAR-y by these drugs may have detrimental, that is
tumor-promoting, effects on pancreatic cancer growth. It
is important to note that the tumor-promoting effects of
selective COX-2 inhibitors were only observed at relatively
high concentrations (much higher than needed to inhibit
COX-2 enzymatic activity) in tumors that had no or only
very little COX-2 expression [42]. Although the selective
COX-2 inhibitor stimulated VEGF production by pancreatic
cancer cells through a PPAR-y mediated mechanism also in
COX-2 expressing pancreatic cancers, the potential proan-
giogenic and tumor-promoting effect in COX-2 positive
cancers was masked by a significant reduction of COX-2
generated proangiogenic and protumorigenic prostanoids
[42].

4. CONCLUSION

While several in vitro studies demonstrate that PPAR-y acti-
vation decreases pancreatic cancer cell growth, the finding
that PPAR-y ligands can stimulate VEGF production by
pancreatic cancer cells raises serious concerns that PPAR-y
activation in vivo may lead to enhanced angiogenesis and
tumor growth. Further detailed studies using pancreatic
cancer animal models and specific PPAR-y ligands are neces-
sary to evaluate possible proangiogenic and protumorigenic
properties of PPAR-y activation in vivo. Unfortunately, infor-
mation about the role of PPAR-y in pancreatic carcinogenesis
is almost nonexistent. The use of the recently developed
genetically engineered mouse models of pancreatic cancer
development that closely recapitulate our current knowledge
of pancreatic cancer development on a histological and
genetic level should shed some needed insights into the role
of PPAR-y in pancreatic carcinogenesis.

There is now clear evidence of a biologically relevant
interaction between the COX and PPAR-y pathways. Our
data suggest that activation of PPAR-y by selective and
nonselective COX-2 inhibitors may have tumor-promoting
effects in vivo by enhancing tumor angiogenesis. The effect of
COX-2 inhibitors on PPAR-y activation seems to be observed
only at relatively high concentrations of the inhibitors
and the overall biological phenotype of that interaction is
dependent on the cellular expression and activity of the
COX-2 protein. Although the role of PPAR-y in pancreatic
cancer development and growth has begun to be elucidated
in recent years, a precise knowledge of molecular targets
downstream of PPAR-y, a more comprehensive elucidation
of PPAR-y-independent actions of PPAR-y ligands, and a
detailed understanding of crosstalks between PPAR-y and
other intracellular signaling pathways seem to be absolutely

necessary and needed to eventually clarify the role of PPAR-y
in human cancer development and progression.

ACKNOWLEDGMENTS

Data presented in this review were generated with the sup-
port of the National Institutes of Health (no. R0O1CA104027,
RO1CA122042, PO1AT003960) and the Hirshberg Founda-
tion for Pancreatic Cancer Research.

REFERENCES

[1] A.Jemal, R. Siegel, E. Ward, T. Murray, J. Xu, and M. J. Thun,
“Cancer statistics, 2007,” CA: A Cancer Journal for Clinicians,
vol. 57, no. 1, pp. 4366, 2007.

[2] K. K. Kazanjian, O. J. Hines, J. P. Duffy, et al.,, “Improved
survival for adenocarcinoma of the pancreas after pancreati-
coduodenectomy,” Gastroenterology, vol. 128, pp. A813—A814,
2005.

[3] S. Boeck, D. P. Ankerst, and V. Heinemann, “The role of
adjuvant chemotherapy for patients with resected pancreatic
cancer: systematic review of randomized controlled trials and
meta-analysis,” Oncology, vol. 72, no. 5-6, pp. 314-321, 2008.

[4] S. Shore, M. G. T. Raraty, P. Ghaneh, and J. P. Neoptole-
mos, “Review article: chemotherapy for pancreatic cancer,
Alimentary Pharmacology & Therapeutics, vol. 18, no. 11-12,
pp. 1049-1069, 2003.

[5] M. J. Moore, D. Goldstein, J. Hamm, et al., “Erlotinib plus
gemcitabine compared with gemcitabine alone in patients
with advanced pancreatic cancer: a phase IIT trial of the
National Cancer Institute of Canada Clinical Trials Group,”
Journal of Clinical Oncology, vol. 25, no. 15, pp. 1960-1966,
2007.

[6] A.B. Lowenfels and P. Maisonneuve, “Epidemiology and risk
factors for pancreatic cancer,” Best Practice and Research in
Clinical Gastroenterology, vol. 20, no. 2, pp. 197-209, 2006.

[7] E. Giovannucci and D. Michaud, “The role of obesity and
related metabolic disturbances in cancers of the colon,
prostate, and pancreas,” Gastroenterology, vol. 132, no. 6, pp.
2208-2225, 2007.

[8] A.Russo, M. Autelitano, and L. Bisanti, “Metabolic syndrome
and cancer risk,” European Journal of Cancer, vol. 44, no. 2, pp.
293-297, 2008.

[9] I. Issemann and S. Green, “Activation of a member of
the steroid hormone receptor superfamily by peroxisome
proliferators,” Nature, vol. 347, no. 6294, pp. 645-650, 1990.

[10] J. P. Berger, T. E. Akiyama, and P. T. Meinke, “PPARs:
therapeutic targets for metabolic disease,” Trends in Pharma-
cological Sciences, vol. 26, no. 5, pp. 244-251, 2005.

[11] R. M. Evans, G. D. Barish, and Y.-X. Wang, “PPARs and the
complex journey to obesity,” Nature Medicine, vol. 10, no. 4,
pp. 355-361, 2004.

[12] R. Pakala, P. Kuchulakanti, S.-W. Rha, E. Cheneau, R. Baffour,
and R. Waksman, “Peroxisome proliferator-activated receptor
y: its role in metabolic syndrome,” Cardiovascular Radiation
Medicine, vol. 5, no. 2, pp. 97-103, 2004.

[13] R. K. Semple, V. K. K. Chatterjee, and S. O’Rahilly, “PPARy
and human metabolic disease,” Journal of Clinical Investiga-
tion, vol. 116, no. 3, pp. 581-589, 2006.

[14] C. E. Quinn, P. K. Hamilton, C. J. Lockhart, and G. E.
McVeigh, “Thiazolidinediones: effects on insulin resistance
and the cardiovascular system,” British Journal of Pharmacol-
0gy, vol. 153, no. 4, pp. 636-645, 2008.



Guido Eibl

[15] A. Kepez, A. Oto, and S. Dagdelen, “Peroxisome proliferator-
activated receptor-y: novel therapeutic target linking adipos-
ity, insulin resistance, and atherosclerosis,” BioDrugs, vol. 20,
no. 2, pp. 121-135, 2006.

[16] A. Pfiitzner, C. A. Schneider, and T. Forst, “Pioglitazone:
an antidiabetic drug with cardiovascular therapeutic effects,”
Expert Review of Cardiovascular Therapy, vol. 4, no. 4, pp. 445—
459, 2006.

[17] D. Walcher and N. Marx, “Insulin resistance and cardiovas-
cular disease: the role of PPARy activators beyond their anti-
diabetic action,” Diabetes & Vascular Disease Research, vol. 1,
no. 2, pp. 76-81, 2004.

[18] S. Han and J. Roman, “Peroxisome proliferator-activated
receptor y: a novel target for cancer therapeutics?” Anti-Cancer
Drugs, vol. 18, no. 3, pp. 237-244, 2007.

[19] A. Krishnan, S. A. Nair, and M. R. Pillai, “Biology of PPARy
in cancer: a critical review on existing lacunae,” Current
Molecular Medicine, vol. 7, no. 6, pp. 532-540, 2007.

[20] G. Kristiansen, J. Jacob, A.-C. Buckendahl, et al., “Peroxisome
proliferator-activated receptor y is highly expressed in pan-
creatic cancer and is associated with shorter overall survival
times,” Clinical Cancer Research, vol. 12, no. 21, pp. 6444—
6451, 2006.

[21] M. Lehrke and M. A. Lazar, “The many faces of PPARy,” Cell,
vol. 123, no. 6, pp. 993-999, 2005.

[22] A. Galli, T. Mello, E. Ceni, E. Surrenti, and C. Surrenti, “The
potential of antidiabetic thiazolidinediones for anticancer
therapy,” Expert Opinion on Investigational Drugs, vol. 15, no.
9, pp- 1039-1049, 2006.

[23] C. Grommes, G. E. Landreth, and M. T. Heneka, “Antineo-
plastic effects of peroxisome proliferator-activated receptor y
agonists,” The Lancet Oncology, vol. 5, no. 7, pp. 419-429,
2004.

[24] D. Panigrahy, L. Q. Shen, M. W. Kieran, and A. Kaipainen,
“Therapeutic potential of thiazolidinediones as anticancer
agents,” Expert Opinion on Investigational Drugs, vol. 12, no.
12, pp. 1925-1937, 2003.

[25] K. Yang, K.-H. Fan, S. A. Lamprecht, et al., “Peroxisome
proliferator-activated receptor y agonist troglitazone induces
colon tumors in normal C57BL/6] mice and enhances colonic
carcinogenesis in Apc'®N*MIh1*/~ double mutant mice,”
International Journal of Cancer, vol. 116, no. 4, pp. 495-499,
2005.

[26] I. K. Choi, Y. H. Kim, J. S. Kim, and J. H. Seo, “PPAR-y ligand
promotes the growth of APC-mutated HT-29 human colon
cancer cells in vitro and in vivo,” Investigational New Drugs,
vol. 26, no. 3, pp. 283-288, 2008.

[27] E. Saez, J. Rosenfeld, A. Livolsi, et al., “PPARy signaling
exacerbates mammary gland tumor development,” Genes and
Development, vol. 18, no. 5, pp. 528—540, 2004.

[28] A.-M. Lefebvre, I. Chen, P. Desreumausx, et al., “Activation of
the peroxisome proliferator-activated receptor y promotes the
development of colon tumors in C57BL/6J-APCM"/+ mice,”
Nature Medicine, vol. 4, no. 9, pp. 1053—1057, 1998.

[29] M. V. Pino, M. E Kelley, and Z. Jayyosi, “Promotion of colon
tumors in C57BL/6J-APCM"/+ mice by thiazolidinedione
PPARy agonists and a structurally unrelated PPARy agonist,”
Toxicologic Pathology, vol. 32, no. 1, pp. 5863, 2004.

[30] E. Ceni, T. Mello, M. Tarocchi, et al., “Antidiabetic thiazo-
lidinediones induce ductal differentiation but not apoptosis in
pancreatic cancer cells,” World Journal of Gastroenterology, vol.
11, no. 8, pp. 1122—-1130, 2005.

[31] S. Kawa, T. Nikaido, H. Unno, N. Usuda, K. Nakayama,
and K. Kiyosawa, “Growth inhibition and differentiation of

pancreatic cancer cell lines by PPARy ligand troglitazone,”
Pancreas, vol. 24, no. 1, pp. 1-7, 2002.

[32] K. Hashimoto, B. J. Farrow, and B. M. Evers, “Activation and
role of MAP kinases in 15d-PGJ2-induced apoptosis in the
human pancreatic cancer cell Line MIA PaCa-2,” Pancreas, vol.
28, no. 2, pp. 153—159, 2004.

[33] A. Galli, E. Ceni, D. W. Crabb, et al., “Antidiabetic thiazo-
lidinediones inhibit invasiveness of pancreatic cancer cells via
PPARy independent mechanisms,” Gut, vol. 53, no. 11, pp.
1688-1697, 2004.

[34] W. Motomura, M. Nagamine, S. Tanno, et al., “Inhibition of
cell invasion and morphological change by troglitazone in
human pancreatic cancer cells,” Journal of Gastroenterology,
vol. 39, no. 5, pp. 461-468, 2004.

[35] M. A. K. Rumi, S. Ishihara, H. Kazumori, Y. Kadowaki, and
Y. Kinoshita, “Can PRARy ligands be used in cancer therapy?”
Current Medicinal Chemistry, vol. 4, no. 6, pp. 465—477, 2004.

[36] J.-R. Weng, C.-Y. Chen, J. J. Pinzone, M. D. Ringel, and C.-
S. Chen, “Beyond peroxisome proliferator-activated receptor
y signaling: the multi-facets of the antitumor effect of
thiazolidinediones,” Endocrine-Related Cancer, vol. 13, no. 2,
pp. 401-413, 2006.

[37] D. L. Feinstein, A. Spagnolo, C. Akar, et al, “Receptor-
independent actions of PPAR thiazolidinedione agonists: is
mitochondrial function the key?” Biochemical Pharmacology,
vol. 70, no. 2, pp. 177188, 2005.

[38] 1. Samudio, M. Konopleva, N. Hail Jr., et al., “2-cyano-3,12-
dioxooleana-1,9-dien-28-imidazolide (CDDO-Im) directly
targets mitochondrial glutathione to induce apoptosis in
pancreatic cancer,” Journal of Biological Chemistry, vol. 280,
no. 43, pp. 36273-36282, 2005.

[39] M. Abdelrahim, K. Newman, K. Vanderlaag, I. Samudio,
and S. Safe, “3,3’-diindolylmethane (DIM) and its derivatives
induce apoptosis in pancreatic cancer cells through endo-
plasmic reticulum stress-dependent upregulation of DR5,”
Carcinogenesis, vol. 27, no. 4, pp. 717-728, 2006.

[40] G. Eibl, M. N. Wente, H. A. Reber, and O. J. Hines, “Per-
oxisome proliferator-activated receptor y induces pancreatic
cancer cell apoptosis,” Biochemical and Biophysical Research
Communications, vol. 287, no. 2, pp. 522-529, 2001.

[41] H. Sawali, J. Liu, H. A. Reber, O. J. Hines, and G. Eibl, “Activa-
tion of peroxisome proliferator-activated receptor-y decreases
pancreatic cancer cell invasion through modulation of the
plasminogen activator system,” Molecular Cancer Research,
vol. 4, no. 3, pp. 159-167, 2006.

[42] G. Eibl, Y. Takata, L. G. Boros, et al., “Growth stimulation
of COX-2-negative pancreatic cancer by a selective COX-2
inhibitor,” Cancer Research, vol. 65, no. 3, pp. 982-990, 2005.

[43] A. Margeli, G. Kouraklis, and S. Theocharis, “Peroxisome
proliferator activated receptor-y (PPAR-y) ligands and angio-
genesis,” Angiogenesis, vol. 6, no. 3, pp. 165-169, 2003.

[44] F. Biscetti, E. Gaetani, A. Flex, et al., “Selective activation
of peroxisome proliferator-activated receptor (PPAR)«a and
PPARy induces neoangiogenesis through a vascular endothe-
lial growth factor-dependent mechanism,” Diabetes, vol. 57,
no. 5, pp. 1394-1404, 2008.

[45] Y. Takeuchi, M. Takahashi, K. Sakano, et al., “Suppression
of N-nitrosobis(2-oxopropyl)amine-induced pancreatic car-
cinogenesis in hamsters by pioglitazone, a ligand of perox-
isome proliferator-activated receptor y,” Carcinogenesis, vol.
28, no. 8, pp. 1692-1696, 2007.

[46] W. L. Smith, L. J. Marnett, and D. L. DeWitt, “Prostaglandin
and thromboxane biosynthesis,” Pharmacology and Therapeu-
tics, vol. 49, no. 3, pp. 153-179, 1991.



PPAR Research

(47]

(48]

[49]

(50]

(51]

(52]

[54]

[55]

M. Negishi, Y. Sugimoto, and A. Ichikawa, “Molecular mech-
anisms of diverse actions of prostanoid receptors,” Biochimica
et Biophysica Acta, vol. 1259, no. 1, pp. 109-120, 1995.

M. Negishi and H. Katoh, “Cyclopentenone prostaglandin
receptors,” Prostaglandins and Other Lipid Mediators, vol. 68-
69, pp. 611-617, 2002.

A. G. Spencer, J. W. Woods, T. Arakawa, I. I. Singer, and W.
L. Smith, “Subcellular localization of prostaglandin endoper-
oxide H synthases-1 and -2 by immunoelectron microscopy,”’
Journal of Biological Chemistry, vol. 273, no. 16, pp. 9886—
9893, 1998.

G. Eibl, H. A. Reber, O. J. Hines, and V. L. W. Go, “COX and
PPAR: possible interactions in pancreatic cancer,” Pancreas,
vol. 29, no. 4, pp. 247-253, 2004.

S. A. Kliewer, S. S. Sundseth, S. A. Jones, et al., “Fatty
acids and eicosanoids regulate gene expression through direct
interactions with peroxisome proliferator-activated receptors
a and y,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 94, no. 9, pp. 4318-4323, 1997.
S. Glover, T. Bayburt, M. Jonas, E. Chi, and M. H. Gelb,
“Translocation of the 85-kDa phospholipase A2 from cytosol
to the nuclear envelope in rat basophilic leukemia cells
stimulated with calcium ionophore or IgE/antigen,” Journal of
Biological Chemistry, vol. 270, no. 25, pp. 15359-15367, 1995.
H. Kan, Y. Ruan, and K. U. Malik, “Involvement of mitogen-
activated protein kinase and translocation of cytosolic phos-
pholipase A2 to the nuclear envelope in acetylcholine-induced
prostacyclin synthesis in rabbit coronary endothelial cells,”
Molecular Pharmacology, vol. 50, no. 5, pp. 1139-1147, 1996.
J. M. Lehmann, J. M. Lenhard, B. B. Oliver, G. M. Ringold, and
S. A. Kliewer, “Peroxisome proliferator-activated receptors a
and y are activated by indomethacin and other non-steroidal
anti-inflammatory drugs,” Journal of Biological Chemistry, vol.
272, no. 6, pp. 3406-3410, 1997.

H. Funahashi, M. Satake, D. Dawson, et al., “Delayed progres-
sion of pancreatic intraepithelial neoplasia in a conditional
KrasG12D mouse model by a selective cyclooxygenase-2
inhibitor,” Cancer Research, vol. 67, no. 15, pp. 7068-7071,
2007.



	Introduction
	PPAR-gamma in pancreatic cancer
	Interaction between the PPAR-gamma and COX-2 pathways
	COX products as PPAR- activators
	COX substrates as PPAR- activators
	COX inhibitors as PPAR- activators

	Conclusion
	ACKNOWLEDGMENTS
	References

