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B Abstract Peroxisome proliferators (PPs) are alarge class of structurally dissim-
ilar chemicals that have diverse effects in rodents and humans. Most, if not al, of the
diverse effects of PPs are mediated by three members of the nuclear receptor super-
family called peroxisome proliferator-activated receptors (PPARS). In thisreview, we
define the molecular mechanisms of PPs, including PPAR binding specificity, alter-
ation of gene expression through binding to DNA response elements, and cross talk
with other signaling pathways. We discuss the roles of PPARs in growth promotion
in rodent hepatocarcinogenesis and potentia therapeutic effects, including suppres-
sion of cancer growth and inflammation.

INTRODUCTION

Peroxisomes are subcellular organelles that are found in most animal cells and
that perform diverse metabolic functions, including H,O,-derived respiration, 3-
oxidation of fatty acids, and cholesterol metabolism (1). Peroxisome proliferators
(PPs) are a large class of structurally dissimilar industrial and pharmaceutical
chemicals that were originally identified as inducers of both the size and the
number of peroxisomesin rat and mouse livers or hepatocytesin vitro after expo-
sure. Rodent exposure to PPs leads to a stereotypical orchestration of adaptations
consisting of hepatocellular hypertrophy and hyperplasia, and to transcriptional
induction of fatty acid—metabolizing enzymes regulated in parallel with peroxi-
some proliferation (1). Chronic exposure to many PPs causes an increased inci-
dence of liver tumors in male and female mice and rats (2).
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Recent research points toward a pivotal role for a subset of nuclear receptor
superfamily members, called peroxisome proliferator—activated receptors
(PPARS), in mediating many, or al, of the adaptive consequences of PP exposure
(3). PPs may activate PPARS by binding directly to the receptor, or possibly by
perturbing lipid metabolism to generate PPAR ligands. Upon activation, PPAR
regulates the expression of genes involved in lipid metabolism and peroxisome
proliferation, aswell as genesinvolved in cell growth. Other factors, both positive
and negative, influence the ability of PPARS to modulate gene expression.

In thisreview, we describe the molecular mode of action of PPAR transcription
factors, including ligand binding, interaction with specific DNA response ele-
ments, transcriptiona activation, and cross talk with other signaling pathways.
We discuss the evidence that suggests that PPARSs play a central rolein mediating
rodent hepatocarcinogenesis. Lastly, we discuss evidence that has recently
emerged on the potential therapeutic actions of PPs, including suppression of
cancer cell growth and inflammation. Readers are referred to a number of excel-
lent reviews focusing more specifically on the role of PPARs in hyperlipidemia
(4), type Il diabetes (5), adipocyte differentiation (6), and atherosclerosis (7, 8).

STRUCTURE AND FUNCTION OF PPAR ISOFORMS

The rapid and coordinate induction of liver cell hyperplasia, peroxisome prolif-
eration, and increases in lipid-metabolizing enzymes by PPs gave an early indi-
cation that a receptor-mediated mechanism was involved (9). A member of the
nuclear receptor superfamily that was transcriptionally activated by PPs was
cloned from mouse liver in 1990 and was named the peroxisome proliferator—
activated receptor (PPAR) (10). Like other members of the vertebrate steroid-
nuclear receptor superfamily, PPARs exist in distinct isoforms encoded by
separate genes. There are three known PPAR isoforms: PPARa, PPARS (also
known as NUC1 and PPAR(), and PPARy (11).

Similar to other nuclear receptors, PPAR proteins exhibit a generic organiza-
tion consisting of a number of functional domains: A/B, C, D, and E/F (reviewed
in 12). The A/B region encodes a ligand-independent transcriptional activation
domain (activation function-1) that is active in some cell types. The C domain
encodes the highly conserved DNA binding domain consisting of two zinc finger
DNA binding motifs. This domain targets the receptor to specific DNA sequences
in responsive genes called peroxisome proliferator response elements (PPRES).
The ligand binding domain (LBD), or E domain of PPARs, is responsible for
ligand-binding and converting PPARS to an active form that binds DNA and
modulates gene expression. In addition, the E region is aso important in dimer-
ization, nuclear localization, and association with modulators of transcription,
such as coactivators and corepressors, through interaction with a transactivation
domain [activation function-2 (AF-2)] located within the C-terminal «-helix.
PPARs lack a C-terminal extension (the F domain) found in other nuclear recep-
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tors that may modulate transactivation. The D region encodes a flexible hinge
region, thought to allow independent movement of the LBD relative to the DNA
binding domain.

PPAR isoforms perform different physiological functions, based on their diver-
gent patterns of tissue-specific expression, different ligand-binding specificities,
and divergent physiological consequences when activated (Table 1). PPAR« reg-
ulatesfatty acid metabolism and is highly expressed in liver, kidney, and intestine.
PPARa also down-regulates inflammatory responses (13, 14). PPARR/S is ubig-
uitously expressed, but its physiological function is yet to be fully defined. By
using a specific agonist, PPARB/6 has been shown to be involved in embryo
implantation and decidualization in the mouse (15). PPARYy existsin two distinct
isoforms, designated PPARy1 and PPARY2, that have different tissuedistributions
and functions. Expression of these isoforms, differing only in their N-terminal 30
amino acids (y2 has 30 extra amino acids), is driven from the same gene by
alternative promoter usage and splicing (16). PPARy1 is found in liver and to a
lesser extent in other organs, including adiposetissue. PPARy2 isexpressed exclu-
sively in adipose tissue and is a potent regulator of adipocyte differentiation.
When PPARY2 is expressed in fibroblasts, adipocyte genes are activated, leading
to conversion of fibroblasts to adipocytes (reviewed in 6, 17). Activation of
PPARYy inhibits angiogenesis (18) and inflammatory processes, which are
involved in a number of disease states (5). Thiazolidinedione drug activation of
PPARY induces the antidiabetic effects of thisimportant class of compounds (5).

Recent evidence demonstrates that PPARs modul ate gene expression in aman-
ner similar to that of other nuclear receptors (Figure 1). Many important cluesto
the mechanism of PPAR activation have come from resolving the crystal struc-
tures of the LBDs of the human PPARY (19, 20) and human PPARP/6 (21) deter-
mined both with and without ligands. The PPAR ligand binding pocket,
encompassing ~1300 A3, is unusual in that it is two to three times larger than
pockets in other nuclear receptors (22). This difference in size allows these recep-
tors to accommodate a host of structurally diverse chemicals (see below). In the
absence of ligand activation, PPAR AF-2 helix is positioned away from theligand
binding pocket (19, 20). Ligand binding induces a conformational change in the

TABLE 1 Properties of rodent isoforms of the peroxisome proliferator-activated receptor

Tissue distribution?

Isoform  Liver  Kidney Intestine Spleen Fat Physiological role

a ++++ ++ 4+ + - Lipid metabolism, regulation
of inflammation

) + + ++ ++ + ++ - Embryo implantation

Y — +/— ++ +++ ++ ++ Adipocyte differentiation,

regulation of inflammation

*Tissue distribution is based on in situ hybridization of rat tissue (90).
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Figurel Modulation of gene transcription by a peroxisome proliferator—activated recep-
tor (PPAR). Ligand binding of the peroxisome proliferator (PP) leads to PPAR activation
and heterodimerization with the retinoid X receptor (RXR), the receptor for 9-cis-retinoic
acid (9¢c-RA). The PPAR-RXR heterodimer, through their DNA-binding domains (DBD),
binds to the consensus sequence 5'-TGACCT T TGACCT AGTT-3' (or variant), with
PPAR occupying the 3' position. Interactions between the PPAR-RXR heterodimer, mod-
ulator proteins, and the transcription machinery affect transcription initiation and mRNA
abundance. LBD, ligand-binding domain; PPRE, peroxisome proliferator response
element.

LBD, resulting in the AF-2 helix swinging shut behind the ligand, in what has
been termed the mouse trap model (19). Critical interactions between the acidic
group on the ligand and specific amino acids on the AF-2 helix are required for
ligand binding and associated transcriptional activation. The pivotal role of AF-
2 helix amino acids in the transactivation function of PPARs and other nuclear
receptors had been previously demonstrated (reviewed in 23). Theligand-induced
conformation of the LBD, including the AF-2 helix across the opening of the
ligand binding pocket, creates the proper orientation for binding to a coactivator
protein called the steroid receptor coactivator-1 (SRC-1). A number of proteins,
including coactivators, encode one or more short a-helices, called nuclear recep-
tor boxes, which are important in nuclear receptor interaction and transcriptional
activation. A nuclear receptor box from SRC-1 associates with the PPARS LBD
between a glutamic acid on the AF-2 helix and alysine on helix 3. This arrange-
ment of the nuclear receptor box helix held between PPAR LBD amino acids has
been called the charged clamp (19). In addition to interaction with transcriptional
modulators, PP binding to PPARs leads to dimerization with the retinoid X recep-
tor (RXR), the receptor for 9-cisretinoic acid. The PPAR-RXR heterodimer binds
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to the consensus sequence 5'-TGACCT T TGACCT AGTT-3' (or variant), with
PPARs occupying the 3' position. Interaction between the PPAR-RXR heterodi-
mer and other factors that modulate the PP-induced activation, such as coacti-
vators, the transcription machinery, or both, leads to either increases or decreases
in transcription of target genes that contain PPRES. Transcription may also be
modulated by phosphorylation of the A/B domains of PPARa (24) and -y (25)
through a mitogen-activated protein kinase-dependent pathway (23).

PPAR LIGANDS

Exogenous Ligands

PPs are unique, compared with the structurally restricted ligandsthat interact with
other nuclear receptors, in that they are structurally diverse. PPs do have similar
structural requirements for interacting with and activating PPARs in vitro and for
diciting biological effects in humans or animals. Most PPs are amphipathic mol-
ecules containing a hydrophobic backbone (aliphatic or aromatic) linked to an
acidic function. This acidic function is essential for ligand activity and typically
consists of a carboxy! group present in the parent compound or a group that may
be converted metabolically to a carboxyl group. PPs resemble endogenous lipid
activators of PPARs that also require an acidic function linked to an aliphatic
backbone for activity.

Severa PPs have been shown to bind to PPARs and to act as exogenous PPAR
activators in cell transactivation assays (Table 2). These include hypolipidemic
drugs such as clofibrate and gemfibrozil and the experimental drug WY-14,643
(26, 27), leukotriene D4 receptor antagonists (28-30), and industrial compounds
(10, 31). Severa of these PPs have been shown to preferentialy activate the
PPARa isoform, which suggests that some PPs may be PPAR«-selective ligands
(26, 27). Thereis a good correlation between the ability of a PP to bind to and/
or activate PPARa and the potency of the PP as an inducer of hepatocarcinoge-
nesis. For example, one of the strongest inducers of hepatocarcinogenesis is
WY-14,643, which binds strongly to PPAR« and activates PPAR« to high levels.
In contrast, bezafibrate is a relatively weak hepatocarcinogen and binds and acti-
vates PPARa weakly (32). Taken together, these studies strongly suggest that
many hepatocarcinogenic PPs are ligands of the PPAR« isoform, and they support
the hypothesis that PPAR« is the major cellular target of hepatocarcinogenic PPs
in the liver.

Antidiabetic thiazolidinediones enhance adipocyte differentiation, a process
shown to be mediated by PPARYy (6). One such compound, BRL 49653, specifi-
caly binds and activates PPARYy in transactivation assays (27, 33). Other thia-
zolidinedione and non-thiazolidinedione chemicals have more recently been
identified as PPARYy-specific ligands. The non-thiazolidinedione L-764406 binds
to PPARy with high affinity, forms a covalent linkage with Cys®®in helix 3 of
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TABLE 2 Chemical activators of peroxisome proliferator-activated receptors (PPARS)?

PPAR
Peroxisome proliferator compounds a () v
Hypolipidemic drugs
WY-14,643 + 4 +° + + +
Clofibrate® + +° - +
Ciprofibrate? + +°© — +
Gemfibrozil® + +° — +
Nafenopin® + +¢ ND ND
GW2331 +++€ +/— + +°
Bezafibrate® +¢ + 4+ -
Miscellaneous peroxisome proliferators
Phthalate ester
Monoethylhexyl phthalate® +++ + ++
Organic Solvent
Trichloroacetic acid® + ND ND
Synthetic arachidonic acid
ETYA ++4+° - +/—
Leukotriene B4 antagonists
MK-571 + + ND ND
LY-171883 + +°¢ ND ND
Antidiabetic thiazolidinediones
BRL-49653 - - +++°
Pioglitazone - — + +°
Ciglitazone — — + +°
Englitazone - - +¢
KRP-297 + +°¢ - + +°
MCC-555 ND ND + +
Nonsteroidal ant-inflammatory drugs
Indomethacin + - +++€
Ibuprofen + - +¢
Fenoprofen + + — +¢
Piroxicam - - +
GW2433 - +++ -
GW0072 - — +
L-764406 - — ++ +
L-165041 - ++ 4+ +

2+ Activator of thisisoform in a transactivation assay; —, not an activator of thisisoform in a transactivation assy; +/—,
conflicting reports in the literature about this compound being an activator in a transactivation assay; ND, not determined
for this compound.

5This compound has been shown to cause hepatocarcinogenesis in rats and mice (see Reference 3).

“This compound has been determined to be a ligand for the PPAR isoform.

9This compound is believed to be the proximate carcinogen of di(2-ethylhexyl)phthalate (see text and Reference 3).



PPAR ACTION 497

the LBD, and acts as a partial agonist (25% of highest activity obtained with a
thiazolidinedione) in transactivation of PPARy and induction of the adipogenic
gene program (34). Another non-thiazolidinedione has been identified that issimi-
lar to classical receptor antagonists. GW0072 binds to PPARy with high affinity
and isaweak agonist, but it potently inhibits the ability of athiazolidinedioneto
activate PPARYy and the associated adipocyte differentiation program (35). Inter-
ference of thiazolidinedione activation by GW0072 occursthrough a unique mode
of binding. The bound receptor adopts a conformation similar to the unliganded
apo-receptor in which the carboxylic acid of GW0072 is oriented away from the
AF-2 helix, preventing the charged clamp to be stabilized through direct inter-
actions with the ligand. GW0072 may be the prototype of ligands with unique
biologica activities mechanistically distinct from conventional agonists and
antagonists. A number of other non-thiazolidinedione chemicals have been iden-
tified that interact with both PPARy and PPARS (36).

Severa nonsteroidal anti-inflammatory drugs (NSAIDS), such as indometha-
cin and ibuprofen, that are cyclooxygenase (COX) inhibitors have been shown to
activate and bind PPARYy and promote adipocyte differentiation at concentrations
incrementally higher than those required to inhibit COX (37). Certain NSAIDS
also activate PPAR« (37).

Endogenous Ligands

A summary of the large number of endogenous PPAR ligandsis shown in Table
3. Diversefatty acidsbind and activate all three PPAR isoformsto varying degrees
(28, 38-40). The ligand binding pocket accommodates a diverse array of satu-
rated, monounsaturated, and polyunsaturated fatty acids. Fatty acids with chain
lengths under 16 and over 22 carbons activate the PPARs weakly, if at al. PPAR«a
is the most promiscuous of the PPAR family members, exhibiting strong binding
affinity for both saturated and unsaturated fatty acids. Although more selective,
PPARS will also bind diverse fatty acids, but with alower affinity than PPARc.
PPARY isthe most sel ective receptor becauseit binds primarily to polyunsaturated
fatty acids (21).

An intriguing observation, which potentially implicates PPAR activation with
anumber of diverse functions, including tumor promotion and anti-inflammatory
effects, is the recent demonstration that several leukotriene and prostaglandin
(PG) eicosanoid metabolites bind and activate PPARS (28, 33, 40, 41). PGs play
an important role in cancer development and progression (reviewed in 42).
Decreased levels of PGs, perhaps a result of increased catabolism (43), are seen
in rats and rat hepatocyte cultures treated with PPs (44). PG can increase the
transcription of genes encoding enzymes involved in their own catalysis through
fatty acid B- and w-oxidation pathways, which suggests that PPARs are involved
in an autoregulatory loop in lipid homeostasis (10). The inflammatory mediator
leukotriene B, (LTB4) binds and activates PPAR«, and this reportedly decreased
the duration of the inflammatory response by increasing LTB4 degradation (13).
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TABLE 3 Endogenous activators of peroxisome proliferator-activated receptors®

Activator « (U v
Saturated fatty acids
Palmitic (16:0) 4+ 4 4P + 4 _
Stearic (18:0) + + + + + _
Monounsaturated fatty acids
Palmitoleic (16:1) ++ 4P + 4+ 4D
Oleic (18:1) + + 4P + 4 + o+
Elaidic (20:1) + + _ T
Polyunsaturated fatty acids
Linoleic (18:2, n-6) + 4+ 4b + 4+ +
a-Linoleic (18:3, n-3) ++ + + T4
y-Linoleic (18:3, n-6) +++ + + + + +
Dihomo-y-linoleic (20:3, n-6) ++ + ++ + 4+ +
Arachidonic (20:4, n-3) + 4+ 4P 4+ b L
Eicosapentaenoic (22:5, n-3) +++P + + + 4+
Docosahexaenoic (22:6, n-3) + +P ++ +/—
Eicosanoids
PGA1 + + 4 4
PGA2 T + 4
PGD1 T4 + 44
PGD2 T4 + 44
PGJ2 + +/— +++
15-Deoxy-A214-Prostaglandin J, + +/- + 4+ +P
8(S)-HETE + 4+ 4P - —
8-HEPE 4 4P _ _
LTB4 +/— ND ND
9-HODE ND ND + 4+ +P
13-HODE ND ND ++ 4P

24+ Activator of thisisoform in a transactivation assay; —, not an activator of thisisoform in a transactivation assy; +/—,
conflicting reports in the literature about this compound being an activator in a transactivation assay; ND, not determined
for this compound. LT, leukotriene; PG, prostaglandins; HETE, hydroxyeicosatetraenoic acid; HEPE,
hydroxyeicosapentaenoic acid; HODE, hydroxyoctadecadiemoic acid.

bThis compound has been determined to be a ligand for the peroxisome proliferator-activated receptor isoform.

The identification of eicosanoid metabolites as PPAR ligands should clarify the
metabolic and regulatory roles of PPAR-dependent pathways in hepatocarcino-
genesis and suppression of inflammation.

Lastly, oxidized low-density lipoproteins thought to play a central role in the
pathogenesis of atherosclerosis are partly composed of 9-hydroxyoctadecadienoic
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acid (HODE) and 13-HODE, which bind and activate PPARy and regulate some
of the events important in foam cell formation (45, 46).

PEROXISOME PROLIFERATOR RESPONSE ELEMENTS

PP binding induces a conformational change in PPARS that enables binding to
specific DNA sequences upstream of the transcription initiation site called per-
oxisome proliferator response elements (PPRES). In most cases this leads to tran-
scriptional activation of the target gene. Thefirst PPRE sequences were identified
by promoter analysis of the PP-responsive gene, acyl-coenzyme A oxidase (ACO)
(47, 48). Through similar analysis of the promoters of several other PP-responsive
genes, a PPRE sequence motif was defined as two direct TG(A/T)CCT repeats,
known as half-sites, separated by asingle nucleotide and thus called adirect repeat
one (DR1). PPREs located at variable distances upstream of the transcription
initiation site have been identified in other genes known to be activated by PPs,
including genes encoding peroxisomal, microsomal, mitochondrial, nuclear, and
cytosolic or extracellular proteins (reviewed in 3). Comparison of PPRE
sequences with the DNA-binding motifs of other nuclear receptors, including the
thyroid hormone receptor (TR), the retinoic acid receptor (RAR), retinoid X
receptor (RXR), and vitamin D5 receptor (VDR), revealed that these receptors all
recognhize the same half-site sequence motifs (TGACCT). Like PPARs, these
receptors bind to direct repeats as heterodimers with a common partner, RXR.
The relative spacing and orientation of the half-site motifs determine which
nuclear receptor-RXR heterodimer binds to the response element. The RXR het-
erodimers with RAR, TR, VDR, RAR, and PPAR recognize direct repeats sepa-
rated by five, four, three, two, or one nucleotide, respectively. In addition to the
DR1 sequence, PPAR-RXR heterodimers have also been shown to bind to and
activate at a direct repeat element separated by two nuclectides in the promoter
of the human rev-erb a gene (49) and at estrogen response elements (50).

A number of studies point to the importance of the sequences flanking the
PPREs for maintaining the optimal conformation of the PPAR-RXR heterodimer
on the PPRES. In rabbit cytochrome P450 4A6 PPRES, six nucleotides adjacent
to the DR1 element are necessary for both optimal receptor binding and receptor
gene activation (51). Likewise, in human ACO PPREs, the flanking sequences
protect the PPAR/RXR heterodimer from protease digestion (52). Although these
extended sequences are not essential for PPAR/RXR binding to the PPRES, they
may allow the optimal positioning of the PPAR-RXR heterodimer for interactions
with the transcriptional machinery, resulting in either activation or repression. In
addition, these flanking sequences may provide an extra level of specificity to
different nuclear receptors that recognize the DR1 element (53).

Not all of the PPRES in responsive genes act to mediate increasesin transcrip-
tion. A growing number of genes including transthyretin, some apolipoprotein
genes, transferrin, and hepatocyte nuclear factor-4 possess DR1-like motifs but
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are negatively regulated by PPs through PPARSs (reviewed in 3). As discussed
below, PPARs may negatively regulate some genes through DR1-like elements
by competing for binding to the DR1 with other nuclear receptors that constitu-
tively activate expression.

CONVERGENCE OF PEROXISOME PROLIFERATOR
AND NUCLEAR RECEPTOR SIGNALING

Several studies have demonstrated cross talk between the PPAR signaling path-
way and other nuclear receptor pathways. This convergence and interaction of
different pathways can occur at multiple levels, including competition between
PPARs and other nuclear receptors for (a) acommon heterodimerization partner
or (b) binding to the same DNA response element (Figure 2). Cross talk between
PPs and other signaling pathways could explain some of the diverse biological
effects of PP exposure.

Onetype of crosstalk results from the heterodimerization of PPARsand RXR.
Transactivation assays have demonstrated that PPAR-RXR heterodimers inter-
acting at a PPRE can respond to either PPs or the RXR ligand, 9-cis-retinoic acid,
by activation of the reporter gene. In the presence of both activators, synergistic
activation of reporter gene expression occurs (54). In the absence of RXRs,
PPARSs cannot bind to the PPREs and activate transcription (54-56). A number
of retinoids have been shown to activate the PPAR-RXR heterodimer through
binding RXRs (57-59). In intact animals or cell cultures, exposure to these reti-
noids results in peroxisome proliferation and increases in -oxidation enzymes

Positive
regulators PPAR RXR Nuclear

\ receptors
Negative B
regulators O +or —
\ /

— ] { |

Response element Responsive genes

Figure 2 Mechanisms of cross talk with peroxisome proliferator—activated receptors
(PPARS). Two general mechanisms of cross talk with PPAR exist. A large number of
proteins interact with PPARSs and may modulate the ability of PPARs to interact with a
retinoid X receptor (RXR), bind a peroxisome proliferator response element, and increase
transcription initiation. In addition, PPARs compete with other nuclear receptors for
response element binding. The outcome is influenced by availability of the competing
receptors and also by relative binding affinities for a particular response element.
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(59). It is interesting to note that activation of the PPAR-RXR heterodimers
through RXRs is not equivaent to activation through PPARS, as some retinoids
elicit a unique set of responses not shared with PPs (59). These studies demon-
strate how certain retinoids can act as PPs indirectly, through activation of the
heterodimer via the back door (RXRS).

The fact that the RXR is a heterodimerization partner shared by PPARs and
other nuclear receptors provides a level of cross talk through competition of
available RXRs. The conseguence of this competition is well-defined for PPARs
and TRs. In transactivation assays, overexpression of PPARs in the presence of
limiting amounts of RXRs prevents TR-RXR heterodimers from forming, result-
ing in inhibition of the expression of TR-regulated genes. On the other hand, an
excess of TR prevents PPAR-RXR heterodimerization, resulting in repression of
PPAR-regulated genes (60-63). Competition between PPARS and other nuclear
receptors for RXR binding is also possible but has not been reported.

Modulation of PPAR activation by PPAR-binding proteins may also occur by
either direct competition with RXRs for PPAR binding or by interaction with
PPAR-RXR heterodimers on the PPREs. The large number of proteins now
known to interact with PPARs is shown in Table 4. They belong to a number of
predictable categories of proteins, including nuclear receptors, coactivators, and
corepressors. A number of proteins have been isolated that heterodimerize with
PPARs, preventing PPARs from interacting with RXRs and activating at PPRE-
containing genes. These proteins include (a) a member of the nuclear receptor
family that lacks a DNA-binding domain called SHP (64), (b) the nuclear receptor
LXRa (65), and (c) deoxyuridine triphosphatase (66). The product of the nuclear
oncogene c-jun was a so shown to inhibit the ability of PPARsto activate a PPRE-
linked gene, possibly through a direct interaction (67). Conversely, PPARs were
ableto inhibit the ability of Jun protein to activate transcription of the glutathione
S-transferase—placental gene (67). The relevance of these interactions for repres-
sion of PPAR activation in mammalsis not known. It is possible that these PPAR-
containing heterodimers have new DNA binding targets and transcriptional
properties.

Like many other nuclear receptors, PPARs are aso regulated by factors
referred to as coactivators and corepressors. Coactivators or corepressors act as
bridging proteins between nuclear receptors and the transcriptional machinery
and enhance or decrease transcriptional activation, respectively. A number of
PPAR-interactive proteins have been isolated that enhance PPAR-mediated acti-
vation of reporter genesin vitro. These coactivatorsinclude p300/CBP (68), tuber-
ous sclerosis 2 (69), PPAR binding protein (70), PGC-1 (71), PGC-2 (72), Ara70
(73), and the steroid receptor coactivator-1 (SRC-1) (74, 75). SRC-1 makes an
insignificant contribution to PPARa activation in the liver because PPARa-
dependent activation of PP-inducible liver geneswas not altered in amouse strain
lacking a functional SRC-1 gene (76). Given the large number of coactivators
that can interact with PPARSs, it is likely that coactivators carry out functionally
redundant roles with PPARs and other transcription factors. Although not a coac-
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TABLE 4 Peroxisome proliferator-activated receptor (PPAR)-interactive proteins®

Interacts with PPAR

Protein a B/ v Functional consequence of interaction
Nuclear receptors
RXR + + + Increased activation
LXRa + ND ND Inhibition of PPAR-RXR
SHP + ND ND Unknown
Coactivators
SRC-1U/TIF2 + ND +
P300/CBP ND ND +
PBP + ND +
PGC-1 ND ND +
PGC-2 - - +
ARAT0 ND ND +
TSC2 ND® ND ND
Corepressors
N-CoR/RIP13 + ND +/— Inhibition of activation
SMRT/TRAC + ND +
RIP140 + ND +
Miscellaneous proteins
c-Jun + ND ND Inhibition of activation
dUTPase + + + Prevents PPAR-RXR heterodimerization
HMG-CoA synthase + ND ND Increased activation
NRBF-1 + ND ND Unknown

24, Physical interaction with indicated PPAR isoform; —, no interaction; +/—, conflicting reports in the literature about
interaction; ND, not determined for this isoform. RXR, retinoid X receptor; HMG, 3-hydroxy-3-methylglutaryl.
PIncreased transactivation of designated isoform.

tivator, the 3-hydroxy-3-methylglutaryl-coenzyme A synthase protein may pos-
itively regulate its own gene by interacting with PPAR«a (77).

Two corepressors for RARs and TRs have been characterized that interact with
unliganded receptors to keep them in a repressed state. These corepressors are
termed nuclear receptor corepressor or RXR-interacting protein 13 (N-COR/
RIP13) and silencing mediator for retinoid and thyroid hormone receptorsor TR-
associating cofactor (SMRT/TRAC). By using the two-hybrid system, interactions
were detected between N-COR/RIP13 or SMRT/TRAC and PPAR« (78, 79), and
N-COR/RIP13 was shown to suppress PPARa-RXR transcription at a PPRE in
a human kidney cell line (80). PPARy was shown to interact with both N-COR/
RIP13 and SMRT/TRAC in solution (81), although interaction between PPARy
and N-COR/RIP13 in yeast was not detected. In contrast to PPAR«, these core-
pressors lacked the ability to interact with PPARy-RXR heterodimers bound to
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the PPRE or to repress transcription (81). Although originally identified as a
coactivator, RIP140 was found to down-regulate PPAR« coactivation mediated
by SRC-1 possibly by competition with SRC-1 for binding to the PPARa AF-2
domain (82, 83).

In addition to competition for common heterodimerization partners, a second
form of cross talk between PPARSs and other nuclear receptor pathways involves
competition for DNA binding at common response elements. Competition for
response element binding by multiple nuclear receptor complexes can have recip-
rocal effects on gene expression. On the one hand, competing nuclear receptor
complexes could interfere with PPAR-RXR binding to a PPRE. On the other hand,
PPAR-RXR can hind to other DNA response elementsand interferewith signaling
by other nuclear receptors. Several nuclear receptors other than PPARS can bind
to PPRE-like DR1 elements, resulting in either transcriptional repression or acti-
vation. TRa homodimers bind to PPREs, resulting in thyroid hormone-
independent activation of acyl-coenzyme A oxidase (61, 63). Heterodimers of
RAR-RXR have aso been shown to activate at a PPRE (84). COUP-TFI (85)
and COUP-TFII (also called ARP-1) (86) block PPAR action by binding PPRES
when cotransfected into cell lines. Heterodimers of TR-RXR (87) and homodi-
mers of another nuclear receptor, TAK1 (88), also inhibit PP signaling in this
manner.

There are two well-characterized examples where PPAR-RXR heterodimers
bind to response elements recognized by other nuclear receptors and interfere
with nuclear receptor signaling. First, PPAR-RXR heterodimers were shown to
compete with hepatocyte nuclear factor-4 (HNF-4) homodimers for binding to
DR1 elements, resulting in decreases in transcription of apolipoprotein clll and
transferrin genes (89, 90). HNF-4 binding and activation is necessary for consti-
tutive expression of some liver-specific genes, and binding of PPAR-RXR to these
HNF-4-dependent DR1 elements blocks gene expression by an unknown mech-
anism. It is possible that the sequences flanking the DR1 (discussed above) nec-
essary for correctly orienting the PPAR-RXR heterodimers on the PPRESs for
optimal activation are lacking in these DR1 elements. Additionally, the antago-
nism is believed to be partially due to PPAR-RXR down-regulation of the HNF-
4 gene itself, by decreasing HNF-4 autoactivation through a DR1 in the HNF-4
promoter region (90), although down-regulation of HNF-4 gene by fibrates was
not observed in another study (91). Because there are many liver-specific genes
whose expression appears to be dependent on HNF-4, suppression by PPAR acti-
vation could dramatically alter liver-specific functions.

In the second example, PPAR-RXR heterodimers were shown to compete with
the estrogen receptor (ER) homodimer for binding to estrogen response elements
(50). By using a reporter gene construct with an artificial promoter consisting of
an estrogen response element linked to a basal promoter, PPAR-RXR expression
was shown to activate gene expression. On amore natural promoter that contained
an estrogen response element from an ER-dependent gene, PPAR-RXR hetero-
dimers prevented ER from activating reporter gene expression (50). The ability



504 CORTON m ANDERSON ® STAUBER

of PPAR-RXR to prevent ER-mediated gene expression may account for estrogen
insensitivity in cells that express both ERs and PPARS (92).

PEROXISOME PROLIFERATOR-INDUCED
HEPATOCARCINOGENESIS

PPs belong to aclass of carcinogens whose mode of action does not involvedirect
damage to the DNA. Assays measuring covalent DNA binding of DNA adducts
and short-term tests of mutagenicity have been uniformly negative when PPswere
used (reviewed in 93). In addition, two of the most potent PPs, Wy-14,643 and
ciprofibrate, were negative in classic initiation assays (94, 95). Therefore, to
understand how PPs induce hepatic tumors in rodents, alternative mechanisms of
action must be considered.

PPARa playsacentral rolein the hepatocarcinogenesis by PPs. Ligand binding
studies with PPs of different affinities show a good correlation between PPAR«x
binding or activation and its potency as a hepatocarcinogen (discussed above).
An important step toward understanding the role of PPAR« in PP-induced hepa-
tocarcinogenesis came from the development of a mouse strain in which the
PPARa gene was functionally inactivated by targeted disruption of the ligand-
binding domain (96). Short-term treatment of PPAR«-null mice with hypolipi-
demic PPs (96) or the phthalate ester plasticizers di-n-butyl phthalate and
diethylhexylphthalate (31) failed to induce classical short-term responses asso-
ciated with PP exposure, including peroxisome proliferation and transcriptional
activation of peroxisomal -oxidation and microsomal m-oxidation genes. In this
mouse model, in the liver, a large number of genes with diverse functions have
also been shown to depend on a functional PPARa for congtitutive and altered
regulation by PPs (summarized in 97).

To determine if PPARa was necessary for PPs to induce liver cancer, wild-
type and PPARa-null mice were fed for 11 months a diet containing 0.1% Wy-
14,643. There was a 100% incidence of hepatic neoplasmsin thetreated wild-type
mice (98). In contrast, none of the PPARa-null mice developed liver tumors. The
mechanism through which PPARa mediates the carcinogenic effects remains to
be elucidated. However, it is clear that this receptor plays a necessary rolein both
peroxisome proliferation and cell proliferation in the liver, both of which have
been linked to the observed increases in hepatocel lular tumors.

Two hypotheses have been proposed to account for PP-induced hepatocarcin-
ogenesis in rodents (Figure 3). The oxidative stress hypothesis proposes that the
carcinogenicity of PPsis initiated by oxidative damage due to excessive produc-
tion of peroxisomal hydrogen peroxide (93). The alternative hypothesis centers
around imbalances in hepatocyte growth control resulting from increases in cell
proliferation and suppression of apoptosis (99, 100).
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Figure 3 Cancer model for peroxisome proliferators (PPs). The different stages of PP-
induced conversion of normal hepatocytes to hepatocellular carcinomas are shown. Two
critical events (Event 1 and Event 2) are thought to occur that convert anormal hepatocyte
to a hepatocellular carcinoma. Hepatocytes exposed to PPs have increases in oxidative
stress and cell proliferation, which can enhance the probability of Event 1, converting a
normal hepatocyte to an altered hepatocyte. Event 1 could arise through a mutagenic or
an epigenetic process. In the presence of PPs, a subpopulation of atered cells exhibit
increased cell proliferation and progress to become preneoplastic basophilic foci and, ulti-
mately, hepatocellular adenomas. Cessation of exposure results in involution of these
lesions through an increased rate of apoptosis. A mutational event (Event 2) likely drives
conversion of adenomas to carcinomas because carcinomas persist after compound
withdrawal.

The oxidative stress hypothesis is based on early observations that chronic
exposure to PPs results in a sustained increase in oxidative stressin target rodent
hepatocytes because of an imbalance between the production and degradation of
hydrogen peroxide or other reactive oxygen species (101). PP treatment induces
peroxisomal ACO and urate oxidase (93), and as a consequence of substrate
oxidation, hydrogen peroxide is produced as a by-product. Under homeostatic
conditions, hydrogen peroxideis neutralized by catal ase; however, in this hypoth-
esis, the excess hydrogen peroxide generated during PP exposure is not neutral-
ized by a concomitant increase in catalase levels. The excess hydrogen peroxide
may then diffuse through the peroxisoma membrane and attack DNA directly or
viaother reactive oxygen species (e.g. hydroxyl radical). 8-Hydroxydeoxyguano-
sine (8-OH-dG) isafrequently used marker of DNA damage produced by oxygen
radicals. PPs increase 8-OH-dG levelsin livers of treated rodents, but thereis no
clear link between the observed increase and carcinogenesis (102). The oxidative
stress hypothesis predicts a central role for ACO in generating the PP-induced
hydrogen peroxide. Mice that lack functional ACO exhibit PP-independent
increases in the expression of genes normally regulated by PPAR« (103). Fur-
thermore, these mice have increased incidence of liver tumors (104). Based on
these results, ACO has an insignificant role in PP-induced oxidative stress and
was hypothesized to negatively regulate the levels of endogenous PPAR« acti-
vators that have carcinogenic activity. Likely candidates include wg-unsaturated
fatty acids and PGs that (a) activate PPAR«, (b) are metabolized by the fatty acid
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B-oxidation system, and (c) have growth-promoting effects (reviewed in 105).
Therefore, although peroxisome proliferation and the accompanying increasesin
reactive oxygen species may play arole in the carcinogenicity of PPs, it is clear
that oxidative damage aone is not sufficient for the hepatocarcinogenicity.

Carcinogenesis is a multistep process that can be conceptually divided into
three stages: initiation, promotion, and progression (106). Initiation of a cell
involves two steps: mutational eventsthat irreversibly damage DNA, and fixation
of these lesions through rounds of cell division. Initiated cells must undergo
further genetic aterations before acquiring a malignant phenotype (106, 107).
Cell proliferation induced by PPs has been extensively characterized and likely
plays a central role in the hepatocarcinogenesis (Figure 3). PPAR« is necessary
for PP-mediated hepatocyte proliferation. Within 48 h of treatment, cell prolif-
eration is increased in the livers of PP-treated rodents (108). Increases in cell
proliferation in the liver of wild-type mice treated with Wy-14,643 in the diet for
1 or 5 weeks is abolished in PPARa-null mice (98). Although the mechanism of
cell proliferation is unclear, recent work suggests that sustained PPAR«-
dependent alterations in cell cycle regulatory proteins play arole in PP-induced
hepatocarcinogenesis (109). The early increase in cell replication induced by PPs
could increase the frequency of spontaneous mutations (93), and these sponta-
neous mutations and those induced by exogenous sources could be fixed by fur-
ther rounds of cell division or clona expansion. With chronic Wy-14,643
treatment, cell proliferation in the liver is sustained; however, with weaker PPs
[e.g. di(2-ethylhexyl)phthal ate or nafenopin], cell proliferation intheliver returns
to control levels (110, 111). In general, the magnitude of the sustained increase
in cell proliferation during chronic PP trestment has been a good predictor of
eventual tumor yield in rodents, but not when the level of exposure or potency
of the PPsislow (100, 108, 110-112).

Elimination of initiated cells via apoptosis is one defense mechanism against
neoplastic transformation. In addition to increasing hepatocellular proliferation,
PPs decrease apoptosis in normal and initiated cell populations, and this likely
contributes to the hepatocarcinogenic effects of PPs. Nafenopin and Wy-14,643
inhibit transforming growth factor-B1-induced apoptosis in vitro (113), and this
suppressive effect of nafenopin could be ablated with increasing concentrations
of a dominant negative PPAR« (114). These data suggest that PPs may interfere
with the mito-inhibitory and apoptotic effects of this cytokine through a PPAR«a-
dependent mechanism (114).

PPs are commonly classified as tumor promoters. PPs can promote the clonal
expansion of anchorage-independent hepatocytes in vitro (115, 116), which sug-
gests that these compounds perturb the balance of mitosis and apoptosis, leading
to the net outgrowth of initiated clones. PPs selectively stimulate growth of ini-
tiated cells exhibiting a phenotype different from cells composing either sponta-
neous tumors or tumors induced by other nongenotoxic chemicals (117).
PP-induced foci are predominantly basophilic and do not express proteins such
as glutathione S-transferase—placental form or y-glutamyl transpeptidase, which
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are normally associated with foci and tumors induced by other nongenotoxic
carcinogens or DNA-damaging agents (118). Cell proliferation within PP-induced
basophilic foci and adenomas is increased during PP exposure (94, 119, 120).
Apoptosisis aso increased in these foci and adenomas, but the lesions continue
to grow because of an imbalance favoring cell replication over cell death (120a).
Progression from initiated cell to hepatic carcinomas is dependent on the contin-
ued presence of the PPs. Five weeks after withdrawal of nafenopin there was a
20% reduction in the number of hepatocytes in the noninvolved tissue and 85%
reduction of cellsin foci, adenomas, and carcinomas (120). The dataindicate that
continual activation of PPAR« is necessary for the growth and maintenance of
initiated cellsinfoci, adenomas, and carcinomasin theliver of PP-treated rodents.

Although rodents are sensitive to the hepatocarcinogenic effects of PPs, there
is little evidence that humans are at increased risk of liver cancer, even after
chronic exposure. The hypolipidemic agents gemfibrozil and clofibrate have been
clinicaly used for 15 and 30 years, respectively, and epidemiological studies do
not reveal astatistically significant increase in cancer up to 8 years after initiation
of therapy (93). Human liver contains a functionally active PPAR«; however, the
human PPAR« is expressed to only about 10% of that in mouse liver, and extracts
from human liver contain little PPAR« that can bind to a PPRE (121). These
dramatic differences in PPARa expression and activity may account for the
absence of indicators of PP exposure in human liver, including increases in per-
oxisome proliferation and cell proliferation (93). Because the rodent hepatocar-
cinogenesis following PP exposure is mediated via PPAR«, the current evidence
suggests that humans exposed to these compounds are not at increased risk for
developing liver tumors.

SUPPRESSION OF TUMOR GROWTH BY PEROXISOME
PROLIFERATORS

Emerging evidence indicates that PPs have the ability to suppress the growth of
different types of human cancer. Early indications that PPs can suppress growth
of tumors came from traditional studies of the growth promotion effects of PPs
in the livers of rats. Although PPs promote the growth of basophilic lesions
(discussed above), there was a paradoxical suppression of both y-glutamyl
transpeptidase-positive and ATPase-deficient foci (122, 123), indicating that PPs
through PPARSs may inhibit growth in these lesions.

A large number of studies have demonstrated growth inhibition properties of
PPARa and PPARY ligands on human tumor cell lines. A large number of tumor
types appear to be sensitive to PPs, including cells from prostate cancer (124),
monocytic leukemia (125), ovarian carcinoma (126), hepatoma (127), liposar-
coma (128), and breast cancer (129-131). Growth inhibition of these cell lines
occurred through a number of distinct mechanisms, including increases in necro-
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sis(124), apoptosis (127, 129), and growth arrest (125, 126). In addition, increases
in differentiation to a cell type expressing markers of adipocyte phenotype also
occurred in liposarcoma (128) and breast cancer (131) cell lines. Increases in
PPAR expression do not seem to be required for growth inhibition, as PPARa
was not altered in hepatoma cells (127) and PPARy was unchanged in monocytic
leukemia (125) and prostate cancer (137) cells. In al cases examined, however,
PPARs were expressed to varying degrees in the target tissues (124, 127, 129,
131).

PPAR ligands have potent anticancer activity in vivo. In studies using immu-
nodeficient miceinjected with human prostate (124) or human breast (129) cancer
cells, treatment of mice with the PPARYy ligand troglitazone decreased tumor
volume and weight. It is interesting to note that treatment with a combination of
troglitazone and all-trans-retinoic acid was more potent at inhibition of tumor
growth in these two studies. Treatment with dehydroepiandrosterone, a primary
steroid precursor and a PP, decreased the number of ethylnitrosourea-induced rat
mammary tumors (130). Lastly, the intermediate-to-high-grade liposarcomas in
patients treated with a thiazolidinedione exhibited extensive lipid accumulation
and up-regulation of genesinvolved in terminal adipocyte differentiation, aswell
as down-regulation of a marker of cell proliferation (128). In summary, many
different types of cancer may respond favorably to PP therapy, providing a
rational basis for anticancer medicines that work through PPAR family members.

There is conflicting evidence of the effects of PP treatment on colon cancer
cell growth. Similar to the therapeutic effects of PPs, discussed above, treatment
of human colon cancer cell lines with troglitazone resulted in decreases in cell
replication, in G1 cell-cycle arrest, and in increases in expression of markers of
enterocyte cell differentiation (120a). Consistent with the therapeutic effects of
PPs, mutations in PPARy were found in human colon cancers that resulted in a
decreased ability of PPARY to be activated by ligands (133). These data indicate
that afunctional PPARY is required for normal growth properties of human colon
cells. In contrast, treatment of Min mice predisposed to intestinal neoplasiawith
the PPARYy ligandstroglitazone or BRL-49,653 resulted inincreasesin the number
of colon tumors but not small-intestine tumors (134, 135). Increasesin the protein
B-catenin, which has been linked to colon cancer, were observed in the colon in
these mice after BRL-49,653 treatment, pointing to a reprogramming of gene
expression important in tumorigenesis (135). Thus, the promise of using thiazo-
lidinediones to treat colon cancer is overshadowed by the possibility that these
compounds may actually increase susceptibility of colon cancer in certain human
subpopulations. Further work on the significance of findings in the Min mice is
needed.

PPARS AND INFLAMMATION

There is increasing evidence that PPARs are capable of inhibiting inflammatory
responsesin certain cell types. This effect may be mediated by at |east two mech-
anisms. First, proinflammatory lipid metabolites may serve asligands for PPARS,
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thereby activating PPAR-responsive enzymesresponsiblefor their clearance. This
has been demonstrated for PPARx-mediated catabolism of LTB4 (13), and
PPARy-induced 12/15-lipoxygenase catabolism of linoleic acid and arachidonic
acid (136) to PPARY ligands. It is interesting to note that interleukin (IL)-4 up-
regulates both 12/15-lipoxygenase and PPARY, which suggests a new paradigm
for the regulation of nuclear receptor function by cytokines. Second, PPARs may
influence cytokine induction by other transcription factors with rolesin mediating
inflammation, such as signal tranducers and activators of transcription, NF-xB,
and activator protein-1. This mechanism appears to be operative via PPARY, as
well as PPAR«. For example, activation of PPARY inhibits transcription of induc-
ible nitric oxide synthase, gelatinase B, and scavenger receptor A in activated
macrophages (137), and apha tumor necrosis factor, I1L-1f, and IL-6 in mono-
cytes (138), by a mechanism that occurs in the absence of PPARy-DNA inter-
action. In a similar fashion, activation of PPAR« in activated aortic smooth
muscle cells leads to decreased expression of 1L-6 and cyclooxygenase 2 (COX-
2) (14). Possible explanations for these effects include PPAR titration of essential
transcriptional cofactors, such as CBP/p300 and SRC-1 (138, 14), used by other
transcription factors, or perhaps by direct inactivation by PPAR-transcription fac-
tor interaction.

A direct role for PPAR« in down-regulating inflammatory responses in vivo
is now well established. Treatment of wild-type but not PPARa-null mice with
diverse PPs resulted in down-regulation of a number of acute-phase response
genes normally induced in the liver after alocalized inflammatory stimulus (139,
140). In PPARa-null mice, acute-phase response genes are expressed at higher
levels than in wild-type mice (139, 140), LTB4- and arachidonic acid-induced
ear swelling is prolonged (13), and there are higher levels of age-associated NF-
kB activity and regulated genes, including IL-6, IL-12, COX-2, and tumor necro-
sis factor apha (TNFa) (141, 142). Similar responses may occur in humans
because patients receiving therapeutic doses of hypolipidemic drugs have
decreased acute-phase proteins and cytokine levels in serum (14). These data
indicate that the PPAR family members may be attractive candidates for thera-
peutic intervention in chronic inflammatory diseases often associated with aging.

FUTURE DIRECTIONS

In the decade since the first PPAR was cloned, a substantial body of research has
revealed that PPARs exist in three isoforms with distinct, sometimes overlapping,
roles in regulating fatty acid metabolism, glucose homeostasis, cell growth and
differentiation, and inflammation. Although much has been accomplished, many
important questions remain. A large number of both endogenous and exogenous
PPAR ligands have been identified. It islikely that additional natural ligands, and
the conditions under which they are produced, will be uncovered. Considerable
effort has already been directed toward understanding the complex interactions
between PPARs, other nuclear receptors, and receptor cofactors. Forthcoming
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research will address how the architecture of these complexes determines tissue-
specific patterns of gene expression. This, in turn, should facilitate identification
of additional genes that are both directly and indirectly regulated by the different
PPARs. Clinically, PPs are already emerging as important mediators in the pro-
gression of certain chronic human diseases. Thus, it will be important to explore
how these receptors can be manipulated therapeutically to delay disease progres-
sion or aleviate symptoms. Finally, given that several PPs are potent rodent
carcinogens, another significant challenge will be to gain a more complete under-
standing of how accurately rodent cells predict human responses. If they are not
good surrogates, it will be important to understand why. Answers to these ques-
tions will greatly enhance our ability to more accurately estimate the true relative
risk of adverse health effectsin humans receiving chronic therapeutic or environ-
mental exposure to various PPs. Looking toward the future, research on the mech-
anisms of PPAR activation promises to continue to yield exciting and
biomedically beneficial information.
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