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Peroxisome proliferator-activated receptors (PPARs), members of the nuclear hormone receptor superfamily, function as
transcription factors and modulators of gene expression. These actions allow PPARs to regulate a variety of biological
processes and to play a significant role in several diseases and conditions. The current literature describes frequently opposing
and paradoxical roles for the three PPAR isotypes, PPARc, PPARB/S and PPARy, in cancer. While some studies have implicated
PPARs in the promotion and development of cancer, others, in contrast, have presented evidence for a protective role for
these receptors against cancer. In some tissues, the expression level of these receptors and/or their activation correlates with a
positive outcome against cancer, while, in other tissue types, their expression and activation have the opposite effect. These
disparate findings raise the possibility of (i) PPAR receptor-independent effects, including effects on receptors other than PPARs
by the utilized ligands; (ii) cancer stage-specific effect; and/or (iii) differences in essential ligand-related pharmacokinetic
considerations. In this review, we highlight the latest available studies on the role of the various PPAR isotypes in cancer in
several major organs and present challenges as well as promising opportunities in the field.

Abbreviations

COX-2, cyclooxygenase-2; PPARs, peroxisome proliferator-activated receptors; RXR, retinoid X receptors

Peroxisome proliferator-activated
receptors

Peroxisome proliferator-activated receptors (PPARs) are
nuclear transcription factors that were discovered in 1990
(Issemann and Green, 1990) and are classified as members of
the steroid hormone receptor superfamily. To date, three
related PPAR isotypes have been identified: PPARc, PPARPB/S
and PPARy (Figure 1). The three isotypes share a high degree of
homology but differ in tissue distribution and ligand specific-
ity (Berger and Moller, 2002). These receptors bind to and are
activated by fatty acids, eicosanoids and numerous xenobiot-
ics (Figure 2) some of which have therapeutic value (Forman
etal., 1997; Kliewer et al., 1997; Lalloyer and Staels, 2010).
Prior to ligand binding, however, PPARs heterodimerize with
retinoid X receptor (RXR), forming a complex. This complex is
required for binding to specific DNA sequences, known as
PPAR response elements, in the promoter region of target
genes (Figure 3). Upon binding to their ligands, PPARs

undergo conformational changes allowing release of
co-repressors, and recruitment of coactivators, followed by the
activation of transcription (Berger and Moller, 2002; Feige
et al., 2006).

Peroxisome proliferator-activated receptors have been
implicated, in a subtype-specific manner, in several impor-
tant diseases and pathological conditions such as senescence
and senescence-related diseases (Masters and Crane, 1995;
Youssef and Badr, 1999; Youssef and Badr, 2001; Han et al.,
2010), inflammation (Chinetti et al., 2000; Delerive et al.,
2001; Guri et al., 2010), immunity (Spiegelman, 1998; Micha-
lik and Wahli, 1999; Peyrin-Biroulet et al., 2010), obesity
(Brun et al., 1996; Spiegelman and Flier, 1996; Vidal-Puig
et al., 1997; Lefebvre et al., 1998a; Gregoire et al., 2007; Zhang
etal., 2007), diabetes (Lefebvre et al., 1998a; Allen etal.,
2006), and in the regulation of male and female fertility (Lim
et al., 1999; Barak et al., 2002; Froment, 2008). In addition, a
large body of literature is available on the role of these recep-
tors in various cancers (Badr, 2004; Panigrahy et al., 2008).
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Figure 1

Functional domains of mouse PPARo, PPARB/3 and PPARY. PPAR, peroxisome proliferator-activated receptor.
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Figure 2
Chemical structures of representative PPAR agonists. PPARo, WY 14643; PPARB/S, L-165041; PPARYy, rosiglitazone. PPAR, peroxisome proliferator-
activated receptor.

Role of PPARs in brain tumorigenesis cell growth and differentiation. Studies have shown that

PPARy agonists interfere with glioblastoma growth and malig-
Peroxisome proliferator-activated receptors are expressed in nancy (Grommes et al., 2006), as well as inhibit growth and
several cell types of the brain including microglia, astrocytes, expansion of brain tumour stem cells (Chearwae and Bright,
oligodendrocytes and neurons (Heneka and Landreth, 2007). 2008). Using glioma cell lines and a murine glioma model,
These receptors are thought to play a role in controlling brain research has shown that pioglitazone, a PPARy agonist, in

British Journal of Pharmacology (2011) 164 68-82 69



BJP ] Youssef and M Badr

Target Gene
Expression

Regulation

» Adipocyte Differentiation
» Insulin Sensitization

* Inflammation

Figure 3

Transcription regulation of target genes by PPARs [reproduced from
Shimizu and Moriwaki (2008) with permission from Dr Masahito
Shimizu]. PPAR, peroxisome proliferator-activated receptor; PPRE,
PPAR response element; RXR, retinoid X receptors.

combination with RXRy agonist, is effective in reducing pro-
liferation and invasion of glioblastoma (Papi et al., 2009).
This finding provides the basis for the current clinical use of
PPARy agonists against this aggressive and currently incurable
disease (Papi etal.,, 2009). Indeed, clinical studies have
revealed that pioglitazone is beneficial in some patients with
high-grade glioma treated with cyclooxygenase-2 (COX-2)
inhibitors and low-dose chemotherapy (Hau et al., 2007), and
showed a synergistic anti-tumour effect when given with
immunotherapeutic agents (Lichtor et al., 2008). However,
despite the fact that rosiglitazone, another PPARy agonist, was
effective in inhibiting neuroblastoma in vitro, this drug has a
marginal effect in vivo (Krieger-Hinck et al., 2010). In this
regard, pharmacokinetic issues encountered in vivo, but not in
vitro, such as absorption, distribution, metabolism and excre-
tion, should not be overlooked.

As whole-brain irradiation represents the primary mode
of treatment for brain metastases, the role of PPARs in com-
bating brain injury in response to radiation has been
explored. This strategy is based on the fact that radiation
causes inflammation and that PPARs are known to control
inflammatory responses. Indeed, activation of PPARa by
fenofibrate did confer neuroprotection against radiation-
induced brain proinflammatory responses in vitro as well as in
vivo (Ramanan et al., 2010), and activation of PPARy by piogli-
tazone did ameliorate the severity of radiation-induced cog-
nitive impairment (Ramanan et al., 2010).

PPARs and lung cancer

Studies in different models suggest that PPARB/$ activation
could attenuate lung cancer. A synthetic high-affinity
PPARP/S ligand, L165041, inhibited human lung adenocarci-
noma cell proliferation (Fukumoto et al., 2005) and elimina-
tion of expression of the PPARB/S gene in a transgenic mouse
model was associated with exacerbation of lung cancer
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(Muller-Brusselbach et al., 2007). Conversely, it has recently
been suggested that growth of two human lung cancer cell
lines was stimulated by PPARB/$ activation (Han et al., 2008;
Pedchenko et al., 2008). Indeed, a more recent report by Han
etal. (2009) showed that GW501516, a selective PPARB/d
agonist, stimulates human lung carcinoma cell proliferation.
A reason for these conflicting results may lie in the facts that
the reported studies were performed utilizing different lung
carcinoma cell lines (Fukumoto et al., 2005; Han et al., 2009).
In addition, while the study by Han et al. used GW501516 as
a model PPARS agonist (Han et al., 2009), L-165041 was used
in the study by Fukumoto et al. (2005). As the latter agonist is
known to activate both PPARS and PPARy (Han et al., 2009), it
remained possible that the inhibition of lung tumour cell
proliferation by L-165041 was mediated by PPARy under the
experimental conditions used (Fukumoto et al., 2005). This
notion is refuted, however, by the assertion made by Fuku-
moto and colleagues indicating that their unpublished data
showed that L-165041 did not activate PPARy at the concen-
trations they employed in their study (Fukumoto et al., 2005),
leaving the differences in the cell type used as the only
potential explanation for these conflicting findings.

In contrast to the conflicting data on the role of PPARB/3
in cancer prevention and enhancement, the evidence is more
uniform and compelling in favour of a role for PPARy in the
treatment of lung cancer. In this regard, decreased expression
of PPARy has been associated with poor prognosis in lung
cancer patients (Sasaki et al., 2002) and activating PPARy by
either endogenous or synthetic agonists was found to inhibit
growth of human lung cancer cells (Tsubouchi et al., 2000).
Transgenic mice that over-expressed PPARyin their lungs were
less susceptible to the development of lung tumours (Bren-
Mattison et al., 2008). This receptor isotype may also mediate
selective inhibition of invasive metastasis and activates path-
ways such as those involved in the anti-tumour effect of
prostacyclin (Nemenoff etal.,, 2008) and COX-2 down-
regulation (Hazra et al., 2008), which promote a more differ-
entiated epithelial phenotype (Bren-Mattison et al., 2005).

In vitro treatment of human non-small-cell lung cancer
cells with PPARy activators induced differentiation and apo-
ptosis (Chang and Szabo, 2000; Inoue et al., 2001; Satoh et al.,
2002), as well as potentiated the inhibitory effects of cisplatin
and paclitaxel (Reddy et al., 2008). In vivo experiments using
a xenograft model showed similar results (Keshamouni et al.,
2005). Other studies demonstrate that inhibition of angio-
genesis contributes to the inhibitory effects of pioglitazone
and troglitazone on primary tumour growth (Keshamouni
et al., 2005) and that ciglitazone suppressed A-549-induced
tumours in nude mice (Zhang etal.,, 2006). In addition,
patients receiving thiazolidinedione PPARy agonists for treat-
ment of diabetes exhibited a significant lower risk for devel-
oping lung cancer (Govindarajan ef al., 2007), suggesting a
protective role for PPARy ligands against this disease (Girnun
et al., 2008; Roman, 2008).

PPARs in stomach and intestinal
tumour formation

Expression of both PPARa and PPARy has been consistently
detected in normal colonic mucosal human biopsies, but



PPARS expression has not been detected (Matthiessen et al.,
2005). While activation of PPARa had no effect on colonocyte
proliferation, activation of PPARy significantly decreased pro-
liferation of these cells (Matthiessen et al., 2005). Surpris-
ingly, however, a PPARS ligand also significantly decreased
cell proliferation, despite the absence of PPARS expression in
these cells (Matthiessen etal.,, 2005), suggesting PPAR
receptor-independent effects.

In human colonic polyps, mRNA and protein expression
of PPARo. were significantly lower compared with normal
colonic mucosa (Jackson etal., 2003; Matthiessen et al.,
2005), while no difference was observed with regard to either
PPARS or PPARy (Matthiessen et al.,, 2005) Investigations
using two different colorectal cancer models suggest that
PPARB/& expression attenuated colon carcinogenesis
(Harman et al., 2004), while other studies show that PPARB/d
activation promoted the growth of intestinal adenomas
(Gupta et al., 2004). In the first study (Harman et al., 2004), it
was shown that colon polyp formation was significantly
greater in mice nullizygous for PPARS than in control mice,
while the latter study (Gupta et al., 2004) documented that
exposure to the PPARS ligand GW50156 resulted in a signifi-
cant increase in the number and size of intestinal polyps in
control mice compared with the nullizygous group. Resolu-
tion of this discrepancy with regard to the role of PPARB/S in
colon cancer will require determination of whether the syn-
thetic PPARS ligand GW50156 has PPARS-dependent and/or
independent effects that are different from those expressed by
putative endogenous PPARS ligands.

Anti-cancer effects of PPARyligands have been reported in
several gastric cancer cell lines, an effect attributed to induc-
tion of apoptosis and to G1 cell cycle arrest (Takahashi et al.,
1999; Sato et al., 2000; Chen et al., 2003). Studies have also
shown that PPARy activation suppresses gastric carcinogen-
esis in mice, suggesting that PPARy ligands may act as chemo-
preventive agents in human gastric carcinogenesis (Lu et al.,
2005). However, recent investigations suggest that anti-
proliferative effect of ciglitazone and troglitazone in stomach
cancer could proceed via a PPARy-independent pathway, as
studies examining GW9662, a PPARy antagonist, did not
report a growth suppressant effect exerted by either of the
two receptor activators (Cheon et al., 2009). Epidemiological
studies associate PPARy Pro12Ala polymorphism with gastric
cancer and peptic ulcer disease (Tahara et al., 2007; Prasad
et al., 2008).

It is well documented that PPARy exerts both common
and tissue-specific genomic and physiologic effects in the
proximal and distal colon (Su et al., 2007) and regulates pro-
liferation and motility of intestinal epithelial cells (Chen
et al., 2006). Further studies are needed, however, to identify
the exact role of PPARy activation on colon tumour
behaviour.

Although PPARy ligands have been shown to inhibit pro-
liferation and to induce differentiation of human colon
cancer cells (Sarraf et al., 1998; Kopelovich et al., 2002; Ban
etal., 2010), the growth inhibiting effect of PPARy agonists
shown in cellular studies was not evident in most studies
performed in intact animals. Indeed, in vivo studies suggest
that activation of PPARy promotes colon tumours in animal
models (Saez etal., 1998; Lefebvre etal., 1998b). In an
attempt to explain this paradox, it was suggested that the
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anti-proliferative effects of PPARy ligands may depend on the
level of cellular differentiation: well-differentiated cancer
may lose sensitivity to, or become deficient in factors
involved in, PPARy activation (Sato et al., 2000). Raising the
possibility of species-specific differences, a recent clinical
investigation demonstrates that PPARy expression is associ-
ated with good prognosis of colorectal cancer (Ogino et al.,
2009). Data have suggested that in humans, PPARy acts as
colon cancer suppressor and that decreased expression of this
receptor may increase colon cancer risk (Chen et al., 2006;
Necela et al., 2008; Ogino et al., 2009).

Paradoxical roles of liver PPARs in
hepatic carcinogenesis

Peroxisome proliferator-activated receptor o has been impli-
cated as a key mediator responsible for non-genotoxic hepa-
tocarcinogensis in rodents. Chronic treatment of these
animals with PPARo agonists results in increased incidence of
liver tumours through a PPARa-mediated mechanism, which
may include induction of cell proliferation and oxidative
stress (Peters et al., 1997; Pyper et al., 2010).

Potential involvement of non-cancer cells in the mecha-
nism through which PPAR agonists cause cancer has been
extensively evaluated. Specifically, much attention has been
given to Kupffer cells, the resident liver macrophages, with
results suggesting a role for these cells in liver cancer caused
by PPARa agonists in rodents (Marsman et al., 1988; Bojes
etal.,, 1997; Rose etal., 1997). Evidence in support of this
proposed role includes: (i) inactivation of Kupffer cells pre-
vented the mitogenic effect of the PPARa agonist WY 14643
(Rose et al., 1997); (ii) replicative DNA synthesis in hepato-
cytes cultured in the presence of WY 14643 was dependent
on the presence of non-parenchymal cells (Karam and Gha-
nayem, 1997); (iii) antibodies against tumour necrosis
factor-o. (TNF-o), presumably released from Kupffer cells
upon their activation by PPARa agonists, blocked the increase
in liver cell replication in response to WY 14643 (Bojes et al.,
1997); and (iv) induction of hepatic DNA synthesis and sup-
pression of liver cell apoptosis, effects that are produced by
PPAR activators, were mimicked by TNF-a (Rolfe et al., 1997).

In contrast to the aforementioned assertion in favour of a
role for Kupffer cells in mediating PPARa-induced hepatocel-
lular proliferation and liver cancer, results from our labora-
tory (Youssef and Badr, 1997; Alsarra et al., 2006) and others
(Uchimura et al., 2001; Woods et al., 2007) do not support the
existence of such a role. These studies showed: (i) perfluo-
rooctanoic acid, a PPARo agonist, caused a remarkable
increase in liver cell proliferation in vivo in the absence of
measurable changes in reliable markers of Kupffer cell activa-
tion (Youssef and Badr, 1997; Alsarra et al., 2006); (ii) activat-
ing RXR, the obligatory heterodimer of PPAR, did indeed
inhibit, rather than stimulate TNF-a production by isolated
Kupffer cells (Uchimura etal.,, 2001); and (iii) pathway
mapping of genes that respond to WY 14643 in a time- and
dose-dependent manner strongly demonstrated that Kupffer
cells do not appear to play a role in chronic hepatic effects of
PPARo agonists (Woods et al., 2007). In addition, it has been
shown that Kupffer cells do not express PPARo receptors
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(Peters et al., 2000), and that PPARa agonists were able to
stimulate hepatocellular proliferation in both TNF-o- and
TNF-o-receptor-null mice (Anderson et al., 2001; Lawrence
et al., 2001). Thus, participation of non-cancer cells in PPARo.
agonist-induced cancer remains controversial, necessitating
further evaluation before a final conclusion can be reached.

Importantly, however, human subjects receiving fibrates
for treatment of hyperlipidaemia are resistant to the carcino-
genic effects of these drugs, suggesting significant differences
between human PPARa and rodents PPARo-dependent path-
ways (Mukherjee etal.,, 1994). Species-specific effects of
fibrates are likely due to differences in the level of receptor
expression (Palmer et al., 1998), ligand affinity and/or other
factors involved in PPARo activation (Gonzalez and Shah,
2008), as well as the profile of genes activated by mouse
PPARo versus human PPARo following treatment with the
fibrate drugs (Morimura et al., 2006; Yang et al., 2008). In
order to delineate the mechanisms involved in human lack of
susceptibility to the heptocarcinogenic effect of PPARo acti-
vation, attempts are underway to identify specific factors
involved in receptor regulation in each species. The availabil-
ity of PPARo-humanized mice (Yang etal., 2008) may be
beneficial in that regard.

The role of PPARB/S in liver cancer is controversial. While
some cellular studies show that PPARB/$ activation promote
proliferation and growth of human hepatic cancer cell lines
through up-regulation of COX-2 gene expression and PGE2
production (Glinghammar etal.,, 2003; Hellemans etal.,
2003), other studies demonstrate that COX-2 expression does
not change when the same liver cancer cell lines are treated
with PPARB/S ligands. No cell growth or increase in prolifera-
tion is reported by these investigators (Lollingshead et al.,
2007). Therefore, the role of PPARB/S in liver cancer is uncer-
tain and further studies using different models and various
experimental approaches are still needed before reaching a
final conclusion regarding this matter.

Several reports suggest a role for PPARy in prevention and
treatment of hepatocellular carcinoma, where increasing evi-
dence suggests a potential role for the PPARy agonists thiazo-
lidinediones as anti-proliferative agents (Borbath and
Horsmans, 2008). Studies show that PPARy ligands inhibit
proliferation of human liver cancer cells and induce cell cycle
arrest (Toyoda et al., 2002; Hsu et al., 2008; Zhou et al., 2008;
Yu etal, 2010). Induction of apoptosis through caspase
3-activation is proposed to be another mechanism for growth
inhibition of human liver cancer cells by troglitazone
(Toyoda et al., 2002), which was also found to modulate the
expression of several cell cycle regulating proteins (Yu et al.,
2010). Another PPARy ligand, rosiglitazone, is also suggested
to be beneficial in liver cancer therapy due to its ability to
induce apoptosis (Cao et al., 2007). In addition, the PPARy
agonist pioglitazone was found to inhibit early carcinogenic
transformation in rat liver (Borbath et al., 2007).

Paradoxically, studies suggest that PPARy antagonists may
provide greater hepatic anti-tumour effects than the receptor
agonists. Specific PPARy antagonists were found to reduce
adhesion of hepatocellular carcinoma cells to extracellular
matrix leading to inhibition of cell growth and migration
(Schaefer et al., 2005; Kim et al., 2007). To explain this appar-
ent paradox, it is suggested that inducing cell death by
anoikis, caused by PPARy antagonists, may be a more effective
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mechanism to control tumour growth and invasion com-
pared with that caused by cell cycle arrest caused by PPARy
agonists (Schaefer et al., 2005).

Pancreatic PPARs and
pancreatic cancer

Several cellular studies demonstrate that PPARy activation
decreases pancreatic cancer cell growth and attenuates their
migration and invasive capacity (Motomura et al., 2000;
Toyota et al., 2002; Tsujie et al., 2003; Motomura et al., 2004;
Adrian et al., 2008; Kumei et al., 2009). Using a pancreatic
carcinoma xenograft model of nude mice, it was reported that
PPARy activation inhibited pancreatic cancer growth and sup-
pressed tumour angiogenesis (Dong et al., 2009). However,
like in other types of cancers, the role PPARy in pancreatic
cancer remains controversial (Eibl, 2008). In contrast to the
above studies, PPARy expression in pancreatic cancer was
correlated with shorter patient survival suggesting a role for
PPARy in tumour progression (Kristiansen etal., 2006).
Although species-related differences, mice versus human,
may be of important consequences in explaining the paradox
at hand, further investigations are still needed to clarify the
role of PPARy and its ligands in pancreatic cancer.

PPAR in cancer of the urinary system

Although some studies claim that increased expression of
PPARy protein is positively correlated with increasing grade
and stage of bladder cancer (Mansure et al., 2009), others
report that PPARy is expressed in normal urothelium and is
associated with lower incidence of tumour progression
(Myloma et al., 2009).

Again, paradoxically, it has been demonstrated that PPARy
activation is associated with the opposing actions of inducing
cell differentiation on one hand and cancer on the other, in
the urinary tract (Lubet ef al., 2008; Oleksiewicz et al., 2008;
Lee et al., 2010. Regrettably, some dual-acting PPARo and y
agonists exhibit carcinogenic effects in rats and mice bladder
urothelium raising concerns for safety issues regarding the
clinical use of these drugs (Rubenstrunk et al., 2007). In this
regard, it is hypothesized that simultaneous activation of
PPARo. and PPARy could modulate the proliferation/
differentiation balance contributing to carcinogenesis of
PPARa + y dual agonists (Oleksiewicz et al., 2008).

Although a new class of PPARy agonists, methylene-
substituted diindolylmethanes (C-DIMs), which are more
potent than the previous generation of agonists, exhibits
anti-tumour activity in bladder cancer cells (Lubet etal.,
2008), subsequent studies revealed that these chemicals exert
their anti-tumour activity through PPARy-independent
mechanisms, involving activation of pro-apoptotic proteins
(Kassouf et al., 2006).

PPARs in other cancers

Although this review focuses on the role of PPARs in cancer in
selected major organs, it should be recognized that these
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receptors also play an important role in cancer of numerous
other organs (Figures 4 and 5). For example, PPARy expression
was found to be higher in human testicular cancer cells than
in their normal counterparts, and PPARy agonists exerted an
anti-proliferative effect in testicular cancer cells (Hase et al.,
2002). In addition, it is suggested that PPARy agonists could
be beneficial in preventing as well as treating osteosarcoma,
by promoting osteoplastic terminal differentiation (Wagner
etal., 2010). Furthermore, PPARy ligands have anti-
proliferative, prodifferentiative, anti-metastatic and pro-
apopototic effects on several hematological malignancies
(Figure 4), making PPARs a promising target in therapeutic
regimens designed to combat these types of cancer (Garcia-
Bates et al., 2008).

In addition to the above, PPARy is up-regulated in breast
cancer cells (Badawi and Badr, 2003), and several PPARy
ligands have been shown to exert anti-proliferative effects in
these cells (Bonofiglio et al., 2009). PPARy ligands also signifi-
cantly delayed tumour formation onset in vivo, when given
simultaneously with celecoxib, a COX-2 inhibitor (Mustafa
and Kruger, 2008). It is noteworthy, however, that the PPARy
agonist troglitazone suppressed telomerase activity in breast
cancer cells independently of PPARy (Rashid-Kolvear et al.,
2010). Furthermore, while rosiglitazone, another PPARy
agonist, had a pro-apoptotic effect in breast cancer cells
(Bonofiglio et al., 2009), troglitazone did not influence apop-
tosis, casting doubt on the role of this receptor isotype in
controlling breast cancer. Indeed, evidence has been pre-
sented showing that activating PPARy promoted tumour
growth in vivo (Saez etal., 2004), possibly by enhancing
angiogenesis (Tian etal., 2009). Although the underlying
reasons for these discrepancies remain to be delineated, dif-

ferences in experimental models, such as cell type used, as
well as PPARy ligands utilized and duration of treatment as
well as dosage, are among candidate factors.

Proposed mechanisms of action

Because of the conflicting evidence with regard to the role
PPARs play in cancer, there has not been a unified, universally
accepted mechanism of action to describe such a role. There-
fore, the following is an overview of the various hypotheses
put forth in an attempt to describe and explain the observed
effects.

It has been reported that PPARy activation inhibits cell
growth (Garcia-Bates et al., 2008), as well as causes both dif-
ferentiation and apoptosis in a variety of cancer cell types
(Bonofiglio et al., 2009). Activation of PPARy by rosiglitazone
has been shown to change mitochondrial membrane perme-
ability, an important step in the induction of cellular apop-
tosis (Bonofiglio et al., 2009). This effect was blocked in the
presence of specific antagonists of PPARy, as well as in cells
pretreated with antisense for the tumour suppressor P53
(Bonofiglio et al., 2009). The latter effect, coupled with the
observation that PPARy activation resulted in the
up-regulation of P53 mRNA and protein levels, suggests a
crucial potential role of P53 in PPARy-mediated apoptosis in
MCEF-7, a human breast cancer cells line. Adding to the poten-
tial complexity of this system, another study showed that
troglitazone-induced enhancement of apoptosis was caspase-
3-dependent (Yamakawa-Karakida efal.,, 2002); treatment
with a caspase-3 inhibitor completely abolished troglitazone-
induced cell death (Yamakawa-Karakida et al., 2002). PPARy
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agonists also increased the levels of the pro-apoptotic pro-
teins, Bcl-xl and Mcl-1 Bax and down-regulated the anti-
apoptotic protein Bcl-2 (Liu et al., 2005; Liu et al., 2007). In
contrast, troglitazone did not induce apoptosis in the breast
cancer cell line, MDA-MB-231 (Rashid-Kolvear et al., 2010).

Although it is not feasible to directly compare the effect of
PPARy agonists with that of a PPARy mutant that mimics the
ligand-activated state of the receptor, it is noteworthy to
mention here that a recent study suggests that non-ligand-
activated PPARy can actually enhance, rather than reduce,
mammary tumour growth in vivo, potentially through
enhancing angiogenesis (Tian et al., 2009).

The action of PPARy agonists and antagonists is by no
means straightforward and likely involves multiple cellular
systems. It has been reported that troglitazone suppresses
telomerase activity in the breast cancer cell line, MDA-MB-
231 via a PPARy-independent mechanism (Rashid-Kolvear
et al., 2010). This conclusion was based on the findings that
PPARy-specific antagonists were unable to block the observed
effect of troglitazone on telomerase, as well as on the fact that
troglitazone suppressed telomerase activity even in the
absence of PPARy (Rashid-Kolvear et al., 2010). Troglitazone
has also been proposed to inhibit cell growth by inducing a
G1 cell cycle arrest (Fujimura et al., 1998), and to dramatically
reduce the expression levels of the proto-oncogene product
c-myc (Yamakawa-Karakida ef al., 2002). In a human eosino-
philic leukaemia cell line, treatment with troglitazone caused
a GO/G1 cell cycle arrest that correlated with increased mRNA
levels of the cyclin-dependent kinase inhibitor p21WAF1/
CIP1 (Sugimura et al., 1999). A novel PPARy agonist, DIM#34,
has been recently shown to induce apoptosis and inhibit cell
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growth through both, PPARy-dependent and -independent
mechanisms (Contractor et al., 2005).

Clinical application of PPAR agonists
in cancer

It is noteworthy that various problems have been encoun-
tered with some clinically approved PPAR agonists and their
use has been consequently restricted or discontinued (Krish-
naswami et al., 2010). Nevertheless, clinical trials continue to
assess the impact of PPAR agonists, particularly those that
activate PPARy, on various types of cancer, with trials com-
pleted to date producing conflicting outcomes.

In patients treated with the PPARy agonist rosiglitazone or
troglitazone, there was no objective tumour response noted
in the overall incidence of malignancy or in several specific
tumour types including breast, bladder, colon and liposarco-
mas (Kulke et al., 2002; Burstein et al., 2003; Debrock et al.,
2003; Home et al., 2009. Home et al., 2010). However, in one
of these studies there was a significant reduction in the inci-
dence of pancreatic cancer in patients receiving rosiglitazone
compared with the control group (Home et al., 2009), and
another study reported a positive response, albeit modest, to
the same drug against thyroid cancer (Kebebew et al., 2006).
Furthermore, a meta-analysis of 80 randomized clinical
studies comprising close to 30 000 patients, reported an
overall incidence of malignancy that was significantly lower
in patients treated for diabetes with rosiglitazone compared
with control groups (Monami et al., 2008).



Conclusions

In the last 20 years, PPARs have gone from virtually unknown
receptors to being major players in numerous physiological
functions and pathological conditions. Among the most con-
sequential involvements of these receptors is their role in cell
differentiation and cancer.

The literature is replete with contradictory evidence
implicating PPARs in the promotion and development of
cancer, as well as for a protective role against cancer. While
numerous studies report that the expression level of these
receptors and/or their activation correlates with a positive
outcome against cancer, this does not appear to be a universal
phenomenon, raising the possibility of complexity arising
from (i) cell type- and organ-specific effects; (ii) receptor-
independent effects by the utilized PPAR ligands; (iii) phar-
macokinetic considerations; and/or (iv) the stage of cancer
formation at the time of PPAR ligand exposure.

The availability of three different PPAR isotypes with
common as well as a number of isotype-specific ligands pre-
sents both opportunities and challenges for the goal of tar-
geting these receptors as a means to combat cancer. The
complementary action of simultaneous activation of more
than one PPAR isotype has lead early on to pharmacological
strategies focused on the development of agonists targeting
more than one receptor isotype (Rubenstrunk et al., 2007).

Chemotherapeutic Agents

Responsive
Element

PPARs and cancer

However, these strategies were soon challenged by emerging
evidence showing, for example, that administering bezafi-
brate, a PPARa selective agonist, simultaneously with piogli-
tazone, a PPARy selective agonist, prevented the beneficial
effect of the latter on liver fat content (Balasubramanian
et al., 2010). More relevant to the focus of this review, it was
found that while agonists of PPARa. or PPARy have been
shown to exert anti-proliferative effect, in various tissues,
when used separately, dual activation of these two receptor
isotypes was found to promote cancer in the bladder (Oleks-
iewicz etal.,, 2008). More recent strategies therefore have
aimed at the identification and development of selective
PPAR modulators (Rubenstrunk et al., 2007). These strategies
are based on the hypothesis that optimizing the selectivity
ratio between the different PPAR isotypes allows the selection
of new PPAR agonists with improved efficacy and/or safety
profiles (Rubenstrunk et al., 2007).

Emerging evidence points to the potential of PPAR
isotype-specific agonists as anti-cancer therapies when
administered in combination with conventional chemo-
therapeutic agents and/or radiation treatment in many types
of malignancies (Robbins et al., 2010; Simpson-Haidaris et al.,
2010). The synergistic effects of PPARy agonists with other
agents have been reported. For example, it has been found
that PPARy activation synergistically increases the growth
inhibitory effect of platinum-based anti-cancer drugs such as

Growth Factors

Target Gene
Expression

Synergistic
Anti-cancer Effects

Figure 6

A hypothetical schematic representation of the synergistic anti-cancer effects of the combination of PPAR ligands plus other agents [reproduced
from Shimizu and Moriwaki (2008) with permission from Dr Masahito Shimizu]. PPAR, peroxisome proliferator-activated receptor; RXR, retinoid

X receptors.
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cisplatin, both in vivo and in vitro (Shimizu and Moriwaki,
2008).

Because of the central permissive effect RXR plays in the
activation of PPARs (Figure 6), it is reasonable to predict that

the combination of PPARy and RXR agonists may offer a new
therapeutic strategy to combat various types of human malig-
nancies (Shimizu and Moriwaki, 2008). Indeed, it has been
reported that in human colon cancer cells, the combination
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A schematic representation depicting a hypothesis explaining the paradoxical, anti-carcinogenic/pro-carcinogenic, effect of PPAR agonists. COX-2,

cyclooxygenase-2; PPAR, peroxisome proliferator-activated receptor.
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of ciglitazone and 9-cis RA, agonists of PPARy and RXR,
respectively, produces greater efficacy in inhibiting cell
growth than does either agonist alone (Shimizu and Mori-
waki, 2008). This strategy has also proven successful in other
types of malignancies, as well (Shimizu and Moriwaki, 2008).

Future directions

Using androgen receptors as a model, McDonnell et al. have
recently identified over 150 proteins/polypeptides whose
ability to interact with full-length receptor was influenced by
which ligand was bound to this nuclear receptor (Norris et al.,
2009). According to these investigators, the nature of the
bound ligand determines the overall conformation of the
receptor, influencing the receptor’s ability to recruit specific
functionally distinct coactivators (Norris et al., 2009). Accord-
ingly, the ability of the target cell to distinguish between
receptors, presented to it, in different conformations would
dictate the resulting cellular response (Norris et al., 2009).

Based on available experimental evidence and an under-
standing of the molecular actions of nuclear receptors, we
present a hypothesis (Figure 7) to explain the paradoxical
involvement of PPARs in cancer. According to this hypoth-
esis, different cell types contain different metabolic pathways
that produce quantitatively and/or qualitatively different
chemical moieties from various PPAR ligands. The resulting
metabolites/ligands induce a range of receptor conforma-
tional changes. These ‘ligand’-induced specific conforma-
tional changes lead to the recruitment of specific coactivators
and subsequently produce a specific profile of gene transcrip-
tion associated with either enhanced or diminished cancer
(Figure 7). Essential to this hypothesis is the notion that
different types of cells may vary in their levels, types and/or
functionality of coactivators involved in PPAR activity,
as well as in their ability to recognize various receptor
conformations.

In conclusion, targeting PPARs in cancer treatment
remains a valuable goal of researchers in the field, as evi-
denced by the ongoing numerous experimental as well as
clinical trials. As this review has delineated, the agonists and
antagonists of these receptors have a wide yet varied activity
profile against cancer, providing a great opportunity for the
development of new therapies for the disease.
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