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I. Introduction

HE REGULATION of lipid and carbohydrate metabo-
lism is central to energy homeostasis in higher multi-
cellular organisms. It involves control systems that are sen-
sitive to stimuli such as the availability of food, physical
activity, stress, light, and temperature. The coordination of
the responses to signals triggered by these stimuli must occur
on several levels to ensure a well adapted energy balance,
ranging from hypothalamic functions in the brain to the
direct control by lipids and carbohydrates of their own fate.
Another important role for lipids is the ability of some of their
metabolites, such as leukotrienes or prostaglandins, to be
secreted and act as potent mediators in many biological
processes that participate in the diverse responses to endog-
enous and exogenous challenges that the organism faces. In
this article, we will concentrate on the role of lipids and their
derivatives in the genetic control of their own systemic trans-
port, cellular uptake, storage, mobilization, and use. Fine
tuning of these metabolic processes is a hallmark of healthy
organisms.
Lipid homeostasis depends on factors that are able to
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transduce metabolic parameters into regulatory events rep-
resenting the fundamental components of the general control
system. Such factors may modulate the catalytic activity of
individual enzymes by allosteric interactions, as do citrate
and palmitoyl-coenzyme A (CoA), which activate and inhibit
the lipogenic enzyme acetyl-CoA carboxylase, respectively.
Alternatively, these factors may participate directly in the
transcriptional control of genes encoding proteins involved
in key metabolic steps. Several transcription factors that
sense lipid levels in animal cells have received much atten-
tion in recent years. The adipocyte determination and dif-
ferentiation factor/sterol regulatory element-binding pro-
teins (ADD/SREBPs)' are intracellular membrane-bound
transcription factors whose activity is regulated by the cel-
lular sterol content. In situations of sterol depletion, the ac-
tive portion of SREBPs is released by proteolytic cleavage,
enters the cell nucleus, and stimulates transcription of genes
participating in three pathways of lipid metabolism: choles-

! Abbreviations used: ACO, acyl-CoA oxidase; ACS, acyl-CoA syn-
thase; ADD1, adipocyte determination and differentiation factor 1; AF1,
AF2, activation function 1 and 2; BMI, body mass index; CAP, c-Cbl-
associated protein; CARLA, coactivator-dependent receptor ligand as-
say; CBP, CREB-binding protein; C/EBP, CAAT/enhancer binding pro-
tein; CPT, carnitine palmitoyl transferase; CTE, carboxy terminal
extension; COX, cyclo-oxygenase; DBD, DNA binding domain; DPSA,
differential protease sensitivity assay; DR1 and DR2, direct repeat with
1 bp or 2 bp spacing, respectively; DRIP, vitamin D receptor interacting
protein; DTA, diphtheria toxin A; ER, estrogen receptor; ERE, estrogen
response element; FA, fatty acid; FABP, fatty acid binding protein; FAS,
fatty acid synthase; FAT, fatty acid translocase; FATP, fatty acid trans-
porter protein; FXR, farnesol X-activated receptor; GR, glucocorticoid
receptor; H1 to H12, helices 1 to 12 (in nuclear receptor LBD); HAF, helix
comprising the activation function domain; HETE, hydroxyeicosatetra-
enoic acid; HNF4, hepatocyte nuclear factor 4, HDL, high-density li-
poprotein; KO, knock-out; LBD, ligand binding domain; LDL, low den-
sity lipoprotein; LIC, ligand induced complex; LPL, lipoprotein lipase;
LTB4, leukotriene B4; LXRs: liver X receptors; MAP, microtubule-asso-
ciated protein, MCAD, medium-chain acyl CoA dehydrogenase;
mHMG-CoAS, mitochondrial hydroxymethylglutaryl-CoA; N-CoR, nu-
clear receptor corepressor; NSAID, nonsteroidal antiinflammatory drug;
PBP, PPAR-binding protein; PEPCK, phosphoenolpyruvate carboxyki-
nase; PDGF, platelet-derived growth factor; PGC1: PPARYy coactivator
1; PPAR, peroxisome proliferator-activated receptor; PPRE, peroxisome
proliferator response element; PUFA, polyunsaturated fatty acid; RA,
retinoic acid; RAR, retinoic acid receptor; RIP140, receptor interacting
protein 140; RXR, retinoid X receptor; SMRT, silencing mediator for
retinoid and thyroid hormone receptors; SRC-1, steroid receptor co-
activator 1; SREBPs, sterol regulatory element-binding proteins; TLS-
CHOP, translocation liposarcoma-C/EBP homologous protein; TNF,
tumor necrosis factor; TR, thyroid hormone receptor; TRAP, thyroid
hormone receptor associated protein; TZD, thiazolidinedione; UCP, un-
coupling protein; VDR, vitamin D receptor; VLDL, very low-density
lipoprotein; ZDF, Zucker diabetic fatty.
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terol biosynthesis, uptake of circulating fatty acids and cho-
lesterol, and fatty acid biosynthesis (1). Another class of
transcription factors comprises the liver X receptors [LXRs,
i.e., NR1H3, according to the unified nomenclature of nuclear
hormone receptors (2)], whose ligands are oxidized deriva-
tives of cholesterol (oxysterols). Analysis of LXRa-deficient
mice revealed an essential function of this receptor as a major
sensor of dietary cholesterol in the liver and an indispensable
regulator of cholesterol homeostasis (3). Finally, the perox-
isome proliferator-activated receptors (PPARs; NR1C) on
which this review is focused belong to the steroid/thyroid/
retinoid receptor superfamily, like LXRs, and are nuclear
lipid-activable receptors that control a variety of genes in
several pathways of lipid metabolism, including fatty acid
transport, uptake by the cells, intracellular binding and ac-
tivation, as well as catabolism (B-oxidation and w-oxidation)
or storage. In addition to being indeed activated by fatty
acids, they respond to fibrate hypolipidemic drugs and to
insulin sensitizers. Rapid progress has been made in the
exploration of PPAR biology, which indicates new mecha-
nisms for the regulation of lipid metabolism and functions.
In this review, we will first describe molecular aspects con-
cerning the genes that encode PPARs, their structure, and
their mechanism of action. The second part concentrates on
physiological aspects related to PPAR expression, target
genes, and functional consequences of their activation, lead-
ing the discussion to the most recent developments in the
understanding of their possible physiological roles.

II. Molecular Aspects

A. PPAR isotypes: identity, genomic organization, and
chromosomal localization

Three related PPAR isotypes have been identified in ver-
tebrates, including Xenopus, mouse, rat, hamster, and human
(4-15). They were named PPAR« (NR1C1), PPARB (NR1C2),
and PPARYy (NR1C3) when the group of three was originally
found in Xenopus (15), shortly after the characterization of a
first PPAR in the mouse (5). With respect to this isotype
nomenclature established with the Xenopus PPARs, the mam-
malian PPAR« and PPARYy were easily identified, while the
third isotype was less clearly homologous to PPARS and was
alternatively called PPARS, FAAR, or NUCI. Some evidence
such as the expression pattern and the ligand pharmacolog-
ical profile argue for these Xenopus and mammalian isotypes
as being homologs. The analysis of the chicken PPAR B-like
isotype also suggests that 8 and & are indeed homologous
since the chicken sequence falls about half way, in terms of
similarity, between that of Xenopus and mammals (K. Ume-
sono, personal communication). Below, we refer to this third
isotype as PPARB until additional data provide a final an-
swer to this still open question of isotype identity.

Phylogenetic studies have shown that PPARs form a sub-
family of the nuclear receptor superfamily, along with the
receptors for thyroid hormone, retinoic acid (RA), vitamin D,
ecdysone, and the orphan receptors Rev-ErbAa (=earl;
NR1D1) and E75 (NR1D3, from Drosophila), the two latter
being the closest relatives of the PPARs (16). The ancestral
genes in this subfamily appeared more than 500 million years
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ago (17), and a more recent second period saw the duplica-
tion of the ancestral thyroid hormone receptor (TR) gene into
two genes, TRa (NR1A1) and TRB (NR1A2), and of the
ancestral retinoic acid receptor (RAR) gene into three genes,
RARa (NR1B1), RARB (NR1B2), and RARy (NR1B3). Simi-
larly, the three PPAR loci, «, B, and v, appeared during this
second period (16). Although it is not known whether the
duplication events that produced the isotypes occurred ex-
actly at the same time for the three receptors, they were likely
contemporaneous to the appearance of the early vertebrates
(18), as is indeed suggested by the chromosomal location of
the TR, PPAR, and RAR genes. Since homologous isotypes
have been found both in Xenopus and mammals for each of
the three groups of genes, PPAR, RAR, and TR, the Xenopus-
mammalian lineage divergence event can be used as a start-
ing time point to determine the speed of evolution up to the
present time within each of the three groups. In light of the
amino acid sequence differences between the Xenopus and
mammalian homologs, it appears that the PPAR genes have
evolved 2-3 times faster than the RAR and TR genes. The
possible relationship between this relatively rapid evolution
and some particularities of PPAR ligand-binding properties
will be discussed later.

The chromosomal localization of the PPAR genes has been
defined in human and mouse. The human (h) PPAR«a was
mapped on chromosome 22 slightly telomeric to a linkage
group of six genes and genetic markers that are located in the
general region 22q12-q13.1 (13). The hPPARY gene is located
on chromosome 3 at position 3p25, close to RARB and TR,
which are at positions 3p24 and 3p21, respectively (14). Fur-
thermore, the gene is within 1.5 megabases (Mb) of D351263,
which is a suitable polymorphic marker that could be used
for linkage analysis to evaluate a potential contribution of
PPARY to lipid metabolism-related diseases (19). Finally, the
hPPARP has been assigned to chromosome 6, at position
6p21.1-p21.2 (20). In the mouse, PPARY is located on chro-
mosome 6 at position E3-F1, while PPAR« and PPARS are
found on chromosome 15 and 17, respectively (21).

The mouse and hPPAR genes characterized to date reveal
a common organization of the translated region in six coding
exons with the following distribution: one exon for the N-
terminal A/B domain, two exons for the DNA-binding do-
main (DBD)-one for each of the two zinc fingers—, one exon
for the hinge region, and two exons for the ligand-binding
domain (LBD). The mouse PPAR« gene spans at least 30 kb
and comprises a total of eight exons, with two exons corre-
sponding to the 5’ -untranslated region and the last exon of
the LBD comprising the 3’-untranslated region (22). For the
PPARR gene, only a partial organization in Xenopus, which
corresponds to the six exons of the translated region, has
been reported so far (23). The human and mouse PPARy
genes extend over more than 100 kb of genomic DNA and
give rise to three mRNAs, PPARy1, PPARY2, and PPARY3,
that differ at their 5'-end as a consequence of alternate pro-
moter usage and splicing (Fig. 1). PPARyl is encoded by
eight exons, comprising two yl-specific exons for the 5'-
untranslated region, Al and A2, and the six coding exons that
are common to all three mRNAs. PPARY2 is encoded in
seven exons, the first one, exon B, comprising the y2 5'-
untranslated region and encoding additional N-terminal
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GENE mRNA PROTEIN
A
hPPARy1 % 477 aa
hPPARy2 505 aa
hPPARY3 477 aa

ATG

AUG

Fic. 1. hPPARy isoforms. The genomic organization of the hPPARy gene is shown. Two PPARy isoforms are produced by the differential use
of three promoters and alternative splicing of the three 5'-exons Al, A2, and B1. Exons 1-6 are common to all three transcripts. A scheme of
the three mRNAs obtained is drawn, and the size of the proteins obtained is indicated. Note that transcription from the promoters y1 and y3
results in the same protein of 477 amino acids. In the human gene, the splicing event between exon A2 and exon 1 generates an AUG translation
initiation codon six nucleotides upstream of the one used in other species, which is located at the very beginning of exon 1. Therefore, the
hPPARy1 protein has two additional amino acids at its N terminus compared with the rodent PPARy1 protein. The PPARYy2 protein of 505
amino acids is produced by transcription from the promoter y2. The number of additional N-terminal amino acids in PPARy2 vs. PPARy1 is

28 in humans and 30 in rodents.

amino acids specific of y2. On genomic DNA, this y2-specific
exon is located between the second mPPAR+y1 exon (A2) and
the first common exon (19, 24, 25). A third mRNA, PPARY3,
encodes the same protein as PPARvy1 but is controlled by an
alternative promoter located in the region flanking exon A2
in 5’ (Fig. 1) (26).

B. DNA binding properties

The DBD is the most conserved domain between all nu-
clear receptors, and indeed is the hallmark of the superfam-
ily. It is formed by two zinc finger-like motifs folded in a
globular structure that can recognize a DNA target com-
posed of 6 nucleotides. In most cases, nuclear hormone re-
ceptors bind as dimers to two copies of such a core motif,
which constitute a functional hormone response element.
The spacing of the two motifs and their relative orientation
(i.e., direct repeat, palindrome, or inverted palindrome con-
figurations) determine which receptors bind to a given hor-
mone response element (27). Members of the TR/RAR sub-
family to which PPARs belong recognize preferentially the
core hexanucleotide motif AGGTCA and are also character-
ized by the ability of forming a heterodimer with the 9-cis-
retinoic acid receptor, RXR (NR2B). In fact, PPARs bind nei-
ther as homodimer nor as monomer but strictly depend on
RXR as DNA-binding partner. Herein, the PPAR/RXR het-
erodimer will from now on be designated as PPAR:RXR.

1. PPAR response elements (PPREs) and PPAR:RXR binding
properties. PPRE was first characterized by using synthetic
oligonucleotides and was defined as a direct repeat of two
core recognition motifs AGGTCA spaced by one nucleotide,
thus also called DR1 (28). The first natural PPRE, found in the
promoter of the acyl-CoA oxidase gene (15, 29), and all nat-
ural PPREs subsequently identified fulfill these DR1 criteria,
which allow PPREs to be discriminated from other direct
repeat response elements of the TR/RAR class of receptors,
such as the one recognized by vitamin D receptor (VDR)

(NR1I1) (DR3), TR (DR4), and RAR (DR2, DR5). However,
the detailed analysis of the CYP4A6 and malic enzyme genes
PPRE, together with a sequence comparison of 19 native
PPREs and subsequent mutational analyses, defined addi-
tional PPRE determinants (30-33). The three following prop-
erties can be added to the initial PPRE definition as a DRI:
an extended 5'-half-site, an imperfect core DR1, and an ad-
enine as the spacing nucleotide between the two hexamers,
giving the following consensus sequence PPRE: 5'-AACT
AGGNCA A AGGTCA-3'. These particularities most likely
add discriminating parameters that contribute to PPAR:RXR
binding selectivity vs. homo- and heterodimers of other
members of the superfamily, some of which also recognize
a DR1 type element (see below).

The PPRE structure as an extended direct repeat motif
imposes a polarity to the bound heterodimer. PPAR interacts
with the upstream extended core hexamer of the DRI,
whereas RXR occupies the downstream motif (31, 34). This
represents a reversed polarity as compared with VDR:RXR
and TR:RXR bound to DR3 and DR4, respectively, where
RXR occupies the upstream core hexamer of the direct repeat.
This difference in binding polarity between PPAR:RXR and
VDR:RXR or TR:RXR is, at least in part, determined by the
5'-extended half-site in the PPRE. Receptors binding as
monomers, such as NGFI-B (NR4A1), ROR (NR1F), and
RevErbAg, also require an AT-rich 5'-extended binding site
(35). Interaction of these receptors with the 5'-flank is
thought to involve the receptor region immediately C-ter-
minal to the second zinc finger, called carboxy-terminal ex-
tension (CTE). While PPARs are unable to bind DNA as
monomers, it has been demonstrated that the CTE region of
PPARs in PPAR:RXR is indeed responsible for the recogni-
tion of the 5'-flank of the DR1 in PPREs (36). The inability of
PPAR to bind as a monomer has been attributed to the
N-terminal region since deletion of the A/B domain of
PPAR« allowed the truncated receptor to bind to a PPRE as
amonomer. Limitation of the DNA binding capacity of PPAR
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by its A/B domain might reflect evolutionary changes that
allow PPAR to functionally diverge from its monomeric
cousins (36). While the three-dimensional structure of the
DBD and CTE region of PPAR has not yet been solved, some
of its properties can be inferred from detailed biochemical
studies and structural analyses of RAR:RXR and TR:RXR
bound to direct repeat sequences (37-45). Structural and
biochemical analyses of RAR:RXR bound to a DR1 element
demonstrate that the crucial amino acids for heterodimer-
ization within the 5'-positioned receptor (RAR) are located
in the second zinc finger, outside the first knuckle called D
box, while the 3’-positioned receptor (RXR) contributes to the
dimerization interface via its CTE region. Exchanging the
specific PPAR D box, which has only three amino acids
instead of five in other members of the superfamily, with that
of RXR did not alter PPAR:RXR binding to a PPRE (G. Krey
and W. Wahli, unpublished observations), consistent with
the exclusion of the D box of the 5'-positioned receptor from
the dimerization interface. The recent crystal structure anal-
yses of the Rev-Erb DBD dimer bound on a DR2 (Rev-DR2)
further confirm the presence of bonds between the tip of the
second zinc finger of the upstream receptor and the GRIP box
(VRFGRIPK residues) contained in the CTE region of the
downstream receptor (46). Interestingly, PPARa, which pos-
sesses the same GRIP box as Rev-Erb, is also capable of
binding as PPAR:RXR on a DR2 if the spacing sequence
between the half-sites corresponds to that found in Rev-DR2
(AGGTCATCAGGTCA) in opposition to an alternative DR2
(AGGTCAGGAGGTCA) to which it does not bind. Further-
more, transcriptional activation by PPAR:RXR can be ob-
tained through the Rev-DR2 that contains the conserved
5’-extended sequence which is recognized by dimers of Rev-
ErbA and ROR« (47). Therefore, a possibility of cross-talk
exists between PPAR:RXR and these receptors on 5'-ex-
tended DR2 elements (36). The polarity of PPAR:RXR on such
elements and the functional consequences of the formation
of this complex have not yet been evaluated.

The fact that some tissues express more than one PPAR
isotype raises the question of PPAR isotype-specific PPRE
recognition. Assessment of the relative DNA-binding capa-
bilities of the three PPAR isotypes (e, 3, y) to 16 native PPREs
led to the classification of PPREs into three functional groups:
strong, intermediate, and weak elements, which correlates
with the level of the PPRE conformity to the consensus el-
ement (32). Surprisingly, the number of identical nucleotides
in the core DR1 region is rather homogeneous across the
different elements, and it is mainly the number of identities
of the 5’-flanking nucleotides, rather than that of the stricto-
sensu core DR1, which determines the binding strength of a
given PPRE. In all cases, PPARy binds more strongly than do
PPAR«a and PPARR and is thus less dependent on a well
conserved 5’'-flanking extension. In contrast, conservation of
the 5'-flank is particularly essential for PPAR«a binding and
therefore contributes to isotype specificity. The PPAR DNA-
binding activity is also modulated by the isotype of the RXR
heterodimeric partner. Binding of PPAR:RXR to strong ele-
ments is reinforced when RXRy is the partner, whereas het-
erodimerization with RXRa is more favorable for binding to
weak elements. However, it remains to be seen how these in
vitro observations translate into selective recognition of the
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PPREs within their natural genomic and chromosomal en-
vironment.

2. Hormonal cross-talk occurring at the level of DNA binding.
Direct repeat elements with a 1-bp spacing are also recog-
nized by RAR:RXR, as well as RXR, androgen receptor-re-
lated protein-1, hepatocyte nuclear factor 4 (HNF-4) (NR2A),
and chicken ovalbumin upstream promoter-transcription
factor (NR2F) homodimers (48, 49). Accordingly, HNF-4 and
chicken ovalbumin upstream promoter-transcription factor
homodimers can displace PPAR:RXR from its binding site
and thus compete with PPAR signaling (50-53). Evaluation
of the biological significance of the competition between
PPAR and other members of the superfamily for binding to
PPRE requires the consideration of at least two parameters.
First, the subtle sequence determinants that we described
above are important for nuclear receptor discrimination. A
recent study shows that single point mutations applied to the
core DR1 motif differently affect the binding affinity of
HNF-4, androgen receptor-related protein-1, RAR:RXR, and
PPAR:RXR (54). Thus, the conjunction of a core recognition
motif that deviates from the consensus with a specific 5'-
flanking sequence, as seen in many natural PPREs, may
result in preferential binding of PPAR:RXR (30, 31). Second,
the relative amount of each type and isotype of nuclear
receptor within a cell is of great importance in such a cross-
talk.

Functional PPREs are almost exclusively represented by
DRI1-like elements. In addition to binding to the Rev-DR2
dicussed above, another exception is the ability of PPAR:RXR
to recognize an estrogen response element (ERE) (55). Al-
though an ERE-containing reporter plasmid can be transac-
tivated by PPAR:RXR, no natural ERE-containing gene has
been identified that is coactivated by estrogen receptor (ER)
(NR3A) and PPAR:RXR. On the contrary, competition for the
ERE leads to a PPAR:RXR-dependent repression of the ER-
mediated transactivation of the vitellogenin gene A2 pro-
moter as seen in transfection experiments. Thus the possi-
bility of a hormonal cross-talk through an ERE exists (55, 56),
and genes might be found to be coregulated by ER and
PPAR:RXR, and consequently by estrogens, fatty acids, and
9-cis-RA, in a natural cell physiological context and in a
promoter- and cell type-specific manner.

RXR is a common DNA binding partner to many nuclear
receptors of the steroid/thyroid receptor superfamily, in-
cluding PPAR. Consequently, competition between these re-
ceptors for their common partner can occur. Reciprocal neg-
ative interactions between the PPAR and TR signaling
pathways, through a mechanism of RXR sequestration, was
indeed demonstrated in transfection assays (57, 58). In these
experiments, the relative amount of PPARs and TRs, respec-
tively, determined which receptor was dominant, i.e., which
signaling pathway inhibited the other. In vivo, such compe-
tition is likely to occur only when the amounts of RXR are
limiting. Whether the relative amounts of TR, PPARs, and
RXR meet these conditions in any tissue in vivo is so far
unknown. A similar competition has been proposed to occur
among PPAR isotypes (59). As a consequence, if several
PPAR isotypes are coexpressed in a single cell type and if
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RXR amounts are limiting, there is a possibility of differential
activity of the expressed isotypes.

Interestingly, it was observed that expression of RXR abol-
ished PPAR« stimulation of the PRL promoter in pituitary
GH4C1 cells (60). Analysis of this phenomenon revealed that
stimulation of the PRL promoter by PPARa was mediated by
protein-protein interaction rather than binding of PPAR:RXR
to the promoter. The mechanism proposed is a ligand-de-
pendent association of PPAR« with the transcription factor
GHF-1, which stimulates transcription and implies that
PPARa would act similarly to a coactivator in this specific
situation. Overexpression of RXR is thought to titrate out
PPARa and therefore suppress its association with GHF-1
and consequently its stimulatory effect.

C. PPAR ligand-binding properties

One of the reasons for the present infatuation for PPARs
lies in their particular ligand binding properties, making
them attractive therapeutic targets. As we describe below,
PPAR moved from the status of orphan receptor to that of
generous host, capable of specifically interacting with more
than one ligand, including some important natural com-
pounds such as fatty acids. This section will end with infor-
mation gained from the x-ray crystal structure of the PPARy
and PPARB LBD, which provides a link between structural
and functional viewpoints.

1. Tools for PPAR ligand identification. The first molecules able
to activate PPAR were identified in cultured cells cotrans-
fected with a GRE- or ERE-containing reporter gene together
with an expression vector encoding the chimeric receptor
GRppp-PPAR; pp or ERppp-PPAR| g Compounds that trig-
ger a stimulation of the reporter gene expression when added
to the culture medium have been categorized as PPAR ac-
tivators; the first identified were the fibrate hypolipidemic
agents known to induce peroxisome proliferation in rodents,
followed soon after by fatty acids (5, 10, 15, 61). However,
since activation might result from indirect events such as
production of a metabolite of the test compound, release of
an endogenous ligand, or activation of a cell surface-initiated
signaling pathway, these compounds had to be tested further
for direct binding to the PPARSs.

As could be anticipated from transactivation assays, clas-
sical competition assays using radioligands first identified
some PPARa and PPARY ligands with a relatively broad
structural diversity (62—-67). Additional techniques have then
been adapted or developed to allow the screening of a large
number of compounds (for review and technical aspects, see
Ref. 68). The Scintillation Proximity Assay (SPA) is an equi-
librium method that uses scintillation to measure the inter-
action between a molecule prebound to a fluomicrosphere
and a radioactive ligand (69). It has been recently adapted to
the evaluation of PPAR ligands in competition assays (70).
The Differential Protease Sensitivity assay (DPSA) relies on
a ligand-dependent reduction of PPAR sensitivity to enzy-
matic proteolytic cleavage (71). The Ligand Induced Com-
plex (LIC) assay detects ligand-dependent binding of limit-
ing amounts of PPAR:RXR to a PPRE (72). Based on the
hypothesis that ligand binding to PPAR would induce in-
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teraction of the receptor with transcriptional activators, we
have developed a novel sensor assay, termed Coactivator-
Dependent Receptor Ligand Assay (CARLA) in which we
measure the ability of a compound to induce PPAR-SRC1
interaction (73). Because of its strong interaction with PPARs,
p300/CBP (cAMP response element-binding protein) can
also be used in CARLA (74). In addition to ligand identifi-
cation, these assays revealed three peculiarities of PPAR
ligand binding properties that have important consequences
for PPAR biology. First, in contrast to TR, RAR, VDR, ERe,
or GR (glucocorticoid receptor) (NR3C1), PPARs accommo-
date several types of ligand, and the above-mentioned in vitro
assays have demonstrated that most of the known PPAR
activators are bona fide ligands (75). Second, and as a corol-
lary, most of the molecules that specifically bind to PPAR do
so with a rather low affinity as compared with the affinity of
classical hormones for their cognate receptor. Third, there is
some overlap in ligand recognition by the different PPAR
isotypes, some ligands binding to more than one isotype
although with different affinities. Although the known nat-
ural PPAR ligands fit well in our present understanding of
PPAR functions, the question remains open whether, in ad-
dition, highly selective natural ligands exist with much
higher affinity for each of the PPAR isotypes. Below is a
presentation of the main PPAR ligands, natural and syn-
thetic, discovered so far.

2. PPARa, PPARB, and PPARvy ligands. The identification of
unsaturated fatty acids as PPAR ligands (Table IA) provides
firm evidence that at least part of the PPAR-dependent tran-
scriptional activity of fatty acids results from a direct inter-
action of the nuclear receptor with these molecules. These
fatty acids bind all three PPARs, with PPAR« exhibiting the
highest affinity, at concentrations that are in agreement with
their circulating blood levels. In contrast, the very long chain
fatty acid, erucic acid (C22:1), which is a weak ligand,
appears more selective for hPPARB than for hPPARa and
hPPARY, as measured in transfection assays using chimeric
GR-PPAR proteins (76). Compared with the unsaturated
fatty acids, saturated fatty acids are poor PPAR ligands in
general (66, 72, 73), whereas phytanic acid, a dietary
branched-chain, isoprenoid-derived fatty acid, efficiently
binds PPARa (77). The discovery that some fatty acids can act
as hormones that control the activity of transcription factors
demonstrated for the first time that fatty acids are not merely
passive energy-providing molecules but are also metabolic
regulators. This finding opens novel perspectives for deeper
understanding of energy metabolism and therapeutic inter-
ventions. Future investigations examining the differential
tissue distribution of PPAR isotypes with respect to quali-
tative and quantitative fatty acid content of each tissue might
be very informative for further understanding the specific
roles of PPAR isotypes and their fatty acid-mediated acti-
vation.

Eicosanoids are a class of fatty acids mainly derived from
arachidonic acid, either via the lipoxygenase pathway lead-
ing to the formation of leukotrienes (LTs) and hydroxyeico-
satetraenoic acids (HETEs) or via the cyclooxygenase path-
way producing prostaglandins (PGs). Several of these
eicosanoids are activators of the different PPARs, and some
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PPAR«

PPARB

PPARy

A. Natural ligands

SABA or
COBA

LIC CARLA DPSA SABA or
COBA

LIC CARLA DPSA SABA or
COBA

LIC CARLA DPSA

Unsaturated fatty acids
w3-PUFAs
a-Linolenic C18:3
y-Linolenic C18:3
Eicosapentaenoic C20:5 (EPA)
Docohexaenoic C22:6 (DHA)
w6-PUFAs
Linoleic C18:2
Dihomo-y-linolenic C20:3
Arachidonic C20:4
®w9-mUFAs
Palmitoleic C16:1
Oleic C18:1
Elaidic C18:1trans
Erucic C22:1
Nervonic C24:1
w2-mUFA
Petroselinic C18:1

Saturated fatty acids
Capric C10:0
Lauric C12:0
Myristic C14:0
Palmitic C16:0
Stearic C18:0
Arachidic C20:0
Behenic C22:0

Dicarboxylic fatty acids
Dodecanedoic C12

Eicosanoids
+8-HEPE (hydroxyeicosapentaenoic)
+8-HETE
8S-HETE
8R-HETE
8(9)-EpEtrE
+8-HETrE (hydroxyeicosatrienoic)
12-HETE
Leukotriene B4
9-HODE (9-hydroxyoctadenoic acid)
13-HODE
15-Deoxy-A12, 14-PGJ2
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+/-
+
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+/-
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+/-
+/-
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B. Synthetic ligands

PPAR«a

PPARB

PPARy

SABA or
COBA

LIC CARLA DPSA
COBA

SABA or

LIC CARLA DPSA SABA or
COBA

LIC CARLA DPSA

Prostaglandin 12 analogs
Carbaprostacyclin (cPGI)
Iloprost
Cicaprost

Leukotriene B4 analogs
Trifluoromethyl leukotriene B4
ZK 151657
ZK 158252

Leukotriene D4 antagonist
Ly 171883

Hypolipidemic agents
Clofibric acid
Ciprofibric acid
Bezafibric acid (xPPARs)
Fenofibric acid
Pirinixic acid (Wy-14643)
GW 2331 (fibrate analog)
GW 2433 (fibrate analog)
Eicosatetraynoic acid (ETYA; arachidonic
acid analog)

+ +

++ +

+ +

+~
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TaBLE 1. Continued
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PPAR«

PPARB PPARy

B. Synthetic ligands SABA or

COBA

LIC CARLA DPSA SABA or

LIC CARLA DPSA SABAor DPSA

COBA

LIC CARLA
COBA

Hypoglycemic agents (thiazolidinediones)
Rosiglitazone (BRL 49653) — - —
AD-5075
Troglitazone (CS-045)

Hypolipidemic and hypoglycemic
agents (nonthiazolidinedione)
L-165041
L-165461
1.-783483
L-796449

Nonsteroidal antiinflammatory drugs
(NSAIDs)
Indomethacin
Flufenamic acid
Fenoprofen
Ibuprofen

Carnitine palmitoyl transferase I
(CPT1) inhibitors
LY-171883
2-Bromopalmitate (2Br-C16)
Tetradecylglycidic acid (TDGA)

Fatty acyl-CoA dehydrogenase
inhibitors
Ortylthiopropionic acid (OTP)
Tetradecylthiopropinic acid (TTP)
Nonylthioacetic acid (NTA)
Tetradecylthioacetic acid (TTA)

+ 4+ +

++ o+ +

++ +
+

—/+
+/-
+/—

+ o+ ++

+ o+ + +

Direct interaction between natural (A) and synthetic (B) compounds and PPARs was analyzed by the following approaches: saturation binding
assay (SABA), competition binding assay (COBA), PPAR:RXR-DNA ligand-induced complex formation (LIC), coactivator-dependent receptor
ligand assay (CARLA), and differential protease sensitivity assay (DPSA). +, Binding detected easily; +/—, weak binding; —/+, very weak
binding detected; —, compound tested but no binding detected. Absence of any sign means that the compound has not been tested with the
corresponding method. The results summarized in the table are taken from Refs. (62, 64, 66, 71-73, 90, and 342). First results obtained with
an additional technique, the fluorescence spectroscopy, are indicated in the text (82, 134).

are indeed ligands (see Ref. 78). 15-Deoxy-A12,14-PG]J2,
which is a PGD2 derivative, is a ligand for PPARY (63, 64, 73)
and 8(S)-HETE, a compound associated with phorbol ester-
induced inflammation, is a ligand for PPAR«, whereas the
8(R)-isomer shows a much weaker binding (66, 72, 73). Leu-
kotriene B4 (LTB4), a chemotactic inflammation mediator,
binds Xenopus PPARa in classical binding assays, in
CARLAs, and in LIC assays (65, 73, 79). Because binding
affinities of molecules such as 8(S)-HETE and LTB4 for
PPARa are in the submicromolar range, or micromolar range
for fatty acids, one might dismiss at first glance these inter-
actions as it would seem unlikely that tissue concentrations
of these ligands can reach the levels required for receptor
activation in vivo. However, the nuclear localization of 5-li-
poxygenase in some cell types supports the idea that in the
nucleus local concentrations of eicosanoids, such as LTB4,
can reach high levels and that intranuclear action of endog-
enous leukotrienes is feasible (80, 81). Furthermore, the meth-
ods for assessing ligand dissociation constant (Ky4) also de-
serve critical attention. The physical separation of bound and
unbound molecules, often used in these techniques, leads to
an equilibrium disturbance and often underestimates the K.
To circumvent this problem, fluorescence-based methods
that have been used to measure binding of retinoids to pro-
teins are currently also applied to measure PPAR-ligand

binding affinities (68). In this assay, the measurement of
binding affinity is performed by optical means, which do not
require the physical separation of bound and unbound mol-
ecules. This appoach has identified cis-parinaric acid as
PPARvligand (82), and the affinity of many PPAR« ligands,
such as fatty acids and LTB4, is found to be in the nanomolar
range in such analyses (83).

The CARLA as well as the DPSA and the LIC assays have
proven effective tools for the identification of interesting
synthetic compounds as ligands (Table 1B). These include
some hypolipidemic agents such as fibrates, of which clofi-
brate and the potent Wy-14,643 compound preferentially
bind PPAR«. Thiazolidinediones (TZDs), which includes tro-
glitazone, pioglitazone, and BRL 49653, now called rosigli-
tazone, are a class of antidiabetic drugs that are structurally
derived from clofibric acid but selectively bind PPARYy (62,
84). This functional association of a key regulator of lipid
metabolism and an antidiabetic drug has important impli-
cations with respect to the pharmacological use of these
compounds, on the one hand, and for the link that it em-
phasizes between lipid and glucose metabolism on the other.
This link is further reinforced by the discovery of a novel
series of antihyperglycemic and antihyperlipidemic agents
that are PPARy agonists (85). Other synthetic compounds
that bind to PPARs include the arachidonic acid analog
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ETYA and some agonists and antagonists of the leukotriene
membrane receptors (75). Intriguingly, the screenings for
natural and synthetic ligands were not very successful in
identifying PPARB ligands. Bezafibrate is a Xenopus PPARS-
specific ligand (66, 73), but its activity is much weaker on the
mammalian PPARB. In transfection assays, the rat PPARB
can be activated by the nonmetabolizable, substituted fatty
acid a-bromopalmitate. However, nonspecific toxic effects of
a-bromopalmitate are found at doses close to those required
for PPARB activation (S. Basu-Modak, P. Escher, B. Des-
vergne, and W. Wahli, unpublished data). A novel series of
fibrate derivatives, non-TZD compounds, was recently de-
scribed as human-specific PPARB agonist and will aid in the
functional analyses of this elusive PPAR subtype (74).

The recent advent of the combinatorial chemistry technol-
ogy opens new opportunities for the identification of PPAR
ligands. Instead of relying on classical large and diverse
compound libraries, Brown et al. (86) designed a solid phase
synthesis of biased chemical libraries of fibrates (so-called
focused library) based on the observation that fibrates have
activity on the three PPARs. Screening of the library iden-
tified a pool of compounds with activity on each of the three
PPAR isotypes, of which the compound GW 2433 exhibits a
high, although not selective, affinity for xPPARp. Thus, this
approach may offer possibilities to develop selective and
potent ligands for the three PPAR isotypes and has already
provided a source of information about the ligand prefer-
ences of the three PPAR isotypes.

3. Species specificity in ligand recognition. Species difference in
ligand recognition, already mentioned above for bezafibrate
and xPPARP vs. mammalian PPAR, was first investigated
with the PPAR« isotypes from Xenopus, mouse, and human,
which differentially respond to two PPARa ligands, Wy-
14,643 and ETYA (67). Two amino acid residues in helix 3 of
the LBD are responsible for the preferential responsiveness
of Xenopus and hPPARa to ETYA and of mouse PPARa to
Wy-14,643 (67). This identification of structure-function re-
lationships involved in PPAR ligand binding specificity is of
interest for drug development and may now be extended to
additional compounds. These species differences, which
have notbeen described for other nuclear receptors, raise two
issues. The first, of practical importance, is that toxicological
tests of PPAR ligands in whole animals must take into ac-
count possible species differences. The second is that the
species-related ligand binding specificity may be linked to
the speed of evolution of the PPAR genes. This might reflect
an adaptation of the PPAR signaling pathways to nutritional
patterns that can differ from species to species.

4. x-Ray crystal structure of the PPAR LBD. Although the LBD
is less well conserved than the DBD between nuclear recep-
tors, structural analyses of this domain performed with li-
ganded RAR and TR LBDs and unliganded RXR LBD have
revealed a common structural tridimensional fold, which
consists of an antiparallel a-helical sandwich of 12 helices
(helix 1 to helix 12) organized in three layers with a central
hydrophobic pocket. Upon ligand binding, the swinging of
helix 12 or activation function helix (HAF) closes the ligand
binding pocket like a lid, in a so-called “mouse trap model”
(87-89).
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The x-ray crystal structure of the human apo-PPARy LBD
and apo-PPARR reveals an overall fold very similar to that
of the above mentioned LBDs from helix 3 to the C terminus
(90-92). However, some distinct differences are apparent.
The core AF-2 activation domain in the apo-PPARs is folded
against the ligand binding pocket in a conformation similar
to that observed in the holoforms of PPAR and other nuclear
receptors. An additional helix, called helix 2’, which is found
between the first B-strand and helix 3, together with a place-
ment of helix 2 that differs from other nuclear receptor ter-
tiary structures, provides an easy access to the hydrophobic
pocket for ligands. The region between helix 2’ and helix 3,
corresponding to the () loop in RAR is extended and is the
most thermally mobile loop and participates in the structural
changes occurring upon ligand binding. The ligand binding
cavity is buried in the bottom half of the LBD and is partic-
ularly large, ~1300 A%, of which the ligand occupies only
about 30-40%. It is thus larger and more accessible than in
other known LBDs [compare with the cavity in TR ~ 600A°,
most of this volume being occupled by the T; molecule ~ 530
A® (89)]. The T-shaped cavity in PPARy comprised one re-
gion-the horizontal bar of the T-of 20 A in length which lies
parallel to helix 3; a second cavity region of 16 A in length
is orthogonal to the first and extends to the C-terminal AF2.
The main amino acids involved in bonds with rosiglitazone
are depicted in Fig. 2. Two histidine residues, H323 and
H449, participate in the fixation of the TZD head group and
are proposed to permit similar links with a-substituted car-
boxylic acids (91). The Y-shaped cavity in PPARB comprises
three arms of about 12 A in length, the left arm being rather
polar in character. Eicosapentaenoic acid occupies this
pocket in two distinct conformations, with the acid group
and eight first carbon units fitting in the left arm oriented
toward the AF-2 helix, while the hydrophobic tail either
bends upward or downward into the up or bottom arm of the
pocket, respectively (90). The same network of hydrogen
bonds as seen with roziglitazone and PPAR+y forms between
eicosapentaenoic acid and PPARB AF-2 (see Fig. 2). These
characteristics also explain that PPARp ligands are prefer-
entially unsaturated fatty acid, given the requirement of a
flexible hydrocarbon tail, and have an optimal length, long
enough for sufficient stabilizing hydrophobic interactions
and short enough for being docked inside the cavity (90). In
conclusion, these key interactions associated with the rela-
tively free non-specific interactions that the hydrophobic
part of ligands can develop within the large cavity explain
the promiscuous behavior of PPAR with respect to ligand
binding. One consequence might be that different functional
activities of a ligand might reflect different binding confor-
mation in the cavity (90). Together with the easy access
provided by the extra helix 2" and the tertiary placement of
helix 2, these characteristics define PPAR as a nuclear re-
ceptor that has evolved to bind to multiple natural ligands
with relatively low affinity, as reported above (91).

Taking into account the position and nature of the key
residues bridging hPPARy and its ligand, it is of interest to
relate the effects of already described substitutions/muta-
tions to these structural features (see Fig. 2). In PPARYy, four
amino acids, namely aspartic acid 243 (D243) at the N ter-
minus of the first B-sheet, arginine 288 (R288), glutamic acid
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291 (E291), and glutamic acid 295 (E295) in helix 3, are de-
terminants of the ligand entry site (91). E291 and E295 are
conserved in all known PPARs, whereas D243 and R288 are
only conserved in the y-isotype, suggesting that these latter
positions might be involved in isotype- and species-specific
ligand selectivity. It has been observed that an experimental
mutation of mMPPARa in which E282 (marked with a vertical
line in Fig. 2B), which corresponds to E291 in PPARy, is
replaced by a glycine results in a 4-fold loss of PPAR« tran-
scriptional response to Wy-14,643 and ETYA (93). Xenopus,
human, and mouse PPAR« respond differently to these two
compounds. Two amino acids in helix 3 determine the pref-
erence for ETYA in the Xenopus and human receptor, iso-
leucine 272 (1272) and threonine 279 (T279), whereas these
two positions (marked by wvertical lines in Fig. 2B) are occu-
pied by phenylalanine (F272) and methionine (M279) in the
mouse receptor, which has a preference for Wy-14,643 (67).
After substitution in the mouse receptor of F to I and M to
T, the mouse receptor loses its preference for Wy-14,643 in
favor of ETYA. Interestingly, M279 or T279 in PPAR« cor-
responds to R288 in PPARy, which supports the idea of a role
of this position for ligand selectivity.

Finally, the crystal structure also revealed coiled-coil in-
teraction between helix 10 from two PPARy molecules form-
ing a homodimer, reinforced by salt bridges involving helices
9 and 10. While PPARy homodimers do not seem to occur in
vivo, these observations are similar to those described for
RXR homodimers (87) and are likely to reflect the contacts
involved in PPAR:RXR. Consistent with these observations,
a deletion comprising helix 10 and HAF of PPAR« impairs
heterodimerization with RXRa (71). Similarly, a leucine to
arginine substitution at position 433 (marked by a vertical line
in Fig. 2B) in helix 10 of PPAR« also abolishes heterodimer-
ization with RXR (58).

D. Alternative pathways for PPAR activation

1. PPARa and PPARYy are phosphoproteins. Several nuclear
hormone receptors, including PPARs, are regulated by phos-
phorylation in addition to ligand-dependent activation.
PPARa was first shown to be a phosphoprotein in primary
rat adipocytes in culture. Treatment of these cells with in-
sulin increases PPARa phosphorylation. In parallel, trans-
fection studies in CV-1 cells and HepG2 cells revealed that
insulin increases by nearly 2-fold the transcriptional activity
of PPARq, as well as that of PPARy (94). This insulin effect
occurs through the phosphorylation of two microtubule-as-
sociated protein (MAP) kinase sites, identified at positions 12
and 21 in the A/B domain of hPPARe« (95). Using cotrans-
fections in a Chinese hamster ovary cell line that expresses
the insulin receptor, Zhang et al. (96) demonstrated a syn-
ergistic effect between insulin treatment and PPARy ligand-
dependent activation on the expression of the target gene
aP2. Because this effect was partially inhibited by the addi-
tion to the culture medium of a MAP kinase inhibitor, the
insulin effect was correlated with PPARy phosphorylation
observed in vitro upon exposure to purified MAP kinase (96).
Contrasting results were obtained when exploring the role of
growth factors in modulating PPAR activity (97, 98). The
epidermal growth factor (EGF) and platelet-derived growth
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factor (PDGF) decrease the transcriptional activity of PPARy
while increasing PPAR phosphorylation through MAP ki-
nase signaling. A unique MAP kinase target site, which can
be used by both extracellular signal-regulated protein kinase
(ERK) and c-Jun N-terminal kinase (JNK) (99), was mapped
at serine 82 in the N-terminal domain of mPPARy1, which
corresponds to serine 112 of mPPAR%2. Substitution of this
serine by alanine leads to a loss of PDGF-mediated repres-
sion of PPARYy activity (97, 98). Comparable MAP kinase-
dependent PPAR+y phosphorylation and inhibition of activity
were obtained in 3T3-L1 cells with PGF2«, an arachidonic
acid derivative that acts through a membrane receptor and
has a potent inhibitory effect on adipogenesis (100). At the
molecular level, the mutant PPARy2 Ser112Asp exhibits a
decreased ligand binding affinity and coactivator recruit-
ment. Limited protease digestion of this mutant also results
in an altered digestion pattern as compared with that of the
native form of PPARY2, when performed in the absence of
ligands. These differences suggest that the N terminus, more
specifically the phosphorylation status of the serine 112,
plays a role in the conformation of the unliganded receptor,
thereby regulating the affinity of PPARYy for its ligands (101).

How the same changes in phosphorylation can lead to an
activation or an inhibition of PPARY signaling, depending
upon the nature of the triggering signal, insulin or growth
factor, respectively, is unclear but likely involves either spe-
cific pleiotropic actions or use of different kinase pathways
by these hormones acting on metabolic processes. For ex-
ample, the insulin-mediated up-regulation of phosphoenol-
pyruvate carboxykinase (PEPCK) gene expression is inde-
pendent of the Ras/MAP kinase pathway but relies on
phosphatidylinositol 3-kinase (102). Another example is the
inhibition of PPAR« activity by GH through the Janus kinase
2-signal transducer and activator of transcription 5b (JAK2-
STAT5b) pathway. This inhibition requires a nuclear and
transcriptionnally active STAT5b molecule and likely occurs
via an indirect mechanism (103).

Thus, the remaining open questions concerning PPAR
phosphorylation emphasize the importance that posttrans-
lational site-specific modifications may have in the cross-talk
between cell membrane signaling and nuclear effectors.

2. Activation of PPAR:RXR by RXR agonists. Another alterna-
tive activation pathway of PPAR:RXR occurs through ligand
binding to RXR. PPAR forms a permissive heterodimer with
RXR, meaning that either partner can regulate the transcrip-
tional activity of the DNA-bound complex by interacting
with its cognate ligand, on its own or when both partners are
liganded. Indeed, cotransfection studies have shown that
both members of the PPAR:RXR complex can mediate a
response in the presence of their respective ligand. Further-
more, cotreatment of the cells with both ligands results in an
additive effect. Thus, the natural RXR ligand 9-cis-RA as well
as synthetic RXR-selective compounds such as LG 1069 and
LG 100268 can activate a PPRE-driven reporter gene in a
PPAR:RXR-dependent manner (28, 61, 104). Other examples
are the liver fatty acid binding protein (L-FABP) gene and the
ApoAlIl gene, known PPAR target genes, which are also
responsive to 9-cis-RA (105, 106). In vivo, this ability of PPAR:
RXR to transduce 9-cis-RA signal has been associated with



658 DESVERGNE AND WAHLI Vol. 20, No. 5

A AF1 AF2
Ligand- Ligand-dependent
independent activation domain
activation domain
A/B C D E/F
1 101 166 244 468
hPPARc. | [ DNA ] V. teand 7777771
1 72 137 215 441
hPPARJ 86 7/ 70
1 110 175 251 77
hPPARY1 | |E=8s Vo777 égm
hPPAR0 195 468
hPPARB 167 441
hPPARYl 203 477

Sequence alignment shown in B

B 203 =) S

hpparg QLNPESADLR ALAKHLYDSY IKSFPLTKAK ARAILTGKTT DKSPFVIYDM NSLMMGEDKI KFKHITPLQE QSKEVAIRIF QGCQFRSVEA VQEITEYAKS

= a =Ema:!l |

hpparg QLNPESADLR ALAKHLYDSY IKSFPLTKAK ARAILTGKTT BKSPFVIYDM NSLMMGEDKI KFKHITPLQE QSKEVAIRI/J Q Q JRQY VQIHAITEYAKS
mpparg QLNPESADLR ALAKHLYDSY IKSFPLTKAK ARAILTGKTT »KSPFVIYDM NSLMMGEDKI KFKHITPLQE QSKEVAIRI)j QeleloiisSV: VQIHITEYAKN

xpparg QLNPESADQR VLAKHLYDSY VKSFPLTKAK ARAILTGRAT TPVVIHDM NSLMMGEDQI KGQCVSP..E QNKEVAIRI)j QRe[ISIHSAI VRHITEFAKN
hpparb QYNPQVADLK AFSKHIYNAY LKNFNMTKKK ARSILTGKAS HTAPFVIHDI ETLWQAEKGL QLVNGLP PYKEISVHV] VRILTEFAKS
mpparb QHNPQLADLK AFSKHIYNAY LKNFNMTKKK ARSILTGKSS HNAPFVIHDI ETLWQAEKGL QLVNGLP PYNEISVHV3 VRFLTEFARKN
xpparb APDSPVSDLD VLSQLIHSSY MNTFTMTKKR ARDILTGRNS IS.PFVIHDM DTLWQAEQGT QLPTQONL TGTEIGVHVj VRALTDFAKS

mppara LKDSETADLK SLGKRIHEAY LKNFNMNKVK ARVILAGKTS NNPPFVIHDM ETLCMAEKTL VAKMVANGVE D.KEAEVRFj TEFAKA
xppara VKDSQMADLL SLARLIYDAY LEKNFNMNKVK ARAILTGKAS .NPPFVIHDM ETLCMAEKTL VAKLVANGIQ N.KEAEVRIj TEFAKS

|
) 1/ : M C 17 0
qEHsy HA ] HS s 453 Ssdg H6 R, iR NN RN B
hpparg IPGFVNLDLN DQVTLLKYGV HEIIYTMLAS LMNKDGVLIS EGQGFMTREF LKSLRKPFGD FMEPKFEFAV KFNALELDDS DLAIFIAVII LSGDRPGLLN
HE BN am -
® *A @
hpparg IPGFVNLDLN DQVTLLKYGV I S LMNKD S EGQGFMTREF LKSLRKPFGD FEFAV KFNALELDDS DLAIFIAVII LSGDRPGLLN
mpparg IPGFINLDLN DQVTLLKYGV I S LMNKD! S EGQGFMTREF LKSLRKPFGD AFEFAV KFNALELDDS DLAIFIAVII LSGDRPGLLN
IIFT S LMNKDGLVA

xpparg IPGFVSLDLN DQVTLLKYGV EGQGFMTREF LKSLRKPFSD JFEFAI RFNSLELDDS DLAIFVAVII LSGDRPGLLN

hppara IEDSETADLK SLAKRIYEAY LKNFNMNKVK ARVILSGKAS NNPPFVIHDM ETLCMAEKTL VAKLVANGIQ N.KEVEVRIj HC SVi VTEHLTEFAKA
HC &) VT!
HC, sV VT

mpparb IPNFSSLFLN DQVTLLKYGV AIF. IVNKDGLLVA NGSGFVTHEF LRSLRKPFSD IIEPFEFAV KFNALELDDS DLALFIAAII LCGDRPGLMN

xpparb IPGFGTLYLN DQVTLLKYGV ALF LMNKDGLLVA GGRGFVTREF LRSLRQPFCH FHFAS KFNALELNDS DLALFVASII LCGDRPGLIN

hpparb IPSFSSLFLN DQVTLLKYGV ALF. S IVNKDGLLVA NGSGFVTREF LRSLRKPFSD IIEPSFEFAV KFNALELDDS DLALFIAAII LCGDRPGLMN
S

C S

hppara IPAFANLDLN DQVTLLKYGV YEAIF. SS

mppara IPGFANLDLN DQVTLLKYGV YEAIFTM#SS LMNKDGML{iA YGNGFITREF LKNLRKPFCD

xppara IPGFTELDLN DQVTLLKYGV YEAMF. S VMNKDGMLVA YGNGFITREF LKSLRKPIGD

DFAM KFNALELDDS DISLFVAAII CCGDRPGLLN

IIE
VMNKDGMLVA YGNGFITREF LKSLRKPFCD I DFAM KFNALELDDS DISLFVAAII CCGDRPGLLN
I
FEFAM KFNALELDDS DLSLFVAALI CCGDRPGLVN

: H1( _HAF Tty

hpparg VKPIEDIQDN LLQALELQLK LNHPESSQLF AKLLQKMTDL RQIVTEHVQL LQVIKKTETD MSLHPLLQEI YKDLY
k] n | L : u

[ J L ]

" am
hpparg VKPIZDIQDN LLQ. QLK LNHPESSQL #OMTDL RQIVTE:VQL LQVIKKTETD MSLHPLIFQEI LY B0 ligand entry site
mpparg VKPIZDIQDN LLQ. QLK LNHPESSQL'y |\KV/?Q MTDL RQIVTE:VOL LHVIKKTETD MSLHPLQEI LY @O ligand -bindin
xpparg VKPIjZDIQDS LLQALLOLK LNHPDSAQLJ; .\ g@ DL RQVVTE;VQL LQLIKKTEAD MCLHPLI#QEI LY gand:= 9

@ int. with carbonyl group

hpparb VPRVZAIQDT ILRALEFHLQ ANHPDAQYL; PRLFQ L RQLVTEIAQM MQRIKKTETE TSLHPLIFQET MY A int. with benzene group
mpparb VPQVIAIQDT ILRAL:FHLQ vm-[pnsqn.ri PKL Q) L RQLVTE:AQM MOWLKKTESE TLLHPL#QET MY -
xpparb PSQVi:DIQEG ILGALRRHLK ASHTDAPFL)y PKL H, L RQLVTE:AEL VQSIKRTESS AALHPLIQET MY g

= putative dimerization
hppara VGHIZKMQEG IVHVLRLHLQ SNHPDDIFLij PKLi#Qi L RQLVTEZAQL VQIIKKTESD AALHPLI#QEI MY interface PPAR/RXR
mppara IGYI|*KLQEG IVHVLKLHLQ SNHPDDTFL{ PKLI%Q L RQLVTE:AQL VQVIKKTESD AALHPLQEI MY
xppara IPSIKMQES IVHVLKLHLQ SNHPDDSFL PKL{QMADL RQLVTE:AQL VQTIKKTETD AALHPLIQEI MY SRC-1 interaction

| |

Fic. 2. General structure and LBD of PPARs. A, Scheme indicating the four-domain structure of PPARs, which is the same as for the other
members of the nuclear receptor superfamily. Coordinates of the boundaries of each domain are given for the hPPARs. The number inside each
domain corresponds to the percentage of amino acid sequence identity of human PPARB and PPARy relative to PPARa. The region whose amino
acid sequence is shown in panel B is underlined, and the coordinates are according to the following Genbank accession numbers: PPAR«, 1.02932;
PPARB, L05792; PPARY, X90563. DNA indicates DBD; ligand indicates LBD; aa, amino acids. B, Sequence alignment of the human (h), mouse
(m), and Xenopus (x) LBD of PPARy (PPARg), PPARB (PPARDb), and PPAR«a (PPARa). The secondary structure adopted by hPPARy is indicated
above the sequence in boxes for a-helices (H) and arrows for B-strands (s). Amino acids that are involved in determining the ligand entry site,
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the observation that RXR-selective agonists display antidi-
abetic activities comparable to those obtained with a TZD,
which specifically binds PPARYy (107). This in vivo action of
9-cis-RA is not PPAR'y specific since it also activates PPARa-
inducible genes (108). The physiological relevance in the
whole organism of 9-cis-RA pathways has been recently un-
derscored by the identification of two 9-cis-retinol dehydro-
genases that might participate in the synthesis in vivo of
9-cis-RA (109, 110). However, interpretation of the above-
mentioned results, obtained after 9-cis-RA stimulation in re-
lation to the potential clinical use of RXR agonists, calls
attention to the three following points: 1) in addition to acting
through PPARy:RXR and PPARa:RXR, RXR agonists i1 vivo
might also recognize and act via NGFIB:RXR and LXR:RXR
permissive heterodimers (111-113); PPARB:RXR-mediated
effects can also not be excluded; 2) in the absence of ligands,
RXR forms inactive tetramers and addition of RXR-specific
ligands preferentially directs the formation of homodimers
rather than heterodimers (114). Thus, the formation of het-
erodimers, and the subsequent signaling, also depends on
the presence of ligands for the heterodimerization partner
(115); 3) RXR homodimers, whose formation is favored by
9-cis-RA, bind and transactivate through response elements
corresponding to DR1 (48, 116). In the context of the PPAR:
RXR signaling pathway, how much of the 9-cis-RA response
is PPAR dependent and how much is relayed by the forma-
tion of RXR homodimers remain to be determined. Such a
question is brought up, for example, by the apparent con-
tradictory observations concerning apoClII gene expression
whose down-regulation by fibrates is mediated by PPAR«
(117), whereas the same gene is up-regulated by RXR-specific
agonists (118). While little RXR homodimers are seen binding
on PPREs in vitro, the situation in vivo remains to be explored.
The use of a more comprehensive panel of RXR agonists,
partial agonists, and antagonists should be used for inves-
tigating the complex network built up by RXR within nuclear
receptor signaling. This is becoming possible with the recent
characterization of the LG 100754 compound, which is a
specific RXR:RXR antagonist but RAR:RXR and PPAR:RXR
agonist (119, 120).

In contrast to its role in PPAR:RXR, RXR can only work in
subordination when heterodimerized with RAR, i.e., the li-
ganded RXR is transcriptionally active only when RAR is
itself liganded (Refs. 121-123 and references therein). A sim-
ilar situation may apply for heterodimers between RXR and
either TR or VDR. This would prevent retinoids from acti-
vating VDR or TR pathways, in contrast to that mediated by
PPAR. It is not yet known whether these different transac-
tivation properties reflect the different polarity with which
PPAR:RXR, on the one hand, and RAR:RXR, TR:RXR, and
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VDR:RXR, on the other, bind to their respective response
elements.

E. PPAR-mediated transactivation properties

PPAR-mediated transactivation results from the combi-
nation of PPAR:RXR binding to a PPRE and ligand activation
of this complex. The conformational change of PPAR trig-
gered by ligand binding or by other activation processes,
such as phosphorylation, is believed to generate a confor-
mation with new protein-protein interacting surfaces, that
will allow specific contacts with a coactivator(s). Subse-
quently, this complex transduces regulatory action to the
basal transcriptional machinery (see Fig. 3).

1. Delineation of activation domains in PPARs. The ligand-
dependent activation domain, called AF2, is found in the LBD
and is only transcriptionally active in response to ligand bind-
ing. Sequence alignment and mutation analyses have helped to
locate a potent core activation domain at the very C terminus
of the xPPARa LBD. This region has some amphipathic helix
characteristics and consists of two overlapping motifs, I and II,
containing the core sequence ®XE/DPD (P represents hydro-
phobic residues and X represents residues with long side
chains). Motif II terminates at the last residue of the receptor C
terminus while motif I terminates four residues before the C
terminus. Both motifs are important for PPAR ligand-depen-
dent transcriptional activity, and motif Il might act indirectly by
stabilizing an optimal conformation of motif I (G. Krey, A. Hihi,
and W. Wahli, unpublished data).

While the ligand-mediated activity of PPAR is not affected
by the deletion of its A/B domain, a ligand-independent
activation function AF1 has been defined within this domain,
for both PPARy and PPARa. The PPARy AF1 activity was
assayed in transfection analyses using chimeric transcription
factors fusing the Gal4DBD with the PPARyl or PPAR~y2
A/B domain. While both A/B domains are active, the mP-
PAR7Y2 N terminus, which possesses an extra 30 N-terminal
amino acids, is 5- to 10-fold more potent in transcriptional
activation than the mPPARyl N terminus (124). Interest-
ingly, mutation of the MAP kinase site at serine 82/112
described above precludes phosphorylation of this site and
increases the activity of Gal4-PPARy AF1 (125), suggesting
that phosphorylation at serine 82/112 not only affects ligand
binding affinity as discussed above (101) but also directly
regulates the AF1 activity. Similarly, hPPARY2 with a pro-
line-to-glutamine conversion at position 113 (given as posi-
tion 115 in the original article), when overexpressed in mu-
rine fibroblasts, is defective in serine 112 phosphorylation
and accelerates differentiation of the cells into adipocytes

ligand binding, dimerization, and interaction with SRC-1 are indicated by colored filled boxes, for hPPARy as well as for the other PPARs when
conserved. Residues involved in specific interactions with the carbonyl group, the benzene group, and the sulfur atom of rosiglitazone are
indicated by a black dot, a triangle, and an asterisk, respectively. These data are derived from the x-ray crystal structure of the LBD of the
hPPARYy isotype in a complex containing the ligand rosiglitazone (BRL 49653) and 88 amino acids of human SRC-1 (91). Results obtained from
the crystal structure of the LBD of the hPPARP isotype containing the fatty acid eicosapentaenoic are consistent with those of PPARy (88).
Individual residues for ligand entry and ligand binding to PPARS are indicated by the corresponding colored empty boxes. The dimerization
PPAR:RXR interface is postulated, taking into account the residues conserved in RXR that contribute to the interface of a PPAR:PPAR
homodimer observed in crystal solution (91). The mutations previously characterized and cited in the text are indicated by vertical lines below
the sequence of helix 3, helix 10, and HAF (helix containing the activation function 2 core).
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PPRE TATA

Transcription start site

PPAR:RXR
corepressor
complex

Histone H1

2

Coactivator
acetyltransferase
complex

Acetylation

RNA Pol Il initiation
complex

F1c. 3. Model for transcriptional activation by PPARs. 1, Scheme of a PPAR-responsive promoter presented in a linear form with a PPRE, two
binding sites for transcription factors (white box), the TATA box, and the transcription start site. The same region organized in a repressive
chromatin structure is also shown. A hypothetical PPAR:RXR/corepressor complex, which is not bound to DNA, is activated by a ligand that
results in a dissociation of the corepressors from the ligand-activated PPAR:RXR complex. 2, The activated PPAR:RXR complex binds to the
PPRE producing a change in chromatin structure indicated by histone H1 release. PPRE-bound PPAR:RXR targets a coactivator-acetyltrans-
ferase complex to the promoter. 3, The promoter chromatin at the transcription initiation site region is modified by the coactivator-acetyl-
transferase complex, which acetylates the histone tails (Ac) thereby producing a transcriptionally competent structure. Acetylation of histones
is selectively enriched at the transcription initiation region, involving one to two nucleosomes. 4, Additional transcription factors (e.g., Sp1, NF1)
and the basal transcriptional machinery, including the RNA Pol IT initiation complex, are recruited to the accessible promoter and transcription
is initiated.
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when compared with wild-type PPARY2 (126). Insulin, in
contrast, enhances the transcriptional activity of the PPARy
AF1 (124), as well as induces the activity of the PPARa AF-1
domain (95), suggesting that insulin also induces phosphor-
ylation of PPAR via an alternative site or a mechanism that
may involve posttranslational modification of an auxiliary
factor. No regulated activity of the N-terminal domain of
PPARR has been reported so far.

2. PPAR interaction with cofactors. There is strong evidence for
the crucial inhibitory or stimulatory role played by molecules
that provide a bridge between DNA-bound transcription
factors and the transcription initiation machinery (127, 128).
The nuclear receptor corepressor (N-CoR) and the silencing
mediator for retinoid and thyroid hormone receptor (SMRT)
are corepressor proteins that interact with unliganded nu-
clear receptors, mediating a repressive signal to the promoter
to which the complex binds. Interaction with corepressors
requires the CoR box, a structural motif in the N-terminal
part of the LBD, which has been described in TR and RAR.
PPARY interacts strongly with N-CoR and SMRT in solution
but not when bound to a PPRE as a PPAR:RXR complex (34,
129). In association with the absence of a conserved CoR box
in PPARs (34), these data provide an explanation for the
absence of transcriptional repression by unliganded PPAR
via its response element, in contrast to the repression activity
of unliganded TR and RAR.

The first described nuclear receptor coactivator, steroid
receptor coactivator 1 (SRC-1) (130), can interact with the
PPAR LBD in solution. This interaction is ligand dependent,
and we used this property to develop the CARLA screening
assay (73). Two PPAR binding domains in SRC-1 have been
identified (131). Furthermore, the liganded PPARy LBD has
been cocrystallized with the region of SRC-1 (aa 623-710)
encompassing two LXXLL motifs (where X is any amino
acid), characterized as consensus sequence found in nuclear
receptor-associated factors (132). The x-ray crystal structure
shows that in the presence of the ligand rosiglitazone, the two
LXXLL motifs of a single SRC1°*7'° molecule interact sep-
arately with the AF2 helix (HAF, see Fig. 2B) of each receptor
molecule of a dimer, making a stable ternary complex: two
PPARYy LBDs and one SRC1 molecule (91). In this structure, the
LXXLL helix is oriented by a conserved glutamic acid of HAF
(E471, see Fig. 2B, vertical line) and a conserved lysine in helix
3 (K301) of the LBD, allowing the placement of the LXXLL
coactivator motif into the hydrophobic pocket formed by he-
lices 3,4, 5, and HAF of PPARy (93). Importantly, distinct amino
acids C-terminal to the core LXXLL motif are required for
PPARYy activation in response to different ligands (133). In
agreement with this structure, a site-directed AF2 mutant of
PPAR (E471A) that has lost transcriptional capability also fails
to interact with SRC-1 or CBP (134). Functional assessment of
the importance of SRC-1 in PPAR-mediated transactivation
comes from the overexpression of the nuclear receptor-inter-
acting domain of SRC-1, which inhibits PPAR-dependent trans-
activation, whereas overexpression of the full-length SRC-1 po-
tentiates ligand-dependent transcription by PPARy:RXR (34,
131). In addition, microinjection of SRC-1-directed antibodies
inhibits the TZD-dependent activation of a PPRE reporter gene
in Rat-1 cells, this inhibition being rescued by the coinjection of
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a plasmid expressing the full-length SRC-1 (135). In contrast,
PPARa is still transcriptionally active in SRC-1 knock-out (KO)
mice, suggesting that its activity can also be mediated through
interaction with other nuclear receptor coactivators (136).

Some studies have indicated that liganded PPAR might
preferentially directly interact with CBP or the related pro-
tein p300 (137-139). This preference for CBP compared with
SRC-1 has been confirmed using fluorescence energy transfer
as an approach for quantitating such interactions (134). CBP/
p300s are very large proteins that are essential for the trans-
activation function of many transcription factors including
nuclear receptors (140-142), AP-1 (143), cAMP response el-
ement-binding protein (143, 144), basic helix-loop-helix fac-
tors (145), STATs (146-148), and nuclear factor-«B (NF-kB)
(149). Evidence from gene inactivation in mice and from the
Rubinstein-Taybi syndrome in humans demonstrates that
CBP/p300s are limiting factors (150). Thus, they are viewed
as integrators of multiple signaling pathways, linking mem-
brane receptor signaling and nuclear receptor activation
pathways, as well as being a key limiting factor for which all
the above mentioned pathways must compete. In parallel to
these functional interferences between distinct pathways, the
ability of CBP/p300 to simultaneously make contacts with
more than one transcription factor might explain some syn-
ergy between these factors (127, 151, 152). Clarifying the
specific contacts that PPAR may have with CBP/p300 is thus
of great importance for understanding the molecular mech-
anism of the wide range of PPAR action. The first observa-
tions along this line showed that deletion of the 20 C-terminal
amino acids of PPARa abolished interaction with CBP,
whereas the mutated receptor still binds Wy-14,643, sug-
gesting that like SRC-1, CBP interacts with the activation
function helix of PPAR (137). However, the LBD of the re-
ceptor alone (amino acids 281-468) is not sufficient for a
stable ligand-dependent interaction with CBP, which also
requires the participation of the T box in the D domain
(amino acids 166-179). It is noteworthy that CBP can make
functional interactions with SRC-1 through leucine-rich mo-
tifs in SRC-1 different from those required for interaction
with PPAR. Therefore, it becomes apparent that these motifs
serve several functions that are likely to control receptor- and
ligand-specific coactivator recruitment as well as the assem-
bly of extended complexes required for the transcriptional
induction of receptor target genes.

Schulman et al. (139) explored a complex mammalian hy-
brid system involving fusion proteins to decipher the mo-
lecular mechanism of the PPAR:RXR activation by RXR ago-
nists through interaction with CBP. This study shows that the
activation of the heterodimer through RXR ligand is inde-
pendent of the RXR AF2 activation domain but rather in-
volves a conformational change of RXR, which is propagated
to the unliganded PPAR moiety and leads to a PPAR ligand-
independent interaction of the PPAR AF2 domain with the
cofactor CBP. However, the system used does not take into
account the role of DNA as triggering some specific con-
straints to the PPAR:RXR complex. Using the same approach,
this “phantom ligand effect” was also previously described
for RAR:RXR (153). In contrast to PPAR:RXR, RAR:RXR can-
not be made transcriptionally active by a RXR ligand alone.
Moreover, the RXR AF2 domain is crucial for retinoid sig-
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TaBLE 2. Cofactors interacting with PPARs
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Described interactions with

Other NR

Ref.

PPARs

Coactivator

SRC-1 a, B,y

CBP/p300 a, y

PGC-1 v

PGC-2 y

PBP/TRAP220/DRIP230 a, y

RIP 140 a, 7y (ligand-independent

inhibition of PPAR activity)

ARA70 Y
Corepressor

SMRT y

N-CoR v, a

GR, TR, ER, PR, RXR, RAR, VDR

AR, ER, RAR, VDR, PR, RXR, TR
RAR, ER

ER

TR, RAR, RXR, VDR

TR, RXR, TR2, LXR

AR

TR, RAR, VDR, COUP-TF
TR, COUP-TF, VDR, RAR, Rev-ErbA

(34, 73, 91, 130, 131, 134,
135, 384-386)

(137-142, 387-389)

(155)

(390)

(156-158)

(159, 160, 391)

(392, 393)

(34, 129, 159, 394-396)
(34, 386, 396—400)

Cofactors for which direct contacts with PPARs have been described are listed, together with the interaction of these cofactors with other
nuclear receptors (NR). SRC-1, steroid receptor coactivator 1; CBP, CREB binding protein; P300, E1A-associated factor; PGC, PPARYy coac-
tivator; PBP, PPAR-binding protein; TRAP220, thyroid receptor-associated protein 220; DRIP230, vitamin D receptor interacting protein 230;
RIP140, receptor interaction protein 140; ARA70, AR-associated protein 70; SMRT, silencing mediator for retinoid and thyroid hormone receptor;

N-CoR, nuclear receptor corepressor.

naling since a mouse that bears a deletion mutation of the
RXRa AF2 domain dies around birth with most of the symp-
toms corresponding to vitamin A deficiency (154). Thus, while
the findings described above are of great interest with regard
to the PPAR:RXR mechanism of action, more experiments are
required to integrate them into a physiological context.
Other PPAR interacting proteins, such as PPARYy coacti-
vator 1 (PGC1), PGC2, PPAR-binding protein (PBP)/thyroid
hormone receptor-associated protein 220 (TRAP220), recep-
tor-interacting protein 140 (RIP140), and androgen receptor-
associated protein 70, have recently been cloned (Table 2).
PGC1 is a factor that can interact with PPAR (in a ligand-
independent manner), TR and ER (in a ligand-independent
manner, but with further reinforcement by thyroid hormone
and estrogen, respectively), and RAR (in a ligand-dependent
manner) (155). This factor is of particular interest because of
the strong induction of its expression in muscle and brown
fat upon cold exposure. Cotransfection assays indicate a ma-
jor role of PGC1 in activating a brown fat-specific uncoupling
protein 1 (UCP1)-reporter gene in the presence of PPARYy,
RXRa, and a cocktail of ligands (troglitazone, 8-bromo-
cAMP, and 9-cis-RA) (155). The ubiquitously expressed
PPAR binding protein (PBP) (156), also cloned as the TR-
associated protein TRAP220 (157) and VDR interacting pro-
tein DRIP230 (158), was identified in a double hybrid screen
using the PPARy LBD as bait. In a cotransfection assay, its
overexpression slightly increases PPARYy activation while a
truncated form has a potent dominant negative effect (156).
This suggests that PPAR might also use the large multisub-
unit coactivator complex (DRIPs or TRAPs), which was
shown to be anchored through the ligand-dependent inter-
action of DRIP230/TRAP220/PBP with VDR (158). Interac-
tion of the PPAR LBD with RIP140, initially identified in a
breast cancer cell line, is ligand independent (159). Interac-
tion with the DNA-bound PPAR:RXR only occurs in the
presence of 9-cis-RA and not in the presence of a PPAR ligand
(160), suggesting that RIP140 interacts with the RXR moiety
of the heterodimer rather than with PPAR. In transfection
assays, the SRC1-mediated enhancement of PPARYy activity
is down-regulated by increasing doses of RIP140 expressing

plasmid, suggesting that RIP140 acts as competitor and in-
hibits SRC1 binding to PPAR:RXR (160).

In addition to cofactors, PPARs have been shown to func-
tionally interact with at least one other transcription factor.
For regulation of the acyl-CoA oxidase promoter, PPAR:RXR
exerts its effect through two PPREs in synergy with the
transcription factor Spl via five Spl-binding sites (161).
These and the above observations underscore that PPAR
action at any particular time in the cell will depend on the
availability of several transcription factors and cofactors as
well as on stimuli that can affect the levels or activity of these
transcriptional components.

In response to these interactions, coactivators and core-
pressors alter target promoter activities by a mechanism that
associates chromatin modification—via their intrinsic histone
acetyltransferase or deacetylase activity, respectively, as
demonstrated for CBP/p300 (162-164)-and physical contact
with the transcription initiation machinery (152) (Fig. 3). The
fact that coactivators are shared by different nuclear recep-
tors and other transcription factors may indicate that coac-
tivators serve an important role in cell growth and differ-
entiation as contributors to the selection of specific nuclear
signaling pathways in a spatio-temporal manner. Assessing
which and how a signal or biological situation would trigger
preferential interaction of one or the other nuclear factor with
PPAR is critical for understanding the integration of PPAR-
mediated events in the complexity of the nuclear regulatory
network.

II1. Physiological Aspects
A. Differential expression of PPAR mRNAs

Information on PPAR expression patterns is a first step in
understanding the biological significance of the existence of
different PPAR isotypes and isoforms. PPAR isotypes are
often coexpressed in tissues that are of ectodermal, meso-
dermal, or endodermal embryonic origin, with relative levels
that vary from one cell type to the other. For the sake of clarity,
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the expression patterns will be presented separately for each of
the three PPAR isotypes in Xenopus, rodents, and human.

1. PPARa expression and regulation. In Xenopus, PPAR« is
expressed at moderate levels during oogenesis. The maternal
transcripts persist in the early embryo up to gastrula stages
(15). They are then replaced by zygotic transcripts at tail bud
stage. In the adult, PPAR« is expressed in all tissues that have
been tested, i.e., liver, kidney, muscle, testes, and fat body. In
mouse and rat, PPAR« appears relatively late in develop-
ment (E13.5) in the tissues where it will be expressed in
adulthood. In addition, there is a transient expression of
PPARe in the developping central nervous system and dur-
ing skin maturation (8, 165, 166). In the adult rat, relatively
high levels of PPARa mRNA are detected in brown fat, liver,
kidney, heart, and the mucosa of stomach and duodenum.
Retina, adrenal gland, skeletal muscle, and pancreatic islets
also express significant amounts of PPARa mRNA (167, 168).
In the human, its levels in the liver appear lower than in the
rodent liver (169). In addition, a splice variant lacking exon
6 is found, in addition to the full-length mRNA, in all human
liver samples examined (169). Because of a shift in the open
reading frame, the resulting protein is truncated shortly after
the DBD, but no functional analyses of this short form is
presently available. Other data available in the human in-
dicate that PPAR« is well expressed in heart, kidney, skeletal
muscle, and large intestine (170, 171). In summary, and re-
gardless of the species, the expression of PPAR« correlates
with high mitochondrial and peroxisomal B-oxidation activ-
ities, as exemplified by its high levels in cardiomyocytes and
cells of the kidney proximal tubules, which primarily use
fatty acids as an energy source. Another example is the
enterocytes at the top of the intestinal villi, which carry the
main burden of fatty acid absorption and have a very active
peroxisomal B-oxidation.

In rat liver, PPAR« expression is subject to negative and
positive regulation by insulin and glucocorticoids, respec-
tively (172, 173). Accordingly, PPARa mRNA and protein
levels cycle in parallel with the circadian rhythm of circu-
lating glucocorticoids. Stress situations or fasting, which in-
duce the levels of plasma glucocorticoids, also result in in-
creased synthesis of PPARa in hepatocytes (174, 175). In
contrast, exposure of primary culture of rat hepatocytes to
GH for several days decreases PPARa mRNA levels by 50%.
This suppression of PPAR expression may participate in the
inhibition of peroxisome proliferator-induced peroxisomal
B-oxidation by GH (176). A down-regulation of PPAR« gene
expression was also observed in chronic alcoholic liver dis-
ease in the rat (177). Finally, an up-regulation of PPAR«a by
its own ligands, fibrates, or FFA has been found in the FaO
rat hepatoma cell line and in rat pancreatic islets, but whether
the regulation is transcriptional or posttranscriptional re-
mains to be clarified (178, 179).

2. PPARB expression and regulation. In Xenopus, PPARP also
accumulates early during oogenesis and is expressed in oo-
cytes even at higher levels than PPAR«a (15, 180). These
maternal transcripts slowly disappear in the early embryo up
to gastrula stages to be replaced by zygotic transcripts at the
neurula stage. In the adult Xenopus, PPARB expression is
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ubiquitous, with varying levels in different organs. During
rat development, it is already present at relatively high levels
in embryonic ectoderm and visceral and parietal endoderm
at stage E8.5. The expression shows an important peak in the
neural tube between E13.5 and E18.5, and then remains ubig-
uitous at a lower level throughout the end of development
(165, 166). At the adult stage, PPARR is also abundantly and
ubiquitously expressed, often at higher levels than PPAR«
and PPARY. It also remains the most expressed isotype in the
adult nervous system (165, 166, 181). It is only weakly ex-
pressed in liver, as compared with other tissues such as lung
and kidney (4, 8, 167). Although it is abundant in skeletal and
cardiac muscle, PPARS cannot be detected by in situ hybrid-
ization in smooth muscle cells of the digestive tract. In testis,
its expression is very high in Sertoli cells (167). Interestingly,
its expression is markedly induced in the uterus at the time
of blastocyte implantation and remains abundantly ex-
pressed in the decidua at the postimplantation stage (182). In
humans, PPARR is present at moderate levels in all tissues
tested, with a higher expression in the placenta and the large
intestine (170, 171). So far, very little is known about the
regulation of the PPARB gene. In the ob1771, 3T3-L1, and
3T3-F442A adipose cell lines as well as in the myoblast cell
line C2C12, levels of PPARP transcripts appear to be low in
proliferating cells and are induced upon differentiation (9).

3. PPARy expression and requlation. In contrast to xXPPARa and
xPPARB, xPPARy mRNA is not detected during oogenesis
in Xenopus except for a short transcript that does not encode
a full-length receptor (15, 180). At adult stage, XPPARY has
a relatively restricted expression, with the highest levels
found in the fat body and moderate levels found in kidney
and liver. Similarly, PPARY has a restricted pattern of ex-
pression in adult rodents, white and brown adipose tissues
being the major sites of expression (183). The intestinal mu-
cosa also express high levels of PPARy in the colon and
cecum but less in the small intestine (184-186). Strikingly,
PPARY is abundant in lymphoid tissues such as the spleen
(red and white pulp) and Peyer’s patches in the digestive
tract (167, 168). Finally, PPARyis also expressed at low levels
in the retina and skeletal muscle. In humans, both PPARy1
and 2 are abundant in adipose tissue and are present at low
levels in skeletal muscle. In addition, hPPARY1 is also found
in liver and heart (170, 187). In contrast to rodent, hPPARYy
is detected neither in spleen nor in circulating T lymphocytes,
whereas it is expressed in several transformed human B
lymphocyte and myeloid cell lines, as well as in primary bone
marrow stromal cells in culture (14). Intriguingly, circulating
lymphocytes or polymorphonuclear cells express a short
0.65-kb PPARYy transcript of unknown function, similar to
that found in Xenopus oocytes.

Regulation of the hPPARYy gene has been analyzed in vitro
as well as in vivo. In vitro exposure of isolated human adi-
pocytes to insulin and corticosteroids synergistically induce
PPARy mRNA (187). In contrast, PPARY is down-regulated
by tumor necrosis factor-a (TNFea), which triggers dediffer-
entiation of mature adipocytes in parallel to reducing the
expression of adipocyte-specific genes (188, 189). Since
PPARY plays a key role in adipogenesis and is the receptor
for insulin-sensitizing drugs, regulation of its expression
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with respect to nutrition, obesity, and diabetes has been
studied. In rodents, which produce a high-fat milk, the suck-
ling-weaning transition of the young corresponds to a dra-
matic change in dietary fat. PPARY2 is increased in white
adipose tissue during suckling and the suckling-weaning
transition but rapidly reaches a stable plateau (190). In adult
rats fed by oral gavage for at least 4 days, PPARY is signif-
icantly increased in the adipose tissue of rats receiving high-
fat meals, but not in the animals receiving high-carbohydrate
food (191), whereas 48 h of fasting dramatically reduces the
expression of both PPARYy isoforms in subcutaneous and
visceral adipose tissue (192). In mice, PPARy gene expression
is also regulated by nutrition and obesity. The expression of
both isoforms is down-regulated by fasting and by insulin-
deficient diabetes, whereas exposure to high-fat diet increases
PPARyexpression in adipose tissue of normal mice and induces
PPARY2 expression in the liver of obese mice (193).

PPAR expression was studied in subcutaneous adipose
tissue of 14 lean and 24 obese subjects, revealing that adipose
tissue of obese humans has increased expression of PPARYy2
mRNA, as well as an increased ratio of PPARYy2/v1, in pro-
portion to the body mass index (BMI) (187). In addition, a
low-calorie diet specifically down-regulates the expression
of PPARy2 mRNA in adipose tissue of obese humans. In-
creased PPARY2/+y has also been observed in obese rhesus
monkeys (194). At the same time, a study involving 29 sub-
jects with various degrees of obesity concluded that mRNA
levels of PPARY1 in abdominal subcutaneous adipose tissue
donot correlate with BMI or fasting insulinemia (Ref. 171; see
also Ref. 195). Together these results suggest that, in humans,
PPAR®Y2 but not PPARy1 is involved in the control of adi-
pocyte function. This hypothesis provides a possible molec-
ular mechanism for the alterations in obesity of adipocyte
number and function but will require further large-scale
studies to be validated. Expression of PPARY has also been

TABLE 3. PPAR target genes with identified PPREs
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studied in muscle tissues and cultures from lean subjects,
obese nondiabetic subjects, and patients suffering from type
2 diabetes mellitus. PPARvy (y1 and y2 not distinguished) was
increased in both obese nondiabetic and type 2 diabetes
mellitus patients in direct relation to BMI and fasting insu-
linemia, suggesting that abnormalities of PPARy might be
involved in skeletal muscle insulin resistance linked to obe-
sity and diabetes (196). In addition to these quantitative
analyses of expression levels, mutations in hPPARy have
been studied with respect to obesity and diabetes. A poly-
morphism affecting codon 12 of PPARY2, substituting a pro-
line to an alanine, has been found in several different pop-
ulations, suggesting that it must be of ancient origin (197).
This substitution has been associated with decreased recep-
tor activity, lower BMI, and increased insulin sensitivity in
a study comprising nonobese subjects (198). In contrast, three
independent studies could not demonstrate a clear associa-
tion of this alanine substitution with obesity, fat distribution,
or type 2 diabetes mellitus (199, 200), or with lipoatrophic
diabetes (201). Finally, the prol2ala mutation was found
associated with an increased BMI in two different Caucasian
populations (202). These contradictions emphasize the dif-
ficulty to assess the role of a given mutation in the multi-
factorial and polygenic disorder of obesity. Another muta-
tion, a proline-to-glutamine substitution at position 113 of
PPARY (given as position 115 in the original paper), has been
found in 4 of 212 obese subjects vs. none in 237 subjets of
normal weight. All four subjects with the mutant allele were
markedly obese, with BMI values significantly higher as
compared with the mean in the other obese subjects. In in
vitro assays, this mutation inhibits the phosphorylation of
Ser112, a target of MAP kinase, and increases PPARYy activity
in an adipogenic test (126). Finally, a genome wide screen for
type 2 diabetes mellitus conducted in Mexican-American
affected sib pairs did not reveal any linkage to the D351263

Target genes Gene function References
Acyl-CoA synthase Fatty acid activation (223)
Acyl-CoA oxidase Peroxisomal B-oxidation (15, 23, 29, 401, 402)
Apolipoprotein A-I Blood transport of fatty acid (403)
Apolipoprotein A-IT Blood transport of fatty acid (404)
Apolipoprotein C-IIT Blood transport of fatty acid (23, 405)
aP2 adipocyte lipid binding protein Intracellular fatty acid binding (183)
Bifunctional enzyme (enoyl-CoA hydratase/3-Hydroxy- Peroxisomal B-oxidation (227, 406)
acyl-CoA dehydrogenase)
CPTI carnitine palmitoyl transferase I Entry of fatty acyl into mitochondria (233-235)
Cyp4A1/P450 IV family Microsomal w-oxidation (255)
Cyp4A6/P450 IV family Microsomal w-oxidation (23, 254)
Fatty acid transport protein Fatty acid transport across cell membrane (284)
Lipoprotein lipase Fatty acid release from lipoprotein-bound (283)
triglycerides
Liver fatty acid binding protein Intracellular fatty acid binding (407)
Liver-specific type I sugar transporter Sugar transport (32, 408)
Malic enzyme Fatty acid synthesis/NADPH production (246)
Medium chain acyl-CoA dehydrogenase Mitochondrial B-oxidation (236)
Mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase Ketone body synthesis (237)
Phosphoenolpyruvate carboxykinase Glycerogenesis (adipose tissue) (242)
Scavenger receptor CD36 Uptake of modified LDL in macrophage (344)
Stearoyl-CoA desaturase 1 Desaturation of fatty acyl-CoA (249)
Uncoupling protein 1 (brown adipocyte) Nonshivering thermogenesis (298)

Only genes for which a functional PPRE has been identified are listed, with the corresponding references. The function or pathway in which

these target genes are involved is also indicated.
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acids, FA) in the intestinal mucosa generate the chylomicrons (CHYL), which circulate in the lymph and are delivered to the blood. FA uptake
by muscle cells (energy substrate) and adipocytes (storage in form of TGs) after their release from TG by the extracellular lipoprotein lipase
produces chylomicron remnants (CHYL R.), which are cleared from the blood by the hepatocytes. The fatty acid reesterified in the hepatocytes
are secreted in form of TGs associated with apolipoproteins (ApoLp) in VLDL particles. LDL particles, which are depleted in FA by the action
of lipoprotein lipase but enriched in cholesterol, as well as the HDL particles, which participate in the reverse transfer of cholesterol from
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whose main part is transported in the blood by albumin (FFA.Alb), whereas the hepatocytes produce ketone bodies (KB) as fuel for peripheral
tissues (muscle, brain, kidney). This figure is not comprehensive and is meant as an aid to illustrate the connected pathways controlled by PPARs.

marker, which is within 1.5 Mb from the PPARy gene (203),
whereas evidence for linkage at 3p24.2-p22, i.e., in the vicinity
of RARB and PPARYy genes, was found in obese Pima indians
(204). In conclusion, because obesity and diabetes are mul-
tifactorial and polygenic diseases, very large-scale studies
and/or linkage analyses will be necessary to ascertain the
impact of a given mutation with respect to these phenotypes.

B. PPAR target genes and functions in fatty acid
metabolism

The first major insights into PPAR biology came from the
demonstration of PPARa-mediated control of liver peroxi-
somal B-oxidation (15, 29) and of the role of PPARYy in ad-
ipogenesis (183). Thus, the search and identification of PPAR
target genes (Table 3) have been mainly concentrated on

hepatocytes and adipocytes, which both play a key role in
systemic lipid metabolism, and indeed indicate that PPARs
exert a general regulatory effect on lipid homeostasis. How-
ever, many other aspects of PPAR physiological roles, often
linked to lipid-specific functions, are currently being un-
veiled and will be discussed in the following chapters. As an
aid in placing PPAR-specific action in a broader physiolog-
ical context, we propose a short and necessarily simplified
summary of the pathways of interest.

Fat in mammals can be endogenously synthesized, using
lipids, carbohydrates, or amino acids. However, the main
source of fat in mammals is their direct absorption from the
diet (Fig. 4). Upon absorption from the gut lumen by the
intestinal villi cells, which requires triglyceride hydrolysis in
the lumen and reesterification in epithelial cells, lipids are
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delivered to the general circulation via the lymph as chylo-
microns, which are mainly composed of triglycerides, cho-
lesterol, and lipoproteins. An extracellular enzyme, the li-
poprotein lipase, located at the surface of vascular
endothelial cells, hydrolyzes the triglyceride component of
the chylomicrons, thereby delivering fatty acids to target
cells. Chylomicron remnants, which are enriched in choles-
terol, then enter hepatocytes by endocytosis or after hydro-
lysis by the hepatic lipase. Other fatty acids present in the
bloodstream are nonesterified and mainly carried by serum
albumin. For most of them, they originate from the adipose
tissue where they are released upon lipolytic stimulation,
such as that provoked by catecholamines or glucagon. The
fate of fatty acids in the liver is dependent on the energy
status of the organism. The reesterification pathway, leading
to triglyceride release into the systemic circulation in the
form of very low density lipoproteins (VLDL), is quantita-
tively predominant in any case but particularly favored
when energy fuels (carbohydrate and fatty acids) are abun-
dant. The fatty acid content of VLDL is mainly taken up by
adipose tissue for storage. Conversely, when plasma fatty
acid levels are high and carbohydrates low, the oxidative
pathway leads to the production and secretion of ketone
bodies that serve as lipid-derived fuel for brain, muscle,
kidney, and other peripheral tissues during exercise, star-
vation, or energy metabolism-related diseases (e.g., in the
case of the relative or absolute insulin deficiency in diabetes).
Thus, the liver is able to regulate the levels of the three forms
of circulating “fat,” i.e., nonesterified fatty acids, triglycer-
ides, and ketone bodies, by modulating the relative rates of
fatty acid uptake, esterification into triglycerides, and oxi-
dation, respectively. The adipose tissue is another site of
important regulatory pathways and hormonal cross-talk that
actively contributes to lipid metabolism homeostasis. Several
PPAR target genes that are involved in these pathways, from
the intestinal villi to the adipocyte, have been identified and
together with the preferential expression of PPAR« in the
liver and PPARY in the adipose tissue, they provide a firm
basis for understanding the physiological roles of PPAR with
respect to lipid metabolism and energy homeostasis, as we
will now examine.

With reference to the general display of Fig. 4, PPAR
functions and target genes in lipid metabolism and energy
homeostasis will be presented in the four following sections:
1) PPARs in the digestive tract; 2) PPAR, circulating lipopro-
teins, and cholesterol metabolism; 3) the pleiotropic role of
PPARa in the liver; and 4) PPARYy and adipogenesis. Since
relatively little is known concerning specific functions of
PPAR in muscle, no distinct chapter is devoted to the subject.

1. PPARs in the digestive tract. Triglycerides and phospholip-
ids from the diet are mainly absorbed in the duodenum and
jejunum, while cholesterol is mainly absorbed in the ileum.
In these intestinal regions, the high PPAR« and PPAR ex-
pression correlates with the expression of the enterocytic
fatty acid binding protein (FABPs) genes, the I-FABP and
L-FABP, and of the cellular retinol binding protein genes
(205, 206). A strong positive regulation of the L-FABP gene
occurs upon dietary intake of long-chain fatty acids or direct
ileal infusion of linoleic acid or a-bromopalmitate, which are
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PPARwa and PPARR ligands, whereas I-FABP was unaffected
(167, 206, 207). A clofibrate-enriched diet also induces L-
FABP gene expression (208) and further suggests a relation-
ship between PPAR and FABP expression in the gut. Another
putative target gene is that of the fatty acid translocase (FAT)
which has been proposed to facilitate the transport of long-
chain fatty acids into the enterocyte. It is related to the dock-
ing receptor CD36, and its expression pattern and regulation
of expression closely resemble that of FABP in the small
intestine (209). Other genes involved in the transformation of
long-chain fatty acids into triglycerides and their incorpo-
ration into chylomicrons or VLDL particles, such as those
coding for the acyl-CoA synthase (ACS) or for the apoli-
poproteins, are also PPAR target genes, as will be discussed
later. Specific functions for PPAR in the colon, in which the
three isotypes are expressed, have yet to be defined. Using
an antibody directed against the LBD of PPAR« but which
cross-reacts with PPARy, Mansen et al. (184) showed an
increasing gradient of PPAR expression from the crypt to the
top of the colon villi, which suggests a role of PPAR in fatty
acid absorption. The precise localization of the PPARY iso-
type, cryptic or at the top of the villi, remains under debate
and raises questions about the link between PPARY, cell
proliferation, and cell maturation in the intestinal mucosa
(see also Section III.F) (185, 186).

2. PPAR, circulating lipoproteins, and cholesterol metabolism.
Cholesterol is an essential component of cell membranes and
is the molecule from which steroids are synthesized and
which serves as precursor for bile acid synthesis. The main
source of cholesterol is the diet. If this supply is insufficient,
then cholesterol synthesis is induced mainly in liver cells but
also in many other cells. Two transcription factors are cur-
rently known to have a strong impact on intracellular cho-
lesterol metabolism: SREBP (1) and LXR« (3). Little is known
about the putative role of the different PPAR isotypes with
respect to regulation of cholesterol, except that cellular cho-
lesterol levels in preadipocyte influence PPARYy expression
(see Ref. 274). This effect is mediated by adipocyte determi-
nation and differentiation factor 1 (ADD1)/SREBP1, which is
preferentially involved in fatty acid synthesis, whereas
SREBP2 plays a role in intracellular cholesterol metabolism.
Such functional interactions between transcription factors
suggest interconnected regulations of cholesterol and fatty
acid metabolism.

In addition to intracellular cholesterol metabolism, the
regulation of circulating cholesterol levels has a high phys-
iopathological relevance since, qualitatively and quantita-
tively, it is a risk factor for atherosclerosis and its associated
diseases. The cholesterol-enriched low density lipoprotein
(LDL) particles are formed by release of the triglyceride
content of VLDL via the action of lipoprotein lipase (LPL)
(see Fig. 4). The released fatty acids are either stored in the
adipose tissue or oxidized to generate ATP in different tis-
sues, especially muscle. High density lipoprotein (HDL), in
contrast to LDL, is considered as a “good” cholesterol-con-
taining lipoprotein particle as it has a protective effect on
atherosclerosis development. Indeed, it is instrumental in
removing excess cholesterol from extrahepatic cells and in
transporting it to the liver and steroidogenic organs, where
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it is taken up via the scavenger receptor BI (210). The role of
PPARs in this general picture is reflected by the therapeutic
benefits of fibrates, which are the first efficient lipid-lowering
drugs to be used. Fibrate treatment both enhances catabolism
of triglyceride-rich particles and reduces VLDL production.
Furthermore, it stimulates HDL apolipoprotein expression
(211). One other important mechanism of the fibrate lipid-
lowering effect is believed to be an increased LPL activity
through PPAR-mediated activation of LPL gene expression.
LDL and HDL blood levels also depend in part on the syn-
thesis, mainly by the liver, of the apolipoproteins required for
their assembly. Several of these apolipoproteins are regu-
lated by fibrates via PPARs. Fibrates down-regulate the pro-
duction of apoClIII (117), an atherogenic component of apoB-
containing lipoproteins, which inhibits LPL activity and
impairs the uptake by the liver of triglyceride-rich lipopro-
teins. Direct support for these apoClIII effects is provided by
transgenic animal studies showing a correlation between
liver apoClIII expression and plasma triglyceride levels (212).
Consequently, down-regulation of hepatic apoCIII produc-
tion by PPAR«a appears to be beneficial since lipolysis of
VLDL particles is increased and the resulting LDL is effi-
ciently removed from the plasma. In humans, apolipoprotein
Al and AIl, which are the major HDL apolipoproteins, are
up-regulated by PPAR through transcriptional control, while
ApoAl expression is down-regulated in rodents. Consis-
tently, a PPRE was identified in the human ApoAl promoter,
whereas there is no PPRE in the rat promoter. In the latter,
the fibrate-dependent repression is mediated by the nuclear
receptor Rev-erba, which binds to a negative element and
whose gene is a fibrate target gene (213). The PPRE of the
human ApoAl and ApoAll promoters can also be occupied
by RXR homodimers or by other transcription factors such as
ARP1, HNF4, EAR?2, or EARS, resulting in a complex and, so
far, unclear pattern of regulation (214-216). Finally, apoli-
poprotein B secretion as well as VLDL production are in-
hibited by peroxisome proliferators by mechanisms not yet
characterized (217). Importantly, all of the above-mentioned
apolipoprotein genes (i.e., apoClIIl, apoB, apoAl, and apoAll)
and the apoAlIV gene were previously shown to be regulated
by HNF4 (Ref. 218 and references therein). This raises the
general question of interference between PPAR and HNF4
signaling, more specifically as to whether other known HNF4
target genes, such as the human coagulation factors VII, IX,
and X (Ref. 218 and references therein) or the liver-enriched
transcription factor HNF1 (219), are also regulated by PPAR.

One difficulty in interpreting these observations comes
from the fact that the various fibrates, although primarily
activating PPARa, may also have effects on the two other
isotypes, most likely resulting in a broad spectrum of
related but distinct activities. Finding better isotype-spe-
cific ligands might increase control over biological effects
but, paradoxically, by being more selective, these ligands
may also reduce the efficiency in treating complex disor-
ders such as dyslipidemia. In this context, it will be of
major interest to understand the mechanism by which a
PPAR-specific ligand can increase the level of HDL, as
reported recently (220).
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3. Pleiotropic roles of PPAR« in the liver.

Regardless of the fate of fatty acids in the liver, two first
steps — fatty acid transport across the cell membrane and
activation into an acyl-CoA — are required for further pro-
cessing of the fatty acids. These two steps are facilitated
through the induction of a fatty acid transporter protein
(FATP) and FAT by ligand-activated PPAR« (221, 222) as
well as by the up-regulation at the transcriptional level of the
long-chain fatty acid ACS gene (223). Formation of fatty
acyl-CoA by ACS precedes either their incorporation into
triglycerides (the anabolic pathway) or their oxidation (the
catabolic pathway) by two major pathways: peroxisomal
B-oxidation and mitochondrial B-oxidation. For each of these
pathways, the expression of some key enzymes is up-regu-
lated by PPARa.

a. PPAR« and peroxisomal B-oxidation: Peroxisome prolif-
eration, which can be triggered in rodents but not in humans,
corresponds to an increase in the volume density of peroxi-
somes and of the peroxisomal fatty acid B-oxidation activity.
This activity is inducible by signals such as exposure to cold,
high-fat diet, and thyroid hormone, but also by a wide va-
riety of compounds collectively called peroxisome prolifera-
tors thatincludes certain hypolipidemic drugs (224). As men-
tioned above, the name of these receptors is derived from the
first discovered PPAR« activators, which belonged to this
class of compounds (5). The fact that PPARa KO mice cease
to exhibit peroxisome proliferation upon exposure to the
classic peroxisome proliferators, clofibrate and Wy-14,643,
demonstrate that PPAR« is indeed the main mediator of the
pleiotropic actions of this class of compounds (225). Accord-
ingly, the first PPAR target genes that have been character-
ized encode peroxisomal enzymes, more specifically the en-
zymes of the B-oxidation pathway. The genes encoding acyl-
CoA oxidase (ACO), which is the rate-limiting enzyme in the
pathway, enoyl-CoA hydratase/dehydrogenase multifunc-
tional enzyme (HD), and keto-acyl-CoA thiolase are direct
targets of PPAR« (15, 29, 226, 227). In contrast, neither the
catalase gene nor the urate oxidase gene, which control the
disposal of the H,O, produced by fatty acid oxidation, ap-
pears to be directly regulated by PPAR«. Peroxisomes also
contain enzymes participating in cholesterol and dolichol
synthesis, and in the oxidative degradation of polyamines,
purines, and p-amino acids. A direct role of PPAR in these
pathways has not been reported.

What is the physiological role of PPAR« as a mediator of
peroxisomal proliferation? With respect to energy homeosta-
sis, peroxisomal B-oxidation is not directly coupled to an
electron transport chain and oxidative phosphorylation.
Therefore, the energy released in the first oxidation step
(H,O, production) is lost as heat, and the energy released in
the second step is conserved in the form of the high-energy
level electrons of NADH (228). Peroxisomal p-oxidation ap-
pears to be mainly a chain-shortening mechanism of the very
long-chain fatty acids (>C20), which predominantly come
from the diet and are prevented from entering mitochondria.
After a few rounds of peroxisomal B-oxidation, which re-
moves two carbons at each round in the form of an acetyl-
CoA molecule, the shortened chain can then be further de-
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graded to completion in the mitochondrion. The acetyl units
(2-carbons), which are generated by the peroxisomal path-
way, can be converted to acetylcarnitine, acetate, and ace-
toacetyl-CoA. Alternatively, they can be used by the fatty
acid chain elongation system or serve other biosynthetic
purposes in the cytosol (e.g., sterol synthesis) illustrating the
substantial role of peroxisomes in fatty acid recycling (228,
229). Moreover, an isotopomer analysis in HepG2 cells dem-
onstrated that peroxisomal fatty acid chain shortening in-
duced by a PPAR ligand (troglitazone) might also be im-
portant for the shortening of saturated fatty acids and might
contribute to membrane lipid synthesis (230). Finally, per-
oxisomal B-oxidation also oxidizes other substrates, such as
some eicosanoids and xenobiotics, which are then excreted
in the urine as metabolites (228). Thus, PPAR«, by stimu-
lating peroxisomal B-oxidation, on the one hand, helps in
furnishing fatty acid substrates that can enter the mitochon-
drion or be used in membrane synthesis and, on the other
hand, contributes to the detoxification of endogenous and
exogenous active molecules, some of which may be PPAR
ligands.
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b. PPARa and mitochondrial B-oxidation: Mitochondrial
B-oxidation greatly contributes to energy production via ox-
idative phosphorylation generating ATP. The role of PPAR«
in energy homeostasis is linked to the extent with which
PPARa regulates this pathway. As far as energy conservation
is concerned, mitochondrial B-oxidation is approximately
twice as efficient as peroxisomal B-oxidation. The first lim-
iting step in mitochondrial B-oxidation is the entry flux of
fatty acids into the mitochondria, which is controlled by a
carnitine-dependent facilitated transport system. This con-
trol is not only quantitative but also qualitative since it ex-
cludes the very-long-chain fatty acids (C > 20). One of its
critical components, the carnitine palmitoyl transferase I
(CPT 1), catalyzes the formation of fatty acyl carnitine for
translocation across the inner mitochondrial membrane. This
enzyme is strongly induced by peroxisome proliferators and
fatty acids (231, 232), and a functional PPRE has been char-
acterized in the promoter sequence of the muscle-type CPT
I gene (233-235). PPAR« further regulates the mitochondrial
B-oxidative spiral by modulating the expression of the me-
dium-chain acyl-CoA dehydrogenase (MCAD) gene (236).
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The acetyl-CoA unit produced at each cycle of fatty acid
B-oxidation in mitochondria has three possible fates (Fig. 5):
1) acetyl-CoA condenses with oxaloacetate, normally pro-
vided by the glycolytic pathway via pyruvate, to form citrate,
which can enter the citric acid cycle for complete oxidation
to CO, and ATP generation; 2) alternatively, the citrate re-
sulting from the condensation of acetyl-CoA with oxaloac-
etate is exported into the cytosol for the synthesis of fatty
acids or other purposes; 3) if oxaloacetate is low or unavail-
able because of its use in gluconeogenesis, as seen during
fasting or in diabetes, a major portion of the acetyl-CoA is
converted to ketone bodies, mainly acetoacetate and 3-hy-
droxybutyrate. These molecules serve as important energetic
substrates for extrahepatic tissues such as skeletal muscle,
heart, kidney cortex, and the brain for which it is the only
non-glucose-derived source of energy. The mitochondrial
hydroxymethylglutaryl-CoA synthase (mHMG-CoAS) is the
main enzyme involved in ketone body formation and is
directly controlled by PPARa (237). Surprisingly, the
mHMG-CoAS protein can interact with PPAR« in vitro via a
LXXLL motif also used by coactivators for interaction with
the receptors (see Section II.E.2). In vivo, in the presence of
PPARa, mHMG-Co0AS is translocated into the nucleus and
potentiates PPARa-dependent transcription activation of the
mHMG-CoAS gene specifically via the HMG-CoAS PPRE.
These interesting findings reveal a novel mechanism
whereby the product of a PPAR« target gene, which func-
tions as a ketogenic enzyme in mitochondria, also specifically
autoregulate its own nuclear transcription by modulating the
activity of PPAR« (238).

PPARa KO mice are very informative about the respective
importance of PPAR in peroxisomal vs. mitochondrial B-ox-
idation. A first characterization of these animals showed that
both pathways are no more responsive to Wy-14,643 stim-
ulation (225). Further analyses revealed that the basal ex-
pression of seven mitochondrial enzymes in the liver, in-
cluding very-long-chain acyl-CoA dehydrogenase, long
chain acyl-CoA dehydrogenase, long chain acyl-CoA syn-
thetase, and short chain-specific 3-ketoacyl-CoA thiolase, are
lower in PPARa KO mice vs. wild-type animals (239). This
latter study underlines the importance of PPAR«a for the
constitutive level of mitochondrial B-oxidation. In contrast,
the basal expression level of peroxisomal genes is not af-
fected by functional neutralization of the PPAR« gene. How-
ever, and as a general note of caution, one must be aware that
it is difficult to rule out that the adult “metabolic” pheno-
types observed actually reflect a possible effect on liver de-
velopment of the deletion of the PPAR«a gene.

c. PPAR« and adaptation to fasting and stress: Fasting and
stress represent typical situations in which coordination in
the liver of PPAR«a expression and its activation results in an
enhanced breakdown of fatty acid into energy-rich units. In
such situations, lipolytic stimulation in the adipose tissue
increases the plasma levels of nonesterified fatty acids,
whose rapid uptake by the liver increases the intracellular
concentration of these PPARa activators. Concurrently,
PPARa expression is directly stimulated by elevated circu-
lating glucocorticoid levels (173, 174), while levels of insulin,
which counteracts many effects of glucocorticoids, are de-
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creased (172). Fasting is also associated with a rapid deple-
tion of the glycogen stores and an increased rate of glucone-
ogenesis. PPARa null mice have low glycogen stores and,
upon fasting, they exhibit a severe hypoglycemia and hy-
pothermia (240). These manifestations are accompanied by
an enhanced lipid accumulation in the liver and no increase
in ketone body production, suggesting a dramatic impair-
ment of fatty acid oxidation (240, 241). Another link between
PPARa and gluconeogenesis is revealed by treatment of
wild-type and KO mice with etomoxir, an agent that blocks
CPT I activity. This treatment provokes a lethal hypoglyce-
mia in the PPARa KO mice. In contrast, wild-type animals
tolerate etomoxir treatment and respond by a strong up-
regulation of known PPAR target genes (ACO, CYP4Al,
CYP4A3, and MCAD). The hypothesis, consistent with the
above-mentioned observations, is that PPAR«a KO mice suf-
fer from both a depletion of glycogen stores and diminished
gluconeogenesis, due to a low acetyl-CoA /long-chain acyl-
CoA ratio that inhibits pyruvate carboxylase, a rate-limiting
enzyme in hepatic gluconeogenesis. In concert, there is a
marked triglyceride accumulation in liver and heart of the
dead mice. Another key regulatory enzyme of gluconeogen-
esis in the liver is PEPCK. The promoter of its gene contains
a functional PPRE (242) and therefore might be stimulated by
PPARw in liver. However, this response element is located in
the distal enhancer region of the promoter, which has been
shown to be involved mainly in adipocyte-regulated PEPCK
expression, and there is no alteration of the PEPCK gene
expression in the liver in PPARa KO mice (240).

Intriguingly, survival of PPARa KO mice treated with
etomoxir presents a strong sexual dimorphism as 75% of
PPARa KO females or estradiol-pretreated males survive vs.
no survival of PPARa KO males. The pathway and mecha-
nism of this estrogen-dependent rescue are not yet under-
stood (243). A remarkable sexual dimorphism of the PPAR«
KO mice was also observed when they were identified as a
model of monogenic, late-onset obesity (244). Females de-
velop a more pronounced obesity than males which, in turn,
present a marked steatosis in liver associated with the de-
layed occurrence of obesity. These observations link PPAR«
with a sexual dimorphic control of circulating lipids, fat
turnover, and obesity. Another sexual dimorphism that af-
fects the activity of PPARYy is the estrogen-induced peroxi-
some proliferation in the duck uropygial gland, the function
of which is to produce 3-hydroxy fatty acid esters that serve
as female pheromones during the mating season (245). Ex-
pression of PPARYy1 is high in this organ, and estrogen in-
duces the formation of a PGD2 metabolite similar to A'*-
PG]J2, able to activate the receptor. These findings raise the
possibility that in this tissue, PPARy might be responsible for
peroxisome proliferation. While the extent of sexual dimor-
phism, particularly that of the PPARa KO mice, might de-
pend on the genetic background or other poorly controlled
parameters, these observations certainly invite further in-
vestigations of the cross-talk or interference between ER and
PPAR signaling.

d. PPAR« and liver fatty acid synthesis: The idea of PPAR«
being involved in fatty acid synthesis stems from the dem-
onstration that the lipogenic malic enzyme gene is up-reg-
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ulated by peroxisome proliferators via PPARa through a
well-characterized PPRE (31, 246). Moreover, basal expres-
sion of this gene in the liver is lowered in PPARa KO mice
(239). The reaction catalyzed by malic enzyme consists of the
oxidative decarboxylation of cytosolic malate, which gener-
ates pyruvate and leads to the formation of NADPH, re-
quired for lipid synthesis (Fig. 5). However, the role of
PPARa with respect to fatty acid synthesis in the liver ap-
pears complex since other important lipogenic genes are
down-regulated by polyunsaturated fatty acids (PUFAs) and
insensitive to other PPAR« activators (247, 248). This raises
two questions. 1) Does the up-regulation of the malic enzyme
gene truly indicate a role of PPARe in fatty acid synthesis?;
and 2) Are the regulatory events triggered by PUFAs me-
diated by PPAR? In an attempt to answer the first question,
three hypotheses can be discussed. The activation of both
catabolism and anabolism of the same molecules, e.g., fatty
acids, would correspond to a futile cycle wasting energy and
generating heat. This cycle cannot be much used since ma-
lonyl-CoA, which is the first and committed product in fatty
acid synthesis, is an inhibitor of the CPT I enzyme, thereby
inhibiting mitochondrial fatty acid oxidation (Fig. 5). Thus,
from this network of regulation, it appears unlikely that the
PPARa-mediated activation of the malic enzyme gene in the
liver is dedicated to lipid synthesis. Alternatively, NADPH
is not only required for fatty acid synthesis but is also in-
volved in many reductive biosynthetic pathways. A first
example is that of the liver cytosolic enzyme stearoyl-CoA
desaturase 1 (SCD-1), which catalyzes A°-cis desaturation of
saturated fatty acyl-CoA substrates and requires NADPH as
the second substrate for oxidation. This desaturation in-
creases the ratio of oleic acid vs. stearic acid in membrane
phospholipids and thus modifies the membrane fluidity. It
has also been associated with a facilitation of fatty acid in-
corporation into VLDL particles. This gene is itself up-reg-
ulated by PPAR«a and peroxisome proliferators (249). Other
examples of NADPH-dependent reactions are those cata-
lyzed by mixed-function oxygenases (cytochrome oxidases).
Whereas much of the NADPH required for these pathways
is provided through the pentose phosphate pathway, the
transfer of reducing equivalents from the mitochondria to the
cytosol, by means of the malic enzyme shuttle, was previ-
ously suggested as being important for monooxygenase
functions (250). This is consistent with the role of PPAR« and
fibrates in inducing some of these monooxygenase activities
(see below). Finally, one might consider that the activation of
the malic enzyme gene increases the amount of pyruvate,
which is one major metabolic junction linking glucose, amino
acids, and lipid metabolism (Fig. 5).

The second question concerns the mechanisms of action of
PUFAs. In most cases, up-regulation of PUFA target genes
has been convincingly demonstrated as occurring through
PPARa and is reproduced when using characterized PPAR«a
ligands other than PUFAs. In contrast, the PUFA-dependent
down-regulation of the Spotl4 gene (whose function is
unknown) as well as that of the fatty acid synthase (FAS)
gene are not observed when using these other PPAR« li-
gands, suggesting the existence of an alternative mechanism
of action for PUFAs (248). The SCD-1 gene mentioned above
also is up-regulated by fibrates but down-regulated by
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PUFAs (249). The malic enzyme gene itself is down-regu-
lated by high-fat diet, although the molecular mechanism has
not yet been elucidated. The existence of distinct pathways
for PUFA/PPARa-dependent up-regulation and PUFA-in-
duced down-regulation of target genes is further substanti-
ated in PPARa KO mice where PUFAs cannot up-regulate
the PPAR« target gene ACO as expected, whereas they con-
tinue to down-regulate FAS and Spotl4 gene expression,
demonstrating that this down-regulation is PPAR« indepen-
dent (251). The involvement of the nuclear receptor HNF-4«
in this PUFA-induced down-regulation has been proposed
and is supported by the fact that competition occurs between
PPAR« and HNF-4 for binding to the same response element,
as previously mentioned. Moreover, fatty acyl-CoA ligands
can modulate the activity of HNF-4« by either activating or
suppressing its action as transcription factor, depending on
the chain length and degree of saturation (252). Thus, it is
possible that HNF-4« is the factor mediating the PUFA-
dependent down-regulation of lipogenic enzymes.

e. PPARa and microsomal w-oxidation: The cytochrome mon-
oxygenase system plays a central role in the oxidation of a
wide variety of endogenous as well as exogenous com-
pounds. The CYP4A enzymes participate in this system as a
distinct group of the cytochrome P450 superfamily. They
catalyze the w-hydroxylation of fatty acids and eicosanoids
and are induced by fibrates and other peroxisome prolifera-
tors in liver and kidney. w-Hydroxylation is, for example, the
first step in the neutralization of LTB4, a PPAR« ligand,
which is then completely degraded through B-oxidation in
the peroxisomes (253). At least two of the CYP4A genes,
CYP4A1 and CYP4A6, contain a functional PPRE in their
promoter sequence and indeed respond in vivo and in cell
culture to PPAR« activators (23, 254, 255). By comparing
PPARa-deficient and wild-type mice, it was shown that in-
sulin-dependent diabetes and starvation result in a strong
induction of the hepatic CYP4A genes and other lipid-me-
tabolizing enzymes, such as ACO, through activation of
PPARa (256). Three main conclusions can be drawn from all
these observations: 1) PPAR« can provide a negative feed-
back on the intracellular levels of an endogenous ligand (65);
2) a pathophysiological state can induce cellular changes that
lead to the activation of PPAR« (256); and 3) PPAR«a may
have an important role in the detoxification of some xeno-
biotics. A better assessment of these PPAR detoxification
functions is of great importance in the perspective of phar-
macological and therapeutic applications.

4. PPARYy and adipogenesis.

a. PPAR and the adipocyte differentiation program: The first
striking specific characteristic of PPARYy, when it was dis-
covered, was its high expression levels in adipose tissue (15).
A direct role of PPARYy in adipogenesis was then suggested
by the fact that whereas preadipocyte cell lines, including
3T3-L1 and 3T3 F442A cells, express only trace amounts of
PPARY, the appearance of PPARy during adipocyte differ-
entiation precedes that of several markers of late differenti-
ation, such as aP2, PEPCK, and CAAT/enhancer binding
protein (C/EBPa) (183, 257). Moreover, PPAR activators
such as Wy-14,643, ETYA, and TZDs, were able to promote
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the conversion of preadipocytes into adipocytes (62, 258 -
260). Additional strong evidence for the adipogenic role of
PPARYy came from its forced expression in NIH-3T3 fibro-
blasts which, in the presence of various activators (ETYA,
clofibrate, LY 171883, and linolenic acid), underwent adipose
differentiation and accumulated lipids (257). A similar adi-
pogenic effect of PPARy was observed in several fibroblastic
cell lines (NIH-3T3, BALB/c-3T3, Swiss-3T3), whereas high
PPARYy expression is found in lipid-laden lung fibroblasts
(261).

The C/EBP family of transcription factors is also involved
in the control of the adipocyte differentiation program (262).
The expression of the three C/EBP isotypes, «, B, and §,
follows a specific pattern along the adipose differentiation
process. A first transient increase of C/EBPB and & expres-
sion is followed by the onset of C/EBPa expression during
the late phase. In this cascade, the appearance of PPARy
seems to intercalate between the C/EBPB/6 and C/EBP«
waves (183, 263). Indeed, C/EBPS expression together with
dexamethasone treatment lead to induced PPARy expression
and, consistently, C/EBP binding sites have been found in
the PPARY2 promoter sequence (264). At the time point of
strong PPARvy expression in differentiating cells, addition of
a PPARY activator triggers lipid accumulation (263) as well
as C/EBPa expression, both PPARy and C/EBPa being re-
quired for establishment of insulin-sensitive glucose trans-
port (265). Further evidence for the involvement of C/EBPf
in early steps of this cascade comes from a recent study of the
TLS-CHOP oncoprotein, which is a fusion translocation li-
posarcoma-C/EBP homologous protein, found specifically
in a malignant tumor of adipose tissue. TLS-CHOP forms
heterodimers that cannot bind DNA with C/EBP. There-
fore, C/EBP function is inhibited and adipose differentia-
tion is blocked, but overexpression of PPARYy2 can overcome
this blockage in tumor cells (266). In agreement with the role
of C/EBPa as end point in the adipogenic program, C/EBPa
KO mice have severe reduction of brown fat and white fat
mass (267). However, a single linear cascade of events is not
sufficient to explain adipogenesis since mice that are null
allele mutants for both C/EBPB and C/EBP$ exhibit an ap-
parent normal expression of C/EBPa and PPARY but have
impaired adipogenesis (268). Inhibition of all three C/EBPs
by overexpression of a dominant-negative protein A-ZIP/
F-1 also results in normal PPARYy expression but no fat de-
velopment (269). Conversely, optimal differentiation re-
quires a combination of factors as seen, for example, during
the adipocyte conversion of 3T3 fibroblasts in which
C/EBPB, C/EBPS§, and dexamethasone are necessary to in-
duce PPARY expression. A sustained expression of C/EBPS
seems also to be important for full PPARYy activity (270).

Transcription factors involved in adipogenesis also com-
prise the sterol regulatory element binding proteins
(SREBPs). SREBP-1a and -1c are not absolutely required for
fatty acid synthesis and adipogenesis but rather act as aux-
iliary regulators (1). SREBP-1c, first identified as an adipo-
cyte differentiation and determination factor called ADD1
(271), is induced early in adipose differentiation of mouse
3T3-L1 preadipocytes. Since conditioned medium from cells
transfected with ADD1/SREBP contains an unidentified ac-
tivator(s) for PPARY (272), terminal adipocyte differentiation
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may result from an SREBP-induced production of this ligand,
possibly a lipid. In contrast, overexpression of the nuclear
form of SREBPIc in the adipose tissue of transgenic mice
lowers PPARYy expression as well as that of other markers of
adipocyte differentiation, generating a model of fat-deprived
mice (273). This apparent paradox might reflect the impor-
tance of the timely schedule of SREBP1c gene activation in
the adipocyte differentiation program. The other SREBP iso-
type, SREBP-2, is essential in regulating cholesterol metab-
olism. A response element to which SREBP binds has been
characterized in the PPARYy3 promoter, and cholesterol de-
pletion stimulated this promoter (274). This induction of
PPARvy expression by cholesterol depletion may explain why
agents reducing circulating cholesterol, such as the HMG-
CoA reductase inhibitors, also lower triglyceride levels.

Growth factors and insulin also regulate adipogenesis;
PDGEF, EGF, and fibroblast growth factor (FGF) inhibit adi-
pocyte conversion and, as already mentioned (Sections I1.D.1
and IL.E.1), this effect correlates with a phosphorylation of
serine 82 and 112 in the N-terminal domain of PPARYyl and
PPARY2, respectively, and with an inhibition of PPARy tran-
scriptional activity (97, 98). In contrast, insulin and insulin-
like growth factor induce adipocyte differentiation and en-
hance transcriptional activity of PPARvy via a mechanism that
needs to be elucidated. Werman et al. (124) speculate about
the respective roles of the ligand-independent and ligand-
dependent PPARy domains (AF-1 vs. AF-2) under varying
physiological and metabolic conditions to which adipocytes
or cells expressing PPARvy are exposed. In the presence of
high amounts of PPARY ligand, adipocyte differentiation
would be favored by the PPARy-induced growth arrest and
stimulation of specific adipocyte genes via the ligand-
dependent AF-2 domain. When ligand is rare, growth factor-
controlled PPARY activity would regulate genes needed for
basal adipocyte homeostasis via the ligand-independent
AF-1 domain of the receptor.

In addition to PPARvy, PPARR is also expressed at signif-
icant but lower levels in adipocytes. In 0b1771 cells, its ex-
pression is activated shortly before the cells reach confluence
and start to undergo phenotypic changes linked to differ-
entiation. PPARB was thus proposed as being an early ini-
tiator of the differentiation program (9). To compare the
adipogenic potential of the three PPAR isotypes, their forced
expression in fibroblasts followed by exposure to their re-
spective ligands was performed. PPARYy has the best adipo-
genic impact and was the only isotype to be able to cooperate
with C/EBPa. PPAR« also was able to trigger a certain level
of adipogenesis while, in this assay, PPARS on its own was
inefficient (275). However, forced expression and activation
of PPARP raise PPARYy expression, which, together with the
addition of PPARy ligand, leads to adipocyte differentiation
(276).

During development, adipocytes originate from mesoder-
mal pluripotent cells. Depending on the developmental stim-
uli, these progenitor cells differentiate into either myotubes,
chondrocytes, or adipocytes. In vitro conditions for differ-
entiation of embryonic stem cells into adipocytes are close to
those for myotube differentiation, and a mixed culture of
adipocytes and myocytes is obtained (277). Although in a
single given cell these differentiation pathways are mutually
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exclusive, some degree of plasticity remains. For example,
the forced and simultaneous expression of PPARy and
C/EBP« in G8 myoblastic cells and treatment with PPAR
activators inhibits myotube formation, represses the expres-
sion of several muscle-specific markers and triggers differ-
entiation into adipocytes (278). This transdifferentiation also
occurs in nontransfected C2C12 myoblasts exposed to the
potent PPARy agonist rosiglitazone 2 days before the culture
reaches confluence (279). It is tempting to correlate this myo-
tube transdifferentiation obtained in culture with the adipose
tissue formation that occurs within muscle in certain pathol-
ogies such as in obesity (280). Finally, bone marrow stromal
cells can differentiate in vitro into adipocytes when treated by
TZD (281), which correlates with the inappropriate adipo-
genesis that might occur in bone marrow of dogs treated with
TZD (282).

b. PPARY target genes in adipose tissue: The phenotypical
conversion of fibroblasts or stem cells into lipid-accumulat-
ing cells is accompanied by the induction of several specific
adipose markers. A direct role of PPARyin the up-regulation
of many of the corresponding genes has been described. They
encode enzymes involved in fatty acid release such as LPL
(283), which is secreted by adipocytes and triggers the release
of fatty acids from lipoprotein-bound triglycerides in the
extracellular space. As in hepatocytes or in enterocytes, the
incorporation of long-chain fatty acids into adipocytes might
be facilitated by putative transport proteins, FAT and FATP,
which are up-regulated by PPARy and -« activators (222,
284). The adipocyte fatty acid-binding protein aP2 gene, as
well as the acyl-CoA synthase gene, contains a functional
PPRE within its promoter sequence and can be stimulated in
differentiated adipocytes (183, 223). Fatty acid and triglyc-
eride syntheses are also promoted by PPARy-mediated ac-
tivation of the malic enzyme gene (31, 246), which is clearly
lipogenic in this context, and that of the PEPCK gene (242,
285) involved in the production of glycerol for storage of the
fatty acids in the form of triglycerides. Finally, Wu et al. (286)
demonstrated that the expression of the gene encoding the
insulin-dependent glucose transporter GLUT4, which plays
an important role in maintaining glucose homeostasis, is
up-regulated by PPARy and TZD. The c-Cbl-associated pro-
tein (CAP) also belongs to the insulin-signaling pathway,
potentiating the insulin-mediated phosphorylation of the c-
Cbl protooncogene. It is only present in mature adipocytes,
and its expression is induced upon TZD treatment (287, 288).

These effects of PPARYy in adipose tissue are proposed to
be the main mechanism by which TZD improves insulin
sensitivity in patients with insulin resistance syndrome. This
syndrome is functionally characterized by a poor cellular
utilization of glucose, resulting in hyperglycemia, despite an
elevated insulin blood level. Obesity and hyperlipidemia are
always associated with this syndrome. In such patients,
TZDs were shown to be efficient hypolipidemic as well as
hypoglycemic agents. A likely mechanism is that increased
fatty acid uptake and triglyceride clearance by the adipose
tissue redirect fatty acids from the muscle to adipose tissue
and thus relieves the fatty acid-mediated inhibition of glu-
cose utilization by muscle cells (reviewed in Ref. 289). PPARYy
may also directly affect the insulin signaling pathway in

Vol. 20, No. 5

adipose tissue, as suggested by the TZD-mediated induction
of CAP. It is also possible that PPARY in the adipose tissue
stimulates the production and secretion of molecules that are
regulators of the insulin-signaling pathway in muscle and
liver. However, as we will discuss below, the insulin resis-
tance syndrome is also improved by TZD in animals lacking
adipose tissue, suggesting that an additional mechanism(s)
must be involved.

c. Brown fat vs. white fat: Brown fat, a remarkable heat
producer, is best known for affecting the basal metabolic rate,
giving protection against cold and regulating energy balance.
In agreement with this role, a transgenic mouse in which
brown adipose tissue is functionally deleted by a targeted
expression of diphtheria toxin A (DTA) has alower metabolic
rate and becomes obese and insulin resistant (290). One char-
acteristic of differentiated brown fat cells is the specific ex-
pression of mitochondrial UCP1, which uncouples fuel com-
bustion and ATP synthesis by dissipating the mitochondrial
proton (H+) gradient generated by the respiratory chain,
producing heat instead of ATP (291). In humans, brown
adipose tissue diminishes and/or is dispersed shortly after
birth and the role of the human UCP1 gene remains to be
defined. However, two other genes related to UCP1 have
been described in rodents and humans: UCP2 which is
widely expressed (292) and UCP3 which is mainly present in
muscle cells (293, 294). Several lines of evidence support the
hypothesis that they also play an important role in BMR: 1)
identity with UCP1 of 59% and 57%, respectively; 2) down-
regulation when access to food is restricted; 3) a correlation
between the levels of induced expression and ability of dif-
ferent strains of mice to cope with high-fat diet while re-
maining lean; and 4) an uncoupling activity demonstrated in
yeast or in transfected cells (291). However, up-regulation of
UCP2 and UCP3 by total food deprivation may indicate a
more complex role, yet to be clarified (295). UCP1-deficient
mice obtained by targeted inactivation of the gene are sen-
sitive to cold due to a loss of thermoregulation but, surpris-
ingly, are neither hyperphagic nor obese. This later pheno-
type may be due to compensation by UCP2, which is
ubiquitously expressed and induced in the brown fat of
UCP1-deficient mice (296). In view of UCP functions in en-
ergy homeostasis, it is legitimate to ask whether PPARs are
directly involved in their regulation. A partial answer will be
given below.

As for the white adipose tissue, activation of PPARY is
capable of inducing brown adipocyte differentiation from
precursor cells (297). Whereas the main regulators of the
UCP1 expression are thyroid hormones, -adrenergic stim-
ulation, and overfeeding, PPARy-mediated regulation of the
UCP1 gene also has been demonstrated using differentiating
HIB-1B preadipocytes (298) and in vivo (299). PPAR« acti-
vation also can induce UCP2 expression in mice liver, but not
in BAT, and regulate UCP3 expression in neonatal muscle
(300). Interestingly, Puigserver et al. (155) showed that the
expression of the coactivator PGC1, which can interact with
PPARY but also TR, RAR, and ER, is strongly induced in
brown fat during cold exposure. While the data presented in
this latter report do not support an important role of the TZD
ligand in activating UCP1 through PPARy/PGC1 interac-



October, 1999

tion, one must not overlook the fact that brown adipose tissue
is also characterized by a high level of expression of PPARg,
which correlates with high levels of fatty acid oxidation in
this tissue. Mice with impaired fatty acid oxidation, through
spontaneous and induced mutations in the long-chain and
short-chain acyl-CoA dehydrogenase (LCAD and SCAD)
genes, are cold sensitive (301). Consistently, PPARa KO mice
exhibit a marked decreased body temperature when sub-
jected to fasting (240). Thus, if PPARa-mediated fatty acid
oxidation is the pathway preferentially targeted by PGC1,
this feature might provide an explanation for the rather poor
activity of TZD. Brown adipose tissue is likely to represent
a remarkable tool for exploring how PPARa and PPARy
target different genes, and possibly opposite pathways in the
same cell population.

d. The adipose tissue as an endocrine tissue linked to the systemic
hormonal network: Renewed interest in adipose tissue func-
tions arose with the discovery that adipose tissue actively
participates in homeostasis by secreting hormone-like sub-
stances such as the TNFa and leptin. Both hormones can be
seen as adipostat, in that their synthesis and secretion cor-
relate with the increase of the size of the body fat depot (302,
303).

Production of TNFa by the immune system in response to
a tumor or an infection leads to a considerable loss of adipose
tissue and a waste of muscle that can result in cachexia. In
obesity, the secretion of TNFa by lipid-laden adipocytes also
leads to increased lipolysis in adipocytes, generating an in-
crease in circulating levels of FFA, whereas a diminished
lipoprotein lipase activity decreases fatty acid uptake and
thus decreases lipogenesis. Glycemia is also increased, due
to the down-regulated expression of the glucose transporter
Glut4 (304). TNFa also counteracts insulin action by altering
its signaling cascade (305-307). Direct support for the im-
plication of TNFa in the etiopathogeny of this insulin resis-
tance syndrome comes from TNFa null-mutant mice, which
are protected from obesity-induced insulin resistance (308).
Paradoxically, however, neutralization of the TNFa recep-
tors in mice results in hyperinsulinemia and decreased in-
sulin sensitivity (309). A study in aging rats also suggests that
the parallel increases of the adipose tissue-derived TNF ac-
tivity and insulin resistance with age are not functionally
linked (310), indicating that the pathway between TNFa and
insulin resistance is far from being understood.

The antagonism between TNFa and PPARvy appears at
three levels. First, as previously mentioned, TNF« is an in-
hibitor of adipocyte differentiation. These antiadipogenic ef-
fects of TNFa most likely result from the down-regulation of
PPARyl and PPARY2 expression. This reduction precedes
that of other adipocyte marker genes such as aP2 and
C/EBP« (311). Reciprocally, the insulin sensitizer TZD ef-
fectively opposes TNFa-mediated repression of adipocyte
genes (312). Second, PPARYy activators partially reduce
TNFa-mediated lipolysis, but not that induced by cat-
echolamines (313). Third, several mechanisms have been
proposed that link the role of TNFe« in the insulin resistance
syndrome to the relief of this pathology through TZD-me-
diated PPARY activation. They involve the normalization of
TNFa expression in white adipose tissue and in muscle (314),
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as well as a PPARy-mediated inhibition of the TNFa-induced
hypophosphorylation of the insulin receptor and insulin re-
ceptor substrate 1 (315).

Leptin, the product of the ob gene (316), is a 16-kDa protein
that is secreted by adipocytes as an indicator of the size of
energy stores in the adipose tissue (317, 318). Indeed, high
leptin levels in blood were shown to reflect body lipid con-
tent in humans and mice (319, 320). A recent study demon-
strates that leptin is also expressed by muscle cells in re-
sponse to hyperglycemia or hyperlipidemia (321). One main
target of leptin are the cells of the hypothalamic nuclei
through which the hormone triggers both a down-regulation
of food intake and an increase in energy expenditure (322).
An alteration of this feedback mechanism as it occurs in
mutations of the leptin receptor results in leptin resistance
(318). It now appears that many other cells, including adi-
pocytes, pancreatic cells, and muscle cells, possess the leptin
membrane receptor that is encoded by the db gene. In adi-
pocytes, leptin stimulates lipolysis and glucose utilization
while in pancreatic 8-cells, leptin can decrease the expression
and secretion of insulin. These effects can be counteracted by
the inhibition of leptin production by TZD-activated PPARy
(323-325). The proposed molecular mechanism for this in-
hibition implies a functional antagonism between C/EBPa
and PPARy on the leptin promoter activity (326) and is
thought to participate in the TZD-mediated improvement of
the insulin resistance syndrome.

Difficulties in understanding the respective role of PPARY,
TNFq, and leptin in the integrated pattern of responses to
overfeeding and obesity come from observations in mice
without fat tissue. In aP2/DTA mice, most of brown and
white adipose tissue is progressively deleted via fat-specific
expression of the DTA chain (327). Such mice have very low
plasma levels of leptin, and thus are hyperphagic, but they
do not gain weight. Mice A-ZIP/F-1 express a dominant-
negative protein that impairs the function of the transcription
factors of both the C/EBP and Jun families and are devoid
of white fat throughout development. After an initial period
of delayed growth, they gain weight but suffer from steatosis
and enlarged organs (269). In both models, the inability to
adequately store the ingested energy results in metabolic
perturbations reminiscent of diabetes with hyperglycemia,
hyperlipidemia, and hyperinsulinemia. Here, the insulin re-
sistance syndrome is unlikely to be due to TNFa and/or
leptin production and signaling since adipose tissue is miss-
ing. However, in aP2/DTA mice, TZDs are still very efficient
in normalizing glucose, lipids, and insulin blood values
(328). These observations might be paralleled with results
obtained in the Zucker diabetic fatty (ZDF) fa/fa rats. In this
strain of rats that carry a mutation in the leptin receptor gene,
a progressive obesity occurs with consequences resembling
the insulin resistance found in non-insulin-dependent dia-
betes mellitus. In young animals, hyperinsulinemia compen-
sates for insulin resistance, but when the animals become
older, triglycerides overload the pancreatic islet B-cells,
which results in a decreased insulin production that may
participate in a diabetes decompensation (329). In vitro, tro-
glitazone treatment lowers fat content of pancreatic islets
isolated from such rats and restores B-cell function (330).
Based on these observations, it would be of interest to ana-
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lyze aP2/DTA mice at the late stage of the fat deletion pro-
cess. These animals might also suffer from fat deposits in
pancreatic B-cells, whose function, as in fa/fa rats, could
possibly be improved by TZD treatment. More interestingly,
if troglitazone treatment indeed lowers the fat content of
pancreatic islet cells, it might have the same effect in other
cells. Overload of skeletal muscle cells with triglycerides and
its metabolic consequences, such as reduced glucose utili-
zation, could be corrected by the treatment. Such an adipose
tissue-independent mechanism would explain the TZD-me-
diated improvement of insulin sensitivity in aP2/DTA mice.
In support of this line of thought, relatively high PPARy
expression in muscle cells has been observed in obese pa-
tients together with a TZD-mediated improvement of the
insulin-dependent utilization of glucose by these cells (196).
It has also been shown that treatment by TZD of human
muscle cells in culture results in an increased expression of
the PPARYy protein (331), while an in vivo TZD treatment of
mice and rats improves the insulin-stimulated glucose up-
take in skeletal muscle (332). Alternatively, it is valid to
question whether all TZD effects are mediated through
PPARY only, or if other mechanisms are involved. It would
not be unreasonable to envisage an action of TZD via a
membrane receptor, since some PPAR ligands have a dual
mode of action, through membrane and nuclear receptors.
Furthermore, a direct or indirect role of the isotype PPAR«
in the ethiopathogeny of type 2 diabetes mellitus must also
be considered. Unger’s group observations suggest that ac-
tivation of PPAR« in ZDF fa/fa rats is important for leptin
signaling and maintenance of intracellular fatty acid ho-
meostasis in pancreatic islets (179).

In summary, the connections that are appearing between
PPAR, TNFq, and leptin signaling might be only the tip of
the iceberg of the hormonal control interregulating lipid and
glucose homeostasis, from feeding behavior to basal meta-
bolic activity. Progress in the understanding of these regu-
lations will permit innovative and improved therapeutics for
type 2 diabetes mellitus which affects massive proportions of
the population in industrialized countries.

C. PPARs and control of inflammatory responses

Lipid mediators, particularly eicosanoids such as prosta-
glandins, leukotrienes, thromboxanes, and lipoxins, are in-
volved in a variety of physiological processes including stim-
ulation or inhibition of inflammation. Therapeutic control of
an inflammatory response can be achieved either by blocking
the membrane receptors mediating the action of inflamma-
tory molecules or by modulating their metabolic fate through
inhibition of their synthesis or stimulation of their break-
down. The first indication of a role of PPAR in controlling
inflammation was the demonstration that LTB4, a potent
chemotactic inflammatory eicosanoid whose activity is me-
diated by a membrane receptor (333), also binds to PPAR«
and induces transcription of genes of the w- and B-oxidation
pathways that can neutralize and degrade LTB4 itself (65). In
agreement with the above, dietary n-3 fatty acids and clofi-
brate, which also bind PPARe, have been reported to accel-
erate catabolism of LTB4 in granulocytes and macrophages
(334, 335). Conversely, PPARa-deficient mice show a pro-
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longed inflammatory response when challenged with LTB4
or its precursor arachidonic acid, possibly due to the absence
of stimulation of the catabolic pathways, hence, the increased
duration of the inflammation (65). Inhibition of the synthesis
of proinflammatory molecules such as interleukin 6 (IL-6)
and prostaglandins by activated smooth muscle cells also
appears to participate in PPARa-mediated control of inflam-
mation (336), via a decreased activity of NF-«B, a transcrip-
tion factor regulating cytokine production. Another model is
that of mouse aging where the levels of constitutively active
NEF-«B increase in many tissues and are responsible for an
elevated secretion of IL-6 and IL-12. With respect to these
parameters, PPARa KO mice age prematurely, have in-
creased NF-«kB expression in splenocytes, and present pre-
maturely increased blood levels of constitutive and induced
interleukins (337).

Recent studies demonstrate that PPARYy too may have an
important impact on inflammation, as treatment of activated
macrophages with high doses of the PPARyligand 15-deoxy-
A12,14-PGJ2 provokes a resting phenotype and inhibits the
production of the inducible form of nitric oxide synthase and
therefore nitric oxide, as well as that of gelatinase B and
scavenger receptor A (338). This inhibition is due to an an-
tagonizing activity of PPARy directed toward the activity of
the transcription factors AP-1, STAT, and NF-«kB, which are
known to control cytokine gene expression. Furthermore,
treatment with PPARYy ligands of human monocytes that
have been exposed to phorbol ester inhibits the induced
expression of TNFe, IL-6, and IL-1B (339). Thus, the antag-
onism between PPARy and TNFe, discussed previously for
the control of adipocyte differentiation, appears to occur also
in inflammatory events. However, the involvement of addi-
tional, possibly PPAR-independent mechanisms, cannot be
excluded (340, 341).

The inhibition of cytokine production through PPARYy ac-
tivation might also contribute to the mechanism of action of
the nonsteroidal antiinflammatory drugs (NSAIDs). These
drugs are known to act by inhibiting cyclooxygenase activity
(COX1 and COX2), thus blocking the production of proin-
flammatory prostaglandins. Indomethacin, a NSAID, also
exhibits adipogenic activity at concentrations 100- to 1000-
fold higher than that required for inhibition of COX activity.
At these concentrations, often required in antiinflammatory
treatments, NSAIDs are efficacious activators of PPARy and
PPARe, consistent with their adipogenic and peroxisome
proliferator activities (342). Therefore, a possible inhibition of
cytokine production by PPAR might explain the incremental
therapeutic benefit observed at high doses of these com-
pounds. It is also possible that activation of PPAR« at these
relatively high drug concentrations contributes, in addition
to COX inhibition, to the antiinflammatory, antipyretic, and
analgesic properties of NSAIDs through stimulation of ox-
idative pathways neutralizing eicosanoids, similarly to the
mechanism proposed for LTB4. In spite of these links be-
tween PPARs and some NSAIDs, it is noteworthy that other
drugs of this type do not interact with PPARs, indicating that
additional pathways operate for exerting their antiinflam-
matory properties.

As an interesting complement to these observations, fe-
nofibrate treatment administered to hyperlipidemic patients
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not only lowers blood lipid values as previously discussed,
but leads to a decrease in the blood of acute-phase proteins,
whose levels of expression reflect systemic inflammation
(836). This observation suggests that diets that modify PPAR
activity and circulating lipid levels might also have a regu-
latory effect on inflammatory processes.

D. PPARs and atherosclerosis

Atherosclerosis is a pathological process that ultimately
leads to the localized obstruction of an artery due to the
progressive build-up in the arterial wall of an atheromatous
plaque. At least three pathological processes participate in
plaque formation: foam cell differentiation, inflammatory
reaction, and cell proliferation (343). The passage of mono-
cytes from the luminal endothelial surface to the subendo-
thelial space where they differentiate into macrophages is the
initial step. The presence of these resident macrophages in
the intima of the vascular wall and high levels of LDL in the
blood favor a modification of the LDL particles through
oxidation or other poorly defined processes. Endocytosis of
these particles by macrophages is then mediated by scaven-
ger receptors. In contrast to the LDL receptor, these receptors
are not down-regulated by the intracellular cholesterol con-
tent and thus allow an excessive accumulation of intracel-
lular lipids resulting in the formation of lipid-laden foam
cells. Cytokines produced by these activated macrophage/
foam cells include the macrophage-colony stimulating factor,
IL-1, and TNFea, which form the basis of the inflammatory
component of the atherosclerotic lesion and promote prolif-
eration of smooth muscle cells. Necrosis of macrophages and
lipid-loaded foam cells releases their intracellular contents,
resulting in an accumulation of extracellular components
that form the fibrous cap of the atheromatous lesion. Even-
tually, the rupture of this plaque leads to the acute arterial
obstruction.

Many aspects of these pathological processes might be
modulated by PPARs. We previously discussed the role of
PPAR in the adipose differentiation program, which may
present similarities with the formation of foam cells. We also
presented PPAR-mediated regulation of circulating lipopro-
tein levels and cholesterol metabolism. In addition, attention
has recently been given, using THP1 cells, to the activation
of the monocyte-macrophage transition and the concomitant
up-regulation of the CD36 scavenger receptor, whose gene is
a direct PPAR target. Both phenomenons are under the pos-
itive control of PPARy which is itself up-regulated by oxi-
dized LDL (344, 345). Furthermore, expression of PPARy has
indeed been demonstrated in mouse and human atheroscle-
rotic lesions (345, 346). In contrast to this apparently proath-
erosclerotic action of PPARY, inhibition of inflammatory cy-
tokine production by the activated receptor might explain
the beneficial effect of TZD in preventing atherosclerotic
plaque progression. Similarly, inhibition of the macrophage
activities by oxidized LDL (347), whose 9-HODE (9-hydroyx-
yoctadecadienoic acid) and 13-HODE components are
PPARY ligands, has been observed (348). Obviously, further
studies are needed to determine the exact role of PPARYy in
the development of atherosclerosis. Proliferation of aortic
smooth muscle cells, which express both PPAR«a and PPARY,
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also likely contributes to both atherogenesis and restenosis
processes. Activation of PPARY in these cells leads to a ben-
eficial decrease of the phorbol 12-myristate 13-acetate-in-
duced matrix metalloproteinase gene expression (349). In
another study, activation of PPAR« by its ligand inhibits
COX2 expression and cytokine secretion through repression
of AP-1, STAT, and NF-«B signaling (336). It would now be
of interest to clarify the respective role in vivo of the PPAR
isotypes in such cells as well as evaluating possible regula-
tory roles of PPARs in vascular endothelial cells, where
PPARs are also expressed (350-353).

In addition to cell necrosis, programmed cell death by
apoptosis occurs in atherosclerotic lesions. Interestingly,
treatment of differentiated macrophages with PPAR activa-
tors induces an apoptosis that is augmented when the cells
are activated with interferon-y and TNF« (354). PPARY in-
hibits the transcriptional activity of the NF«B p65/RelA sub-
unit, suggesting that PPAR activators induce macrophage
apoptosis by negatively interfering with the antiapoptotic
NEF«kB signaling pathway. However, it remains to be deter-
mined whether PPAR activator-induced apoptosis also oc-
curs in vivo in the atherosclerotic lesion and subsequently
what the consequences are for plaque formation.

E. PPARs and the development of the fetal epidermal
permeability barrier

A particular aspect of lipid physiology, which is of interest
with respect to PPAR biology, is found in the skin. The
outermost layer of the epidermis, the stratum corneum, con-
tains extracellular lipids delivered by exocytosis of lamellar
bodies from epidermal granular cells. After subsequent pro-
cessing into a matrix of lamellar unit structures, these ex-
tracellular lipids provide an efficient hydrophobic barrier to
transepidermal water loss. Analysis by in situ hybridization
of the mouse epidermis during development reveals distinct
expression patterns of PPARq, -8, and -vy as follows: in the
mouse, PPARS is already expressed at E11.5, whereas no
expression of PPAR« or -vy is detected. Once the epidermis
is multilayered, PPAR«a and -y are expressed in all layers,
whereas PPARS is present mainly in the basal layers. None
of the three PPARs are detected in the adult epidermis by in
situ hybridization (L. Michalik and W. Wahli, unpublished
observations). In an in vitro model, differentiation of normal
human keratinocytes exposed to calcium is accompanied by
increased levels of PPARa and PPARYy, whereas the level of
PPARR remains unchanged (355). However, the differenti-
ating medium is very important since PPARS strongly in-
creases if a treatment with phorbol 12-myristate 13-acetate is
used (356). Functional studies have shown that several hor-
mones, including estrogen, glucocorticoid, thyroid hormone,
and retinoids, affect epidermal maturation. Overexpression
of a dominant negative RAR mutant in suprabasal cells dur-
ing development results in a thick and loosely packed stra-
tum corneum, which lacks the lipid multilamellar structure
and is therefore an inefficient barrier, whereas overexpres-
sion in basal cells results in a thin epidermis and dry, scaly
skin (357, 358). It is thought that the overexpression of dom-
inant negative RAR makes transcriptionally inactive het-
erodimers with RXR and might therefore subvert activities of
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other RXR partners such as PPARs, TRs, and VDR. Indeed,
PPAR ligands such as oleic acid, linoleic acid and clofibrate
accelerate epidermal development of fetal skin explants in
vitro, resulting in mature lipid lamellar membranes forming
a functional permeability barrier and a multilayered stratum
corneum (359). PPAR« activators also promote inhibition of
proliferation and stimulate keratinocyte differentiation (360).
At the biochemical level, activities of the enzymes steroid
sulfatase and B-glucocerebrosidase, linked to the barrier mat-
uration, are increased after treatment with PPAR ligands.
Since PPARYy-selective ligands affect neither the develop-
ment of barrier function nor epidermal morphology, PPAR«
or PPARP are more likely to be the isotypes involved, but a
direct role remains to be demonstrated. Interestingly, addi-
tive effects on the epidermal development of fetal skin ex-
plants have been observed between activators of PPAR and
the farnesol X-activated receptor (FXR), another binding
partner of RXR (359). Both clofibrate and juvenile hormone
III, a FXR activator, markedly accelerate fetal epidermal dif-
ferentiation, sitmulating the expression of both profilaggrin/
filaggrin and loricrin, which are structural proteins essential
for stratum corneum formation. However, in explants
treated with thyroid hormone, glucocorticoids, or estrogens,
expression of these genes is also stimulated (361). Together
these studies indicate a combined role of several nuclear
receptors in epidermal maturation, which include, in addi-
tion to the classic ER, GR and TR, the receptors PPAR, RAR,
and FXR and their heterodimerization partner RXR.

F. PPARs, carcinogenesis, and control of the cell cycle

A link between PPAR and cancer was first drawn after it
became clear that peroxisome proliferators cause a dramatic
increase in the incidence of liver tumors in mice and rats. Two
major factors, an enhanced cell proliferation and an increased
peroxisomal production of H,O,, have been implicated (362,
363). Futhermore, nafenopin, a peroxisome proliferator, was
shown to inhibit liver cell apoptosis in rat hepatocyte pri-
mary cultures, an effect that could also promote carcinogen-
esis (364, 365). A comparative study of wild-type and PPAR«
KO mice fed with Wy-14,643 suggest that increased cyclin-
dependent kinase 1, cyclin-dependent kinase-4, cyclin D1,
and c-myc gene expressions might be directly or indirectly
PPARa dependent (366). There are marked species differ-
ences in response to peroxisome proliferators, with mouse
and rat being very prone to peroxisome proliferation, while
other species, especially humans, are unresponsive (367). So
far, no link has been found between PPAR activators and
human hepatocarcinogenesis (368). These species differences
could be due to interspecies variations in the expression of
PPARa in liver, with levels of expression in humans being
1-10% of those found in mouse and rat (369). An alteration
of the PPRE sequence in the human acyl-CoA oxidase gene
might also explain the relative human unresponsiveness to
PPARe ligands (370). Furthermore, there is evidence for
structural polymorphism in hPPARe, but the biological sig-
nificance of this observation, if any, is unclear. We also pre-
viously mentioned species-specific responses to some syn-
thetic PPAR« ligands, as analyzed in Xenopus, mouse, and
human PPAR« (67, 371). However, more work is needed to

Vol. 20, No. 5

assess how frequently such species differences occur. These
differences underscore the care that must be taken when
extrapolating results from standard toxicological testing of
drugs in rodents to human physiology. Thus, although the
PPARa-deficient mice, in which peroxisome proliferation
cannot be induced any more, are invaluable for carcinogen
bioassays aimed to assess to what extend PPAR« is impli-
cated, complementary approaches are wished for. For ex-
ample, the generation of a mouse expressing hPPAR«a, would
allow comparison of the role of the human protein itself to
that of the mouse in a murine background and at murine
expression levels.

A certain number of analyses suggest a role for PPARy in
inducing cell growth arrest. In that respect, the physiological
model of adipocyte conversion provides a valuable tool to
study cell cycle arrest and terminal differentiation. For ex-
ample, it has been shown that in addition to the coexpression
of PPARy and C/EBP, withdrawal from the cell cycle is
required for 3T3-L1 differentiation into adipocyte and in-
volves the hypophosphorylation of the retinoblastoma sus-
ceptibility gene product Rb (372). However, activation of
PPARvy in Rb—/— mouse embryo fibroblasts is sufficient to
induce adipocyte terminal differention (373) and, thus, the
link between PPARYy and Rb phosphorylation remains to be
established. Cell cycle arrest of logarithmically growing fi-
broblasts and of SV40 large T antigen-transformed adipo-
genic HIB1B cells caused by ligand-activated PPARYy have
been associated with a loss of DNA binding and loss of
activity of the growth-related transcription factor E2F/DP
(374). 15-Deoxy-A12,14-PGJ2 can also trigger the apoptosis of
endothelial cells via a PPAR-dependent pathway (351). Stud-
ies based on malignant cells clearly support the concept of
PPARY being implicated in cell cycle withdrawal. Primary
human liposarcoma cells, which express high levels of
PPARYy (375), can be stimulated to undergo terminal differ-
entiation by treatment with PPARYy ligands or RXR-specific
ligands. Simultaneous application of both treatments results
in additive stimulation of differentiation, which is charac-
terized by stimulation of adipocyte-specific genes, intracel-
lular lipid accumulation, and withdrawal from the cell cycle
(Ref. 375; see also Ref. 376). Activation of PPARyalso induces
reduction in growth rate and clonogenic capacity of human
breast cancer cells in culture. In one of the breast cancer cell
lines, which expresses high levels of PPARY, the resistance
to TZD was associated with a high MAP kinase activity,
which might explain a low PPARY activity due to phosphor-
ylation as discussed previously (377). A similar analysis (378)
has demonstrated that the inhibition of MCF7 clonal growth
by troglitazone and by all-trans-RA is reversible when the
compounds are used alone, but becomes irreversible when
used in combination. This inhibition is accompanied by lipid
accumulation, which, however, is not paralleled by an adi-
pocyte differentiation gene expression pattern, but has been
correlated with a profound decrease in bcl-2 gene expression
and a marked increase in apoptosis. Interestingly, breast
adenocarcinoma tissues from three human patients have re-
sponded similarly to the combined treatment when tested in
culture (378). Human prostate cancer cells were found to
express high levels of PPARYy too, contrasting with the low
expression in normal prostate tissue. In clonogenic assays



October, 1999

with these cells, PPARY activators are efficient antiprolifera-
tors (379). Various human colon cancer cell lines express
PPARYy at high levels, and addition of a PPARy ligand not
only reduces their clonogenic growth in culture but also
decreases their growth when transplanted in nude mice (380,
381). Interestingly, the antiangiogenic effect of PPARYy li-
gands may also participate to growth inhibition (382).

In vivo studies, however, contrast with these results ob-
tained from cells in culture or transplanted into nude mice.
A protumor effect of PPARY has been recently described in
mice bearing a mutation in the adenomatous polyposis Coli
tumor suppressor gene. In such mice, treatment with PPARy
agonists significantly increases the frequency and size of
colon tumors (185, 186). The discrepancy with the above
mentioned results obtained with colon cancer cell lines does
not seem to be attributable to the genetic defect that causes
the tumors in mice, since some of these lines also bear this
specific mutation (381, 383).

In summary, one prominent feature found in the data so
far reported is the high expression of PPARYy in tumor cells.
If this expression results from an attempt of the cancer cell
to down-regulate its proliferative propensity, making
PPARYy activation beneficial for controlling the tumor, or
from a dysregulated pathway linked to the tumor process,
making PPARY activation an aggravation of the tumor en-
vironment, is still a matter of debate.

IV. Conclusions

The discovery of PPARs and identification of fatty acids
and their derivatives as ligands, a few years ago, have un-
covered an unexpected and fascinating regulatory mode of
action of lipids as direct modulators of gene expression. Since
then, the excitement has not weakened while compelling
evidence has accumulated that PPAR«a and PPARYy act at
crucial nodes of the regulatory network that achieve energy
homeostasis in the organism. More specifically, an emerging
picture is that of a dual and complementary role of PPAR«
and -y isotypes in the regulation of the catabolic and anabolic
aspects of lipid metabolism, respectively. Stimulating find-
ings also include the discovery that lipid mediators, such as
some eicosanoids (leukotrienes and prostaglandins), are nat-
ural PPAR ligands, opening new perspectives for investi-
gating possible novel determinants of energy balance, as well
as novel functions for PPARs, with links to glucose ho-
meostasis, cell cycle control, inflammation, and immune re-
sponse. As a corollary, PPARs are promising targets for ther-
apeutic intervention, through the development of agonists
but also antagonists, in disorders such as obesity and dia-
betes, atherosclerosis, chronic inflammatory diseases, and
tumorigenesis.

However, one characteristic of the PPARs is that their
activation can occur through a broad spectrum of ligands
with rather low affinity. This implies that particular care
must be taken when assessing the PPAR dependence of a
given signaling pathway. More interestingly, some signals
might be transduced by different ways, as exemplified by the
subtle interplay between the membrane and nuclear recep-
tors, introducing new levels of complexity in PPAR biology
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as determinants of the fine tuning of interconnected meta-
bolic processes.
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