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Summary

The PPAR-gamma (PPAR-y) activating thiazolidinedione (TZD) medications are a class of drugs
used to improve lipid and glucose metabolism in type-2 diabetes. In addition to their known insulin
sensitization action, these drugs have been shown to suppress tumor development in several in
vitro and in vivo models. Among the proposed mechanisms for the anti-tumor effects of TZDs,
apoptosis induction, cell cycle arrest, and differentiation have been extensively reported.
Interestingly, some of the observed anti-tumor effects are independent of PPAR-y activation. The
following review will discuss studies employing TZDs as anti-cancer therapies for the most common
types of cancers including, lung, breast, and colon and will explore the principal PPAR-y-dependent
and -independent mechanisms by which TZDs exert their anti-tumor effects.
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[. Introduction

Thiazolidinediones (TZDs) are a class of antidiabetic drugs which include pioglitazone,
rosiglitazone, ciglitazone and troglitazone, although troglitazone was removed from the market
in 2000 because of hepatoxicity. These drugs improve insulin sensitivity through mechanisms
that have yet to be clearly defined and therefore, constitute an area of active investigation.
TZDs bind with high affinity to the PPAR-gamma (PPAR-y) subtype of peroxisome-
proliferator activated receptors (PPARs). PPARs are members of the steroid receptor
superfamily of ligand-activated transcription factors. Upon activation, either by synthetic
ligands such as TZDs, or endogenous ligands such as natural lipophilic ligands (e.g. fatty acids),
PPAR-y forms a heterodimer with the retinoid X receptor (RXR) and binds to PPAR response
elements (PPRE) that regulate the transcription of select target genes. Although more than
seventy PPAR target genes with PPRES have been identified (Yu et al, 2005), it is likely that
this list of PPAR regulated genes will continue to grow. Further, the complexity of PPAR-y -
regulated gene expression is enhanced by various co-activators and co-repressors that are
recruited to the transcriptional complex by the activated PPAR-y heterodimer.

The pattern of PPAR-y expression is relatively well-characterized. Two PPAR-y isoforms exist
that are derived from the alternate promoters, PPAR-y1 and PPAR- y2. The PPAR-y2 isoform
is 30 amino acids longer than PPAR-y1 (Mueller et al, 2002) and is less abundant. PPAR-y2

is predominantly expressed in adipose tissue where it exerts pleiotropic effects on metabolism,
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insulin sensitization, and inflammation. PPAR-y2 is also expressed in vascular endothelium,
suggesting a role for this protein in vascular biology as well as in alveolar macrophages
(Gervois et al, 2007; Staels et al, 1998; Standiford et al, 2005). In contrast, PPAR-y1 is
expressed in a broad variety of tissues including large intestine, kidney, liver (Fajas et al,
1997), and particularly relevant to this article, PPAR-y has been detected in cancer cells
(Vamecq and Latruffe, 1999). Several reports have demonstrated that PPAR-y activation has
anti-cancer properties. For example, TZDs suppress tumor development in several animal
models, and PPAR-y activation arrests malignant cell growth (Sato et al, 2000; Takashima et
al, 2001). In addition, treatment of cancer cells with PPAR-y-activating TZDs induces cell
differentiation and apoptosis (Lu et al, 2005a). These events are depicted schematically in
Figure 1.

Investigation into the molecular mechanisms that underlie PPAR-y-induced anti-cancer effects
constitutes an area of active research. Nevertheless, the role of PPAR-y in carcinogenesis
remains controversial due in part to anti-neoplastic effects of TZDs that are independent of
PPAR-y. This review will examine current research evaluating TZDs as anti-tumor compounds
in lung, breast and colon carcinoma, 3 of the most common cancers inthe U.S., and will describe
the proposed mechanisms by which TZDs exert their anti-cancer properties.

Il. TZDs and lung cancer

Non small cell lung carcinoma (NSCLC), the most common cancer in the U.S. is associated
with a poor prognosis, indicating that novel therapeutic approaches are urgently needed. In a
recent retrospective database analysis from 10 Veterans Affairs medical centers, lung cancer
risk among TZD users compared with nonusers was reduced by 33%, after adjustment for
confounding interactions (Govindarajan et al, 2007). Although clinical data supporting the
efficacy of TZDs in lung cancer is limited, in vitro studies as well as reports in experimental
animals support this concept. In vitro studies available supporting the efficacy of TZDs in lung
cancer are numerous (Tsubouchi et al, 2000; Satoh et al, 2002; Han et al, 2005). For example,
the proliferation of A549 lung cancer cells was significantly inhibited by ciglitazone in a dose-
and time-dependent manner both in vivo and in vitro, and PPAR-y expression was markedly
upregulated by ciglitazone treatment (Zhang et al, 2006). Troglitazone induced PPAR-y
expression and apoptosis in two human lung cancer cell lines, but not in normal cells (Li et al,
2005). These results suggest the potential for TZDs to target malignant cells without affecting
normal cells (the goal of anti-cancer chemotherapy). In nude mice, direct injection of
ciglitazone into A549-induced tumors suppressed the rate of tumor growth by 36% (Zhang et
al, 2006).

While the modest anti-neoplastic effects of TZDs may preclude their use as monotherapy for
treatment of lung cancer, combining TZDs with other anti-neoplastic agents could potentially
enhance therapeutic efficacy. For example, the inhibitory effect of rosiglitazone on NSCLC
cell growth was enhanced by the mammalian target of rapamycin (mTOR) inhibitor, rapamycin
(Han and Roman, 2006). mTOR is a serine/threonine kinase that is activated by Akt and
regulates protein synthesis, and rapamycin has been shown to inhibit cell growth by blocking
the action of mTOR. In addition to the above study, rosiglitazone potentiated gefitinib's anti-
proliferative effects by increasing the expression of the tumor suppressor, apoptotic gene,
phosphatase and tensin homolog (PTEN) (Lee et al, 2006). The combination of the low-dose
apoptosis inhibitor, MK886, ciglitazone, and 13-cis-retinoic acid, produced synergistic growth
inhibition of lung cancer cells (A549 and H1299) suggesting that targeting PPAR-y and retinoic
acid action could be a promising approach to suppress lung cancer growth (Avis et al, 2005).
In vitro synergistic anti-proliferative and apoptotic effects were also observed by combining a
novel TZD with imatinib (Gleevec®) in various malignant cell lines (Zang et al, 2006). The
opportunities to optimize anti-cancer efficacy with various chemotherapy permutations
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involving TZDs are numerous and suggest their potential benefit. Further, the experimental
efficacy of low doses of these agents in these studies suggests potential clinical efficacy with
reduced toxic side effects, a major concern in cancer chemotherapy. However, there are a few
conflicting studies that suggest that TZD treatment may promote carcinogenesis or tumor
development (Lefebvre et al, 1998; Saez et al, 2004). It may be the case that the specific tissue
or type of cancer and its stage could contribute to the efficacy or failure of TZDs as anti-
neoplastic agents. In support, rosiglitazone, ciglitazone, and prostaglandin J, (15d-PGJ,) were
all potent agonists of PPAR-y transactivation in lung adenocarcinoma cell lines. However,
these same ligands had no effect in squamous cell or large cell carcinomas of the lung (Allred
and Kilgore, 2005). Prognostic indicators such as the ratio of PPAR-y to RXR-a, for example,
may be useful in predicting how cells may respond to specific combination treatments such as
TZD and 9-cis-retinoic acid, an RXR-a ligand/agonist (Allred and Kilgore, 2005). In vivo and
in vitro studies employing TZDs as anti-cancer agents (either alone or as combinatorial agents)
for lung cancer are encouraging, however, clinical efficacy remains to be determined.

[Il. TZDs and breast cancer

Numerous studies have also examined the effects of TZDs in breast cancer. Breast cancer is
the most frequent cancer in women and represents the second leading cause of cancer death in
this population after lung cancer (Edwards et al, 2005; Al-Mansouri and Alokail, 2006). PPAR-
v is expressed in normal and malignant mammary epithelial cells, and TZDs suppress breast
carcinoma proliferation in vitro and in experimental animal models (Suh et al, 1999; Nwankwo
and Robbins, 2001; Jarrar and Baranova, 2007). Recently, PPAR-y activation by conjugated
linoleic acid was shown to have an anti-proliferative effect in MCF7 breast cancer cells (Bocca
et al, 2007). Breast cancer cells, along with prostate cancer and melanoma cells were shown
to undergo apoptosis with PPAR-y ligands (Nunez et al, 2006). Additionally, PPAR-y was
shown to induce differentiation of malignant breast epithelial cells (Mueller et al, 1998).
Interestingly, PPAR-y acts as a tumor suppressor not only in breast, but also in skin and ovarian
cancers (Nicol et al, 2004). However, PPAR-y was also shown to act as a tumor promoter in
breast carcinogenesis (Saez et al, 2004). This seemingly paradoxical outcome was proposed
either to occur after a cancer initiation event had already progressed, or to possibly occur
following PPAR-y-mediated activation of a cytokine or growth factor such as TGF-p, which
depending on the stage of breast cancer, can either be tumor suppressing or tumor promoting
(Roberts and Wakefield, 2003). Nevertheless, the preponderance of evidence among studies
examining TZDs in breast cancer cells suggests that PPAR-y ligands inhibit proliferation and
induce apoptosis both in vitro and in vivo. In addition, PPAR-y ligands have been demonstrated
to inhibit tumor angiogenesis and invasion in breast cancer (Fenner and Elstner, 2005).

Particularly relevant information is expected to come from human studies. In patient tissue
samples, PPAR-y immunoreactivity was significantly associated with improved clinical
outcome in breast carcinoma patients by univariate analysis (Suzuki et al, 2006). In addition,
arecent pilot trial examined short-term (2—6 weeks) treatment with rosiglitazone in 38 women
with early-stage breast cancer. Rosiglitazone (8 mg/d), administered between the time of
diagnostic biopsy and definitive surgery did not elicit significant effects on breast tumor cell
proliferation analyzed as expression of Ki67, a marker of tumor growth and progression as
well as proliferation (Yee et al 2007). In pretreatment tumors notable for nuclear expression
of PPAR-y as determined by immunohistochemistry, down-regulation of nuclear PPAR-y
expression occurred following rosiglitazone administration, contrary to what is expected. This
TZD regimen was well tolerated and without serious adverse events (Yee et al, 2007). A prior
trial reported in 2003 suggested that in patients with metastatic breast cancer, troglitizone failed
to show any clinical benefits (Burstein etal, 2003). Overall, clinical studies are not encouraging.
Nevertheless, more and longer term clinical studies are warranted to determine if the promising
results obtained in pre-clinical and in-vitro studies can be extrapolated to humans.
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IV. TZDs and colon cancer

In colon cancer, TZDs may also be of benefit (Kitamura et al, 1999). PPAR-y mRNA and
protein expression has been demonstrated in HT-29 colon cancer cells by RT-PCR and western
blots, respectively (Sato et al, 2000; Chen et al, 2005), and PPAR-y activation was associated
with inhibition of cell growth through induction of apoptosis and suppression of the cell cycle
(Takashimaetal, 2001). Similarly both the synthetic TZD, pioglitazone, and the natural ligand,
15d-PGJ,, inhibited the proliferation of colon cancer cell lines in a dose-dependent manner
that was reversed by the TZD antagonist GW9662 (Cerbone et al, 2007; Martinasso et al,
2007; Zhang et al, 2007).

In animal studies, a deficiency in intestinal PPAR-y was associated with enhanced
tumorigenicity in mouse small intestine and colon (McAlpine et al, 2006). Similarly, in mouse
models of colon cancer, PPAR-y agonists inhibited tumor growth or colon carcinogenesis
(Yoshizumi et al, 2004; Chintharlapalli et al, 2006; Marin et al, 2006), although isolated studies
suggest that PPAR-y agonists induce colon tumors in mice (Yang et al, 2005c). Studies
investigating PPAR-y in human subjects with colon cancer are limited. In specimens from
colon cancer patients, immunohistochemical analysis demonstrated a correlation between
PPAR-y and cell cycle-related molecules but no association was detected between PPAR-y and
patient survival (Theocharis et al, 2007). Furthermore, the risk reduction for colorectal cancers
among diabetes patients taking TZDs did not reach statistical significance (Govindarajan et al,
2007), clearly indicating that more investigation will be required to establish a role for PPAR-
v in human colon carcinogenesis.

V. TZD mechanism of action in neoplasia

The molecular basis for the anti-tumor actions of TZDs remains incompletely elucidated.
Recent studies employing gene expression analysis of TZD-treated tissues have provided new
insights. For example, a recent study in ovarian cancer cells determined that ciglitazone
upregulated genes predominantly associated with metabolic, differentiation and tumor
suppressor pathways, whereas genes that were downregulated by ciglitazone were mainly
involved in cell proliferation, cell cycle, cell organization, and steroid biosynthesis genes
(Vignati etal, 2006). These findings are consistent with a genome-wide search for high-scoring
PPREs in conserved regions of all human reference genes that found that genes with higher
priority scores were those involved in cell cycle arrest, apoptosis and DNA damage response
rather than those involved in fatty acid metabolism (Yu et al, 2005; Jarrar and Baranova,
2007). Thus, while distinct mechanisms for the anti-tumor actions of TZDs continue to be
uncovered, a large proportion of the studies indicate that TZD-induced PPAR-y activation
promotes anti-tumor actions through apoptosis induction, differentiation, and growth
(proliferation) arrest. The molecular evidence linking PPAR-y activation and each of these
mechanisms is discussed below.

A. Apoptosis

One of the main mechanisms of action by which TZDs act as anti-cancer agents involves the
induction of apoptosis, an effect that complements the growth suppressive properties of TZDs.
A schematic representation of these effects is shown in Figure 2. Numerous studies support
the notion that PPAR-y activation induces apoptosis and thus exerts anti-cancer effects (Clay
et al, 1999). For instance, in lung cancer cells troglitazone induced apoptotic activity that was
PPAR-y-and ERK1/2-dependent (Li et al, 2006a). Troglitazone treatment reduced the anti-
apoptotic protein, bcl-2, and caused nuclear accumulation and co-localization of PPAR-y and
ERK (Li et al, 2006a). Similarly, treating colon cancer cells with rosiglitazone caused
apoptosis, detected with TUNEL staining and flow cytometry (Chen et al, 2005). Although the
exact mechanisms by which apoptosis was induced in that study were not defined, bcl-2/bcl-
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X (anti-apoptotic proteins), p53, bad (pro-apoptotic proteins), and the transcription factor NF-
kB were implicated in PPAR-y ligand-induced apoptosis. Rosiglitazone treatment also
increased PTEN protein levels which can lead to apoptosis through the negative regulation of
Akt (Li et al, 1998). PTEN induction by PPAR ligands has also been reported to arrest tumor
growth through PTEN's tumor suppressor effects. TZD treatment not only induced apoptosis
and reduced the anti-apoptotic protein, bcl-2, in vitro, but also increased apoptotic bax
expression in another study (Yang et al, 2005b). Further, TZDs reduced the anti-apoptotic
protein, survivin (Figure 2), and caused dramatic sensitization of human breast cancer cells to
apoptosis induced by tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and
caspase activation (Lu et al, 2005b).

B. Growth/cell cycle arrest

In addition to apoptosis, PPAR-y activation may reduce tumor development through the arrest
of cancer cell proliferation, through effects on cell cycle checkpoints or growth factor
inhibition. Several studies demonstrate that PPAR-y activation suppresses proliferation rates
in many cancer types (Weng et al, 2006). For instance, PPAR-y activation not only caused
apoptosis and reduced bcl-2 protein, but also inhibited the proliferation of lung cancer cells
(Avis et al, 2005). The authors suggested that the observed apoptosis was mediated through
the anti-proliferative effects of PPAR-y-RXR interactions. In agreement, Elstner and
colleagues showed that troglitazone combined with 9-cis-retinoic acid caused apoptosis in
breast cancer cell lines, particularly in those in which bcl-2 expression levels were highest
(Elstner et al, 2002).

One particularly well-known manner of suppressing proliferation rates involves cell cycle
progression arrest. Cyclins are cell cycle regulators. Specifically, they are regulatory subunits
of cell-cycle-specific kinases, and their activation is thought to regulate progress through the
cell cycle. Cyclins are therefore potential oncogenes; and in fact, cyclin D1 overexpression
and/or amplification are common features of several human cancers, thus promoting G1 phase
progression (Musgrove et al, 1994; Chen and Harrison, 2005). Exposure to TZD for 24 h caused
Go/G; cell cycle arrest (Kawakami et al, 2002; Yang et al, 2005b). TZD treatment not only
decreased protein levels of cyclin D1, but also reduced proliferating cell nuclear antigen, pRb,
and Cdk4 and increased the cyclin-dependent kinase inhibitors p21 and p27, in a time-
dependent manner (Yang et al, 2005b). Because the p21 and p27 kinase inhibitors inhibit
CDK2/4 and CDK2 respectively, this can result in cell cycle arrest. In particular, increases in
p21 expression levels have been attributed to Sp1 transcriptional activation (Han et al, 2004),
as PPAR-y has been shown to interact directly with transcription factors including Sp1 (Krey
etal, 1995). In addition to p21, p18 was also demonstrated to be regulated by PPAR-y (Morrison
and Farmer, 1999). A schematic representation of some of these events is shown in Figure 3.
These dataare in agreement with other studies showing that levels of cyclins, specifically cyclin
E, cyclin D2 and CDK 2, are decreased following TZD treatment (Zang et al, 2006). Lu and
colleagues also demonstrated that TZD treatment profoundly reduced protein levels of cyclin
D3 (Luetal, 2005b). Conversely, p27 expression was increased and degradation was decreased
in colon cancer cells following ciglitazone treatment (Chen and Harrison, 2005). Therefore,
TZD downregulation or suppression of cell-cycle progression caused by cyclins represents an
opportunity to halt uncontrolled cellular growth (Figure 3). Furthermore, ciglitazone inhibited
A549 proliferation in mice, in a dose and time-dependent fashion and decreased the expression
of cyclin D1. In the same study, it was further concluded that ciglitazone induced differentiation
that was associated with cell cycle arrest (Zhang et al, 2006).

C. Differentiation

Another mechanism by which PPAR-y activation may exert anti-neoplastic effects is through
the promotion of cellular differentiation, and early as well as recent evidence indicates that
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TZDs might have favorable effects in the treatment of a variety of tumors as differentiation-
inducing agents (Tontonoz et al, 1997; Betz et al, 2005; Li et al, 2006b). PPAR-y was
demonstrated to induce differentiation in solid tumors both in vitro and in vivo (Kawamata et
al, 2006). For example, TZD-induced differentiation of human cancer cells, defined as a shift
toward a more steroidogenic phenotype, was mediated through activation of PPAR-y-
dependent pathways (Betz et al, 2005). TZD treatment in pancreatic cancer cells significantly
inhibited growth through PPAR-dependent induction of pancreatic ductal differentiation
without any increase in apoptosis (Ceni et al, 2005). In HT-29 colorectal cancer cells, TZD
treatment inhibited growth and metastasis through differentiation-promoting effects
(Yoshizumi et al, 2004). The ability of PPAR-y activation to promote differentiation can be
enhanced by the use of TZDs as combinatorial agents. For instance, the combination of the
RXR agonist, bexarotene, with the PPAR-y agonist, rosiglitazone, in colon cancer cells caused
increased expression of the differentiation marker, CEA, while also decreasing
cyclooxygenase-2 (COX-2) expression and prostaglandin-E, (PGE;) synthesis (Cesario et al,
2006). These findings were later confirmed in vivo in a Moser xenograft tumor model, by the
same group (Cesario et al, 2006). These reports and others suggest a potential role for
combination regimens of RXR and PPAR-y agonists in the treatment of colon and other cancers
(Konopleva et al, 2004; Cesario et al, 2006). In cultured breast cancer cells, PPAR-y ligands
caused extensive lipid accumulation and changes in epithelial gene expression associated with
amore differentiated, less malignant state (Mueller etal, 1998). In lung cancer cells, ciglitazone
induced differentiation (Zhang et al, 2006), and PPAR-y expression inhibited tumorigenesis
by reversing the undifferentiated phenotype of metastatic non-small-cell lung cancer cells and
activating pathways that promoted a more differentiated epithelial phenotype (Bren-Mattison
et al, 2005).

D. Additional considerations

The evaluation of other PPAR isoforms may also prove to be valuable in order to clarify the
effect of PPARs on cellular differentiation. PPAR- increased colonocyte differentiation as
well as apoptosis in ligand-treated PPAR-pB +/+ mice, whereas these effects were not found in
PPAR-B —/—mice (Marin etal, 2006). Further, PPAR-3 and PPAR-y agonists altered mammary
tumorigenesis and produced distinctive histopathologic patterns of tumor differentiation and
development (Yin et al, 2005). Consistent with isoform-specific effects of PPARs, the specific
TZD or PPAR ligand used may be of significant importance as differentiation effects seen with
one ligand may not be observed in another. Clay et al, for example, reported that treating cells
with 15dPGJ;, did not increase cellular differentiation, as had been seen in other neoplastic
cells, but rather induced cellular events associated with programmed cell death or apoptosis
(Clay et al, 1999).

VI. PPAR-y-independent mechanisms of tumor suppression

In addition to PPAR-y-dependent actions, TZDs demonstrate a number of important PPAR-y-
independent effects (Shiau et al, 2005; Han and Roman, 2006; Jarrar and Baranova, 2007).
TZDs have been shown to stimulate the proteosomal degradation of cyclins D1 and D3 (Huang
et al, 2005; Lu et al, 2005b), to block the G(1)-S transition through translation initiation
inhibition (Palakurthi et al, 2001), and to scavenge toxic reactive oxygen species (ROS) (Inoue
et al, 1997) through PPAR-y-independent mechanisms. Additional PPAR-y-independent
actions of TZDs include the induction of cellular acidosis through inhibition of the Na*/H*
exchanger (de Dios et al, 2001; Turturro et al, 2004), calcium storage depletion (Palakurthi et
al, 2001), and release of apoptotic factors from the mitochondria through the production of
ROS (Pandhare et al, 2006). Other cited mechanisms by which TZDs exert anti-tumor effects
in a PPAR-y-independent manner include upregulation of PTEN/AMPK and down regulation
of Akt/mTOR/p70S6 signaling cascades (Han and Roman, 2006). Because of these PPAR-y-
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independent actions of TZDs, it must be emphasized that mechanistic investigations of
individual PPAR-y ligands in cancer therapy must account for both PPAR-y-dependent and -
independent pathways. The ultimate anti-cancer effect of a specific ligand may also depend on
the target cell, the host's nutritional status, and the availability of co-activators or co-repressors
in the cell of interest. Examples of ligand specific effects, independent of PPAR-y activation,
abound and further illustrate the need to thoroughly investigate PPAR-y-independent effects.
For example, many tumors are resistant to TRAIL, a promising agent that preferentially induces
apoptosis in cancer cells, and Lu and colleagues suggest that both TRAIL sensitization and
reduction in cyclin D3 protein levels induced by TZDs are likely PPAR-y -independent because
neither a dominant negative mutant of PPAR-y nor PPAR-y expression antagonized these
effects (Lu et al, 2005). With the high frequency of dysfunctional apoptotic pathways in cancer
cells, the degree to which a specific TZD can sensitize cancer cells to apoptosis-inducing
agents, or the degree to which a TZD itself can induce apoptosis (independent of PPAR-y
status) will require further examination.

VII. Additional mechanisms of tumor suppression

In addition to apoptosis, differentiation induction, or growth arrest, other anti-tumor effects
linked with PPAR-y have been reported. Inhibition of invasion and metastasis is one such
additional mechanism by which TZDs halt the cancer process. Metastasis was markedly
promoted in diabetic and obese mice (Mori et al, 2006). Interestingly, obesity and diabetes
have been associated with reduced PPAR-y expression (Itoh et al, 1999; EI Midaoui et al,
2006), suggesting that levels of PPAR-y expression may be inversely related to metastatic
potential. Angiogenesis is also an important mechanism in the progression and metastasis of
tumors. Vascular endothelial growth factor (VEGF) is an important signaling protein involved
in angiogenesis, and its overexpression has been associated with the process of metastasis.
Pioglitazone not only normalized serum insulin and serum glucose but also serum VEGF levels
in hyperinsulinemic, hyperglycemic rats (Yang et al, 2005a). Other studies have also confirmed
the anti-angiogenic effects of PPAR-y activation in tumors. These include studies reporting
the inhibition of angiogenesis through suppression of chemokine production (Keshamouni et
al, 2005), through PPAR-y-mediated NO production and subsequent maxi-K channel opening
(Kim and Cheon, 2006), as well as VEGF-mediated suppression of angiogenesis via VEGF
promoter regulation (Peeters et al, 2005).

PPAR-y activation has also been shown to counteract effects of the pro-inflammatory cytokines
TNF-o and IL-1, and He and colleagues demonstrated that troglitazone inhibited insulin-like
growth factor-1 (IGF-1) through AMP-activated protein kinase (AMPK), an event which was
thought to occur through a PPAR-y-independent mechanism (He et al, 2006). In non-small cell
lung carcinoma cells, PPAR-y activation promoted ROS formation via proline oxidase
induction, which ultimately caused cell death (Kim et al, 2007). And in breast cancer cells,
where estrogen receptor status has a significant role in treatment outcome, Bonofiglio and
colelagues showed that the estrogen receptor alpha binds to PPAR response elements and
represses its transactivation. Physical interactions between the estrogen receptor and PPAR-
v that result in PPAR-y signaling interference were also documented and thought to involve
PI3K (Bonofiglio et al, 2005). These results are not entirely surprising, considering that it was
recently shown that PPARSs have a significant effect on many genes, including steroid
biosynthesis genes (Vignati et al, 2006). The selected examples used to illustrate additional
mechanisms of tumor suppression by TZD actions emphasize the diversity and complexity of
the mechanisms which render TZDs anti-neoplastic
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VIIIl. Future directions

The most convincing evidence demonstrating TZD efficacy in cancer therapy will undoubtedly
come from clinical trials. Despite the numerous pre-clinical studies showing promise of TZDs
as anti-cancer agents, currently available results of the few clinical trials that have already been
performed are neither uniformly positive nor conclusive. For example, the effect of TZDs on
the likelihood of colon, prostate or breast cancer development appears to be neutral, with the
effect of TZDs being neither beneficial nor deleterious (Koro et al, 2007). A phase Il trial
examining rosiglitazone administration in patients with thyroid cancer found no relationship
between PPAR-y mRNA or protein in the neoplasms and radioiodine uptake status after
rosiglitazone therapy (Kebebew et al, 2006). Furthermore, a diagnosis of cancer was
significantly associated with TZD use, even after correcting for potential confounding variables
(Ramos-Nino et al, 2007). However, the evaluation of the effectiveness of TZDs in cancer
therapeutics must integrate potential differences among ligands within the same TZD class as
identified in the pre-clinical studies discussed above. Additional clinical trials are currently
ongoing (www.clinicaltrials.gov) that could clarify the role of TZDs in cancer, and results may
not be available for some time. Cancer, as a complex, multifactorial disease will undoubtedly
require the combination of agents in order to produce clinical efficacy. TZDs may provide
more benefit when combined with other agents. The exploration of drug combinations at low
doses may represent a promising strategy (Avis et al, 2005) as suggested by the potentiation
of gefitinib by the co-administration of rosiglitazone (Yee et al, 2007).

It has also been suggested that in addition to cancer treatment, TZDs may have a role in cancer
chemoprevention (Brown and Lippman, 2000; Badawi and Badr, 2002; Fan et al, 2003).
However, other studies have provided evidence that PPAR-y ligands may actually foster
carcinogenesis. For example, the use of PPAR-y ligands increased the development of colon
tumors (Lefebvre et al, 1998). In another report, constitutive expression of PPAR-y in the
mammary glands accelerated tumor development (Saez et al, 2004), although it may be the
case that expression of PPAR-y without normal, physiological regulation may promote
carcinogenesis. These conflicting results emphasize the need to increase the number and length
of well-designed clinical studies that will carefully define the role of these promising agents.

IX. Conclusions

A rapidly expanding body of literature has examined the ability of PPAR-y-activating TZD
ligands to contribute to cancer therapy as evidenced by numerous in vitro and in vivo studies.
The results of these studies, while mixed, have fostered sufficient interest to stimulate the
investigation of TZDs in clinical trials. Additional studies of PPAR-y ligands in combination
with other agents or in chemopreventive strategies merit further consideration. Whether the
results obtained from in vitro and preclinical studies investigating the anti-cancer potential of
PPAR-y ligands will extrapolate to efficacy in human trials, remains to be determined. Clinical
trials of adequate power and duration are required to clarify the role that PPAR-y activation
may have in the treatment of cancer.
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Figure 1. Activation of PPAR-y by TZDs causes apoptosis, growth arrest, and differentiation in the
cancer cell
TZDs activate PPAR-y, resulting in various anti-neoplastic effects in the cancer cell including

apoptosis, growth arrest, and differentiation.
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Figure 2. Mechanisms of TZD-induced apoptosis

TZDs activate PPAR-y, stimulating heterodimerization with the retinoid X receptor,
recruitment of coactivators, and the dissociation of corepressors which ultimately causes
apoptosis by decreasing anti-apoptotic proteins such as bcl-2/bcl-x and survivin, while
increasing the levels of the pro-apoptotic proteins, p53, bad and phosphatase and tensin
homolog (PTEN).
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Figure 3. Mechanisms of TZD-induced growth arrest

In addition to apoptosis, PPAR-y activation may reduce tumor development through the arrest
of cancer cell proliferation and effects on cell cycle checkpoints. TZD treatment activates
PPAR-y, stimulating heterodimerization with the retinoid X receptor, recruitment of
coactivators, and the dissociation of corepressors resulting in decreased protein levels of
activated cyclins that regulate progress through the cell cycle. These include: cyclin D1 (Cd1),
as well as Cdk4, Cyclin E, CD2, and CDK2. Conversely, TZDs increase the cyclin-dependent
kinase inhibitors p21 and p27 that can inhibit CDK2/4 and CDK2 respectively, ultimately
causing cell cycle arrest.
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