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Abstract The three types of peroxisome proliferator-acti- 
vated receptors (PPAR), termed a, 6 (or p), and y, belong to 
the nuclear receptor superfamily. Although peroxisome pro- 
liferators, including fibrates and fatty acids, activate the tran- 
scriptional activity of these receptors, only prostaglandin J:, 
derivatives have been identified as natural ligands of the 
PPARy subtype that also hinds thiazolidinedione antidiabetic 
agents with high affinity. PPARs heterodimerize with retinoic 
X receptor (RXR) and alter the transcription of target genes 
after binding to response elements or PPREs, consisting of a 
direct repeat of the nuclear receptor hexameric DNA recog- 
nition motif (PuGGTCA) spaced by 1 nucleotide (DR-I). 
Upon activation by fatty acids (FAs) and drug  that affect lipid 
metabolism, PPARs control the expression of genes impli- 
cated in intra- and extracellular lipid metabolism, most nota- 
bly those involved in peroxisomal poxidation. PPARs par- 
tially mediate the inductive effects of fibrates and fatty acids 
on high density lipoprotein (HDL) cholesterol levels by regu- 
lating the transcription of the major HDL apolipoproteins, 
apoA-I and apoA-11. The hypotriglyceridemic action of fi- 
brates and certain fatty acids also involves PPAR and is con- 
stituted of: 1 )  increased hydrolysis of plasma triglycerides due 
to induction of LPL and reduction of apoC-111 expression; 2) 
stimulation of cellular fatty acid uptake and conversion to 
acyl-CoA derivatives due to increased expression of genes for 
Fatty acid transport protein and acyl-CoA synthetase; 3) in- 
creased peroxisomal and mitochondrial boxidation; and 4)  
decreased synthesis of fatty acids and triglycerides and de- 
creased production of vefy low density lipoprotein (VLDL). 
Hence, both enhanced catabolism of triglyceride-rich parti- 
cles and reduced secretion of VLDL particles contribute to 
the hypolipidemic effect of fibrates and fatty acids. Finally, 
PPARs appyir to be involved in differentiation processes 
because activation of PPARy2 triggers adipocyte differentia- 
tion and stimulates expression of several genes critical to 
adipogenesis. I t  is suggested that PPARs are key messengers 
responsible for the translation of nutritional and pharma- 
cological stimuli into changes in gene expression and cliffer- 
entiation pathways.Schoonjans, K., B. Staels, and J. 
Auwerx. Role of the peroxisome proliferator activated rcccp- 
tor (WAR) in mediating the effects of fibrates ancl fatty acids 
on gene expression. J. Lipid Res. 1996. 37: 907-925. 
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PPARs, NOVEL NUCLEAR RECEPTORS 

Peroxisome proliferation involves the nuclear 
receptor PPAR 

Peroxisome proliferation is a pleiotropic cellular re- 
sponse to a range of chemical compounds (including 
fibrates, phthalate and adipate cster plasticizers, herbi- 
cides, leukotriene antagonists, ccrtain natural ancl modi- 
fied fatty acids, acetylsalicylic acid) and to certain patho- 
physiological conditions involving drastic changes in 
both cellular morphology and cnzymatic activity (for 
review, see refs. 1-3). The phenomcnon is seen primar- 
ily in liver and kidney and furthermore is organism-spe- 
cific, because rodents are more susccptihle to pcrox- 
isome proliferators than other orpnisms. Sustained 
peroxisome proliferation in rodents often leads to hcpa- 
tocarcinogenesis (2, 4). In addition, hormonal antl nu- 
tritional factors (3, 5) arc important moclulators of thc 
response to peroxisome prolifcrators, illustrating thc 
complexity of this phenomenon. 

Peroxisome proliferators induce numerous altcra- 
tions in hcpatic lipid metabolism. This led to the cle\d- 
opment of the substrate overload hypothesis. This hy- 
pothesis provides a link between the obscrvecl 
perturbation in lipid metabolism antl peroxisome pro- 
lifcration. According to this hypothesis, an increased 

Ablwxiations: ACO, acyl-Cor\ oxitlase; iiI’2, atlipocytc kitty acid 
1)incling protein 1’2; apo, apolipoprotein: <;/EIW. CC.\.4‘1 enli;iricer 
I,intling protein; D K - I ,  direct repeat spaccd by one nucleotide; 111)l.. 
high density lipoprotein; 1.p A I .  H D L  containing qmA-1 only: 1.1’ 
XI:AII, HDL. containing apoA-l ;und ;ipoA-II; 1.1’1.. lipoprotein lipase; 
l’l’.\K, peroxisome prolifenitor-act ivatetl receptor: I’I’KK. peroxiwnic 
proliterator response element: KAK.  retinoic acid receptor: RE. 
response element: KXK, rctinoic X receptor ( ! k i . s  rctinoic acid 
receptor); TC, triglyceride: T K ,  thyroid Iioriiione receptor: \’l.l)l,, 
w r y  low density lipoprotein. 
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flux of fatty acids to the liver stimulates a series of 
metabolic changes (see ref. 1 for review), ultimately 
leading to the accumulation of long-chain dicarboxylic 
acids which, in turn, stimulate peroxisomal P-oxidation. 
This hypothesis, however, cannot explain the extremely 
rapid induction of gene transcription after peroxisome 
proliferators. These discrepancies, together with the 
identification and characterization of a peroxisome pro- 
liferator-binding protein in rat liver (6) ,  led to the recep- 
tor hypothesis, which is complementary to the substrate 
overload hypothesis. In 1990, the first peroxisome pro- 
liferator-activated receptor (PPAR) was cloned from 
mouse liver by Isseman and Green (7), soon followed by 
other PPAR homologs in several species (8-16). Un- 
equivocal evidence for a direct implication of PPARa in 
peroxisome proliferation was recently obtained. Mice 
with a targeted disruption of the PPARa gene are resis- 
tant to peroxisome proliferation (17). The discovery that 
a nuclear receptor can trigger peroxisome proliferation 
through a transcriptional mechanism has opened a com- 
pletely new field of research and is consistent with 
dietary factors being important modulators of gene 
expression. 

General properties of the nuclear hormone receptors 

In order to survive, organisms develop efficient 
mechanisms to permit appropriate adaptation to extra- 
and intracellular signals, such as hormones and diet-de- 
rived factors. This adaptation process is often mediated 
via receptors. Two receptor-mediated pathways can be 
distinguished, depending on the property of the ligand. 
Hydrophilic ligands generally bind to receptors on the 
surface of the plasma membrane and activate a cascade 
of second messengers. These messengers eventually 
transmit a signal to trans-acting factors that control 
transcription rates of target gene( s ) .  Hydrophobic sig- 
nalling molecules, such as certain hormones and vita- 
mins, enter the cell by simple or facilitated diffusion and 
transduce their signal to the genome via intracellular 
receptors ( 18-20). These intracellular ligand-activated 
receptors or nuclear (hormone) receptors act as tran- 
scription factors and exert their regulatory functions 
directly at the gene level. This group of nuclear recep- 
tors reprcsents the largest family of transcription factors 
in eukaryotes. 

The simplest classification distinguishes two major 
subgroups of nuclear receptors according to their cellu- 
lar localization in the unliganded form (19). The first 
subgroup (type I receptors) consists of receptors that are 
localized in the cytoplasma and, upon binding of their 
ligand, are translocated to the nucleus. In the inactive 
form, these receptors usually are associated with heat- 
shock proteins. The classic steroid receptors such as the 
glucocorticoid, androgen, progesterone, mineralocorti- 

coid, and estrogen receptors belong to this group. The 
nuclear localization of the second subgroup (type I1 
receptors) of receptors is independent of ligand bind- 
ing. After binding of ligand in the nucleus, their confor- 
mation changes such that transactivation of target genes 
is promoted. In contrast to the classic steroid receptors, 
type I1 receptors can bind to DNA in the absence of 
ligand. This group includes the thyroid (TR), retinoic 
acid (RAR), 9-cis retinoic acid (RXR), vitamin D (VDR), 
and peroxisome proliferator-activated (PPAR) recep- 
tors. Most of the orphan receptors, a growing group of 
receptors, without known ligand, also belong to this 
group (21). Beside the differences in ligand binding and 
cellular localization, the overall structures and functions 
of type I and 11 receptors are similar (19). 

General properties and structure of PPAR 

The DNA binding domain is highly conserved among 
all members of the nuclear receptor superfamily and 
permits the cloning of many new members of this 
family. Most of the new receptors are orphan receptors 
and the various PPARs are among the best characterized 
of these. First to be cloned was mouse (m) PPARa (7), 
so named because it is activated by peroxisome prolif- 
erators. To date, three different types of PPARs, a, 6 
(NUC I, FAAR, p), and y have been identified in differ- 
ent vertebrates. The a, p, and y types have been cloned 
from Xenopus (x); from humans and mouse, a, 6, and a 
y types have been cloned (7, 8, 10-13, 16, 22, 23). The 
a form has been cloned from rat and the y form from 
hamster (9,24). Mouse PPARy has two isoforms, y l  (12) 
and $2 (13,25), which differ only in their N-terminal 30 
amino acids, and are derived from the same gene by 
alternative promoter usage and splicing (26,27). Differ- 
ential splicing of the first exon also has been reported 
for mPPARa (28), and in retinoid and thyroid hormone 
receptors (29). The genomic structure for mPPARa 
(28), mPPARy (27), and xPPARP (30) have been deter- 
mined and they are similar in organization to other 
nuclear receptors. 

Based on a phylogenetic analysis of these genes, 
PPARs form a distinct subfamily of nuclear receptors 
(31). PPARs have so far only been identified in verte- 
brates; a Drosophila PPAR homolog has not been found. 
The closest Drosophila relative is the orphan receptor 
E75. In vertebrates, the DNA binding domain of the 
orphan receptor Erb-a related protein 1 (EAR-1) exhibits 
the highest degree of homology with the DNA binding 
domain of the PPARs (31). A phylogenetic analysis based 
on the ligand binding domain showed that the PPAR 
ligand binding domain was most closely related to thc 
rat liver-derived receptor 1 (RLD-1) or liver X receptor 
(LXR) (32,33), another orphan receptor. 

Like the other nuclear receptors, PPARs have a modu- 
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lar structure consisting of six functional domains, A/B, 
C, D, and E/F. A limited number of studies on the 
structure-function relationship of PPARs has been per- 
formed, and the discussion below is based on the con- 
servation of the domain structure amongst the different 
nuclear receptors. The C or DNA binding domain of 
PPAR contains about 66 amino acids and targets the 
receptor to specific DNA sequences or response ele- 
ments (RES). The DNA binding domain is stabilized by 
zinc atoms, each binding to four invariant cysteine 
residues. Each of these zinc finger complexes is followed 
by an a-helical structure (Fig. 1); one of them serves as 
the major recognition helix that makes base-specific 
contacts within the major groove of the core site (34, 
35). Two conserved sets of functionally important amino 
acid residues have been identified in the DNA binding 
domain. The first, termed the P-box, overlaps the second 
knuckle of the first zinc finger and determines specific 
contacts between receptor and DNA. The P-box of 
PPAR is identical to those of TR, VDR, RAR, RXR, 
Neural Growth Factor 1-B (NGF-lB, NURR-I), EAR-1 
(or Rev-ErbAa), Ecdysone Receptor, E75, and Ultraspi- 
racle (Usp). The second conserved box, the D-box, con- 
sists of amino acid residues of the first knuckle of the 
second zinc finger, and may be involved in protein-pro- 
tein interactions, such as receptor dimerization (18,36). 
The PPAR D-box differs from that of other nuclear 
receptors because it is composed of three rather than 
five amino acids. So far, the only other exception to the 
“five” rule, is the Drosophila receptor tailless (tll) and its 
vertebrate homologue Tlx (37), each of which have 
seven amino acids in their D-boxes. 

The relatively large E or ligand-binding domain of 

/ biz&\ - M-ion- ugand binding 

~n 

Fig. 1. Functional domains of the nuclear hormone receptors. The 
activation domains AF-1 and AF-2 are indicated. The nine heptad 
repeats are indicated by the 9 black stripes in the E domain. The last 
heptad repeat is involved in dimerization. The schematic structure of 
the two zinc fingers in the DNA binding domain of the nuclear 
receptors is depicted under the Cdomain. The P-box is composed of 
the amino acid residues depicted by circles and the two flanking 
cysteine residues. The amino acids in the D-box are indicated by 
squares. Residues in black determine the specificity of the P-box 
regarding half-site recognition or of the dimerization interface and 
spacing between the half-site (D-box). 

nuclear receptors is a multifunctional domain. In addi- 
tion to ligand binding, it is involved in dimerization, 
nuclear localization, ligand-dependent transactivation, 
intermolecular silencing (e.g., for TR, RAR, COUP-TF, 
etc.) and intramolecular repression (e.g., progesterone 
receptor), and association with heat-shock proteins (re- 
viewed in refs. 18, 19, 36 and references therein). The 
dimerization region of PPAR is contained in a region of 
nine heptad repeats that shows some similarity to the 
leucine zipper sequence mediating c-fos/c-jun dimeriza- 
tion (38,39). Although the activation domains of PPAR 
are not experimentally characterized, it is likely that they 
will have characteristics similar to those described below 
for the other nuclear receptors. In addition to the 
constitutive activating function 1 (AF-I) localized in the 
A/B domain, nuclear receptors contain an amphipathic 
a-helical ligand-dependent activating domain localized 
in the C-terminal part of the E-domain termed AF-2 (40). 
Depending on the promoter, AF-1 and AF-2 may act 
independently or cooperatively (4 1). The ligand-binding 
domain in nuclear receptors thus functions as a modular 
unit whose transcriptional activities are controlled by 
ligand-binding and dimerization. The ligand-induced 
conformational change may unmask the major dimeri- 
zation region in the ligand-binding domain (42-45). 
Therefore, dimerization and ligand-binding would con- 
fer transcriptional activities on the heterodimeric recep- 
tors that are distinct from those of the component 
monomers. This could favor high affinity binding and 
transactivation of the responsive gene (33,46,47). This 
arrangement permits a limited number of receptors to 
generate a diverse set of transcriptional responses to 
multiple hormonal signals. In comparison to the reti- 
noid receptor subfamilies, the ligand-binding domains 
of the different PPARs are less conserved; this may 
indicate that they bind similar but not identical ligands. 

Tissue-specific, developmental, and regulated 
expression of PPAR 

The presence of multiple PPARs raises questions 
about their physiological function. A first attempt to 
answer this question consists in defining their tissue 
specificity and relative abundance. Analysis of PPAR 
mRNA distribution indicated that the mammalian 
PPARa is predominantly expressed in liver, heart, kid- 
ney, intestinal mucosa, and brown adipose tissue, tissues 
with high catabolic rates for fatty acids and peroxisomal 
metabolism (7, 48, 49). PPARG also is abundantly and 
ubiquitously expressed, whereas PPARy presents a 
much more restricted expression (49). Although 
mPPARyl is rather ubiquitously expressed, mPPARy2 is 
predominantly expressed in adipose tissue (12, 13,26). 
In Xenopus the expression of the various PPAR forms is 
different from that in mammals (8, 31, 50). 
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Both xPPARa and xPPARP are detected during oo- 
genesis, whereas xPPARy is absent (8). During mouse 
embryogenesis, mPPARG expression precedes the onset 
of expression of mPPARa and mPPARy (14). Although 
it has been reported that PPARa mRNA levels are 
induced in rat liver by fenofibrate administration (51), 
this induction could not be confirmed either in vivo 
after administration of fenofibrate to rats or in vitro 
after addition of fenofibric acid to primary rat hepato- 
cytes (B. Staels and J. Auwerx, unpublished data). Inter- 
estingly, PPARa gene expression in rat liver is strongly 
induced at the transcriptional level by glucocorticoids 
(52,53), an effect that is attenuated by insulin (53). The 
regulation of the PPARa gene by glucocorticoids has 
been linked to a diurnal rhythmicity in PPARa expres- 
sion and its induction in response to stress (54). Thus 
PPARa, a major regulator of metabolic pathways, is 
itself subject to transcriptional control by other hor- 
mones. 

Activators of PPAR 

Several exogenous substances, such as hypolipidemic 
drugs, phthalate ester plasticizers, and herbicides, acti- 
vate PPARs (7,8), but evidence demonstrating that these 
compounds are ligands for PPAR is still lacking. As high 
fat diets (55-57) and (patho)physiological conditions 
characterized by a fatty acid overload (58, 59) stimulate 
peroxisomal P-oxidation and peroxisome proliferation, 
fatty acids have been proposed to be the endogenous 
PPAR activators. Indeed, a broad range of fatty acids are 
capable of activating the different PPARs (9-11,50,60). 
With the exception of short-chain fatty acids (< Clo), very 
long-chain monounsaturated fatty acids and dode- 
canedioic acid, all fatty acids activate PPAR to a certain 
degree in transient assay systems. Unlike natural fatty 
acids, which are good substrates for P-oxidation, substi- 
tuted fatty acids, which are not a substrate for P-oxida- 
tion, are more potent PPAR activators, suggesting that 
the degree of PPAR activation is inversely correlated 
with the rate of fatty acid P-degradation. Although these 
studies demonstrate that exogenous fatty acids activate 
PPAR, it is not clear whether the active form is the acid 
or the acyl-CoA thioester, the production of which is 
controlled by the enzyme acyl-CoA synthetase. These 
acyl-CoA derivatives are either stored as an intracellular 
acyl-CoA ester pool complexed with the acyl-CoA bind- 
ing protein or utilized in various intracellular enzymatic 
pathways. The direct involvement of acyl-CoA deriva- 
tives in intracellular lipid metabolism (in contrast to free 
fatty acids), together with the finding that xenobiotic 
peroxisome proliferators also form acyl-CoA esters (61), 
suggests that acyl-CoAs may be PPAR activators and/or 
ligands. This hypothesis is supported by the finding that 
in prokaryotes acyl-CoA derivatives are the ligands of 

the transcription factor, FadR, which regulates the ex- 
pression of genes involved in FA transport and P-oxida- 
tion (62). However, a report comparing the efficiency of 
activation by free acids and their corresponding acyl- 
CoA derivatives in transient expression assays concludes 
that the immediate inducer is the free acid (63). 

Thiazolidinedione antidiabetic agents (such as the 
compound BRL49653) bind selectively and with high 
affinity (& of 40 nM) (64) and potently activate the 
PPARy subtype (64), suggesting that they are ligands. 
Although thiazolidinediones are high affinity synthetic 
ligands for PPARy, arachidonic acid metabolites of the 
prostaglandin 52 group are the natural activators (65) 
and ligands (66,67) for this receptor, confirming experi- 
mentally that fatty acid derivatives are the endogenous 
ligands of one PPAR type. 

Some receptors also can be activated by ligand-inde- 
pendent mechanisms (68-71), suggesting that the intra- 
cellular and membrane signalling pathways are not com- 
pletely separated and that cross-talk may have important 
implications. However, such activation pathways have 
not yet been described for PPARs. 

PPREs: hormone response elements that have the 
potential for multiple cross-talk 

The cognate DNA sequences to which receptors bind 
are designated (hormone) response elements (RES). RES 
are characterized by a high degree of conservation; this 
is not surprising, considering the highly conserved struc- 
ture of the DNA binding domain of the nuclear recep- 
tors. Based upon homology in the P-box sequence, an 
indicator of DNA recognition specificity, the receptors 
can be classified into several groups (19). Although all 
nuclear receptors recognize derivatives of a canonical 
hexameric DNA recognition motif (PuCCTCA), muta- 
tion and duplication (leading to distinct relative orien- 
tations and spacing of repeats of this motif) and addition 
of flanking sequences have generated distinctive RES 
specific for the various receptors. Most receptors bind 
to DNA as dimers. Type I receptors, such as the gluco- 
corticoid receptor, bind as homodimers to palindromic 
RES. Type I1 receptors bind preferentially as heterodi- 
mers to direct repeats, but some of them also bind as 
homodimers. In addition to the orientation of the half 
sites, the number of nucleotides spacing the two half 
sites determines the combination and identity of recep- 
tors that will bind to a RE. The “3, 4, 5 rule” tries to 
generalize the identity of the dimeric receptor-complex 
in function of the number of spacer nucleotides (72,73). 
Although this rule is generally correct, receptors may 
bind promiscuously and activate other RES, albeit with 
lower efficiency (74, 75). This binding flexibility of nu- 
clear receptors may permit more complicated and sub- 
tle regulatory mechanisms. Finally, it must be men- 
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tioned that not all receptors function as dimers because 
the orphan receptors, FAR-1, Rev-erbp (RVR), Neural 
Growth factor-1 (NGF1-B, NURR-l), Fushi Turuzu factor 
1 (FTZ-F1) a,p, Steroidogenic Factor-1 (SF-l), Em- 

bryonal long terminal repeat-binding protein (ELP), and 
Retinoic Z Receptor 01, p, (RZR, also termed Retinoic 0 
receptor or ROR) exert their effects on gene transcrip- 
tion by binding as monomers to a single hexameric core 

G en e Localization PPRE function 
of PPRE of gene product 

-__) 
ACO (-57W-558) TQACCTt'R3TCCT 

(-21 4/-202) -__) 
TCULCCTtCTACCT 

__)- --* 
C-ACS (-175/*1!54) TGACEalmcCCTgaaIU3ACCT 

CYP4A6 (asWSs2) TCACTTtTCCCTAQlTCA 
4-- 

--*- - 
(-72W-740) GOACCCTaGCCTtnrrCCT 

(-271-1) 
-__) 
TOACCTtll3CCCA -- 

HYOCoAS (-1W-92) AQACCTtll3GCCC 

4-- 
MCAD (-3011.336) M a T c A g c  c tTCACCT-TTACXggagagaa 

AWlCA 
-- 4-- 

L-FABP (-sa/-56) 

aP2 (-5222/-5209) 

ME (-32W-340) 

PEPCK (-99W-987) 

-__) 
TGACCTalt3GCCT 

-- 
AQACCT-TATCCC -- 

LPL (-1 6W-157) MCCCTt'lCCCCC 

--• +- 
ape A-I (-212/-197) TGAACCctTGACCcMCCCT 

apoA-ll (-7W-716) 
-- 
CAACCTf llACCCT 

Find slop in fatty acid 
paidation 

Second and third step 
in fatty acid poxidation 

Conversion of fatty acids 
into ecyl-coA derivatives 

Formation of dicabxylii 
acids by m i d a t i n  

Liver ketogenesis 

First step in &oxidation 
of mediumchain fatty 

acids 

Liver fatty acid 
binding protein 

Adipose tissue fatty 
acid binding protein 

Malate decPtboxylation, 
providing NADPH for 
fatty acid synthesis 

Gluconeogenesis and 
glyceroneogenesis 

Hydrolysis of triglyceride 
rich parlicles 

Protein component HDL. 
co-factor LCAT 

Protein component HDL 

1 
Fig. 2. Functional PPREs. The DR-1s are indicated by a solid arrow which is indicated above the sequence 
when the coding strand is depicted a dotted arrow indicates eventual additional half sites located adjacent to 
the DR-1 element. Abbreviations used in this figure include: ACO, acyl-CoA oxidase; ACS, acyl-CoA synthetase; 
aP2, adipocyte fatty acid binding protein P2; apo, apolipoprotein; L-FABP, liver fatty acid binding protei-; HD, 
enoyl-CoA hydratase-3-hydroxyacyl-CoA dehydrogenase; HMGCoAS, HMGCoA synthase; LPL, lipoprotein 
lipase; MCAD, medium-chain acyl-CoA dehydrogenase; ME, malic enzyme. 
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motif (76-83), flanked by specific sequences upstream 
of the half site (78,82). Amino acid residues carboxy-ter- 
minal to the DNA binding domain (A-box) are required 
for binding to the extended half site (84). These nuclear 
receptors may define a third class of receptors (type HI), 
the monomeric nuclear receptors. Some promiscuity 
may exist between the prototypic monomeric receptors 
because NGF1-B/NURR-1 heterodimerizes with RXR 
(47, 85). 

PPARs possess the same P-box sequence, CEGCKG, 
as most of the type I1 receptors that heterodimerize and 
recognize direct repeats of AGGTCA (or TGACCT) 
motifs with a variable number of intervening nucleo- 
tides. As a consequence, the peroxisome proliferator RE 
(PPRE) should consist of a direct repeat rather than a 
palindrome or inverted repeat. Indeed, most of the 
PPREs so far characterized are direct repeats spaced by 
one intervening nucleotide (DR-1) (Fig. 2). RXR acts as 
the preferential second partner in a functional PPAR- 
containing dimeric receptor complex (Fig. 3). In fact, 
Kliewer et al. (86) first demonstrated that PPAR and 
RXR interact synergistically and in a ligand- or activator- 
dependent way on different DR-1s and confers perox- 
isome proliferator responsiveness to a heterologous 
acyl-CoA oxidase (AC0)-PPRE driven promoter. Soon 
after, the cross-talk between the PPAR and RXR signal- 
ling pathways was confirmed in the natural ACO pro- 
moter context (50, 60), indicating convergence of reti- 
noic acid and peroxisome proliferator signalling 
pathways. This convergence between PPAR/RXR sig- 
nalling pathways is physiologically relevant because in 

rat hepatocytes, peroxisome proliferators and retinoic 
acid independently induce the expression of the PPAR 
target genes, ACO and acyl-CoA synthetase; they act 
synergistically when added together (86,87 and unpub- 
lished data). 

In addition to the classical peroxisome proliferators, 
hormones such as dehydroepiandrosterone and dex- 
amethasone, or conditions such as hyperthyroidism and 
vitamin E deficiency, also induce peroxisomal P-oxida- 
tion (3). Except for dexamethasone, which induces per- 
oxisome proliferation indirectly by increasing PPARa 
expression (52, 53), the mechanism by which these 
compounds or conditions interact with the PPAR signal- 
ling pathway remains to be determined. These hor- 
mones or conditions do not activate PPAR directly, so 
it is assumed that they act indirectly on the PPAR/RXR 
signalling pathway (similar to dexamethasone) or 
through convergence of the PPAR signal with those of 
other hormone receptors. Functional interaction be- 
tween PPAR and other receptors is a potential mecha- 
nism for the sex-, species-, and tissue-specific differences 
in peroxisome proliferation. 

So far, RXR is the only heterodimeric partner for 
PPAR that has been proven to be functionally involved 
in the peroxisome proliferator signalling pathway. It has 
been reported that PPAR can act as a coregulatory factor 
for TR in thyroid hormone signalling (88). PPAR coop- 
erates in TRP-specific signalling through a newly identi- 
fied DR-2 element. In addition, PPAR antagonizes TRa 
and TRP action via the TR consensus DR-4 target site by 
forming inactive complexes. Hence, PPAR may posi- 

Glucose 

Altontione In FFA 
concentration 

pmurbatlon \ 

Fig. 3. 
and describing its cross-talk with the retinoic acid signalling pathway. Abbreviations: TXN, transcription. 

Scheme summarizing the activation of the PPAR signalling pathway by multiple physiological stimuli 
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tively or negatively influence thyroid hormone action, 
depending on the nature of the TR-RE (DR-2 or DR-4) 
and the TR type (TRa or TRP). These in vitro data may 
have physiological relevance because both peroxisome 
proliferators and thyroid hormone have calorigenic ef- 
fects and both have comparable stimulatory effects on 
enzymes involved in lipid metabolism, such as mitochon- 
drial glycerol-3-phosphate dehydrogenase and S 14, clas- 
sically considered to be thyroid hormone-dependent 
(89). However, other thyroid hormone-regulated en- 
zymes involved in lipid metabolism, such as malic en- 
zyme, may be regulated by peroxisome proliferators and 
thyroid hormone through independent signalling path- 
ways and RES (90). 

Nuclear receptors may also regulate transcription 
negatively. Chicken ovalbumin upstream promoter tran- 
scription factors (COUP-TF1 = EAR-3 and COUP-TF2 = 

ARP-1) act as negative modulators of hormone respon- 
sive genes by competing for binding sites with their 
positive counterparts (91, 92). Although they have a 
preference for DR-1s. COUP-TFs exhibit a high degree 
of flexibility with respect to the sequences to which they 
will bind. In this context, it is interesting to note that 
COUP-TF1 and COUP-TF2 block peroxisome prolifera- 
tor responsiveness of the multifunctional enzyme and 
the CYF'4A6 genes, respectively (93,94). 

As discussed above, promiscuous binding of type I1 
nuclear receptors to RES and exceptions to the spacer 
rule are becoming more and more numerous. PPAR is 
no exception. PPARs bind to and transactivate a palin- 
dromic estrogen response element with 3 spacer nucleo- 
tides, thereby conferring responsiveness to peroxisome 
proliferators on a heterologous estrogen response ele- 
ment-containing promoter (38). Furthermore, in the 
medium chain acyl-CoA dehydrogenase gene there is a 
PPRE that does not contain a DR-1 (95). As with other 
type I1 receptors, therefore, PPAR can enhance the 
specificity of gene regulation by expanding the combi- 
nation of heterodimeric partners and by binding to RES 
with different numbers of spacer elements. 

Target genes and functional implication of PPAR 
Since the discovery of the transcription factor PPAR, 

scientists have been attempting to define its role in 
directing the peroxisome proliferator response (Figs. 2 
and 4). The gene encoding the rate-limiting enzyme in 
the peroxisomal P-oxidation pathway, acyl-CoA oxidase 
(ACO), was an obvious candidate for attempting to 
identify a potential RE for PPAR. Promoter analysis of 
this gene led to the identification of two PPREs, each of 
which confers transcriptional activation by PPAR (8,96, 
97). A PPRE also has been characterized in the regula- 
tory sequences of the multifunctional enzyme, the sec- 
ond enzyme in the peroxisomal P-oxidation pathway 

(98-100). Although transcription of the gene for the 
third enzyme of the P-oxidation cycle, ketoacyl-CoA 
thiolase, is also stimulated by peroxisome proliferators, 
a functional PPRE has not yet been identified. The 
critical importance of PPARa in regulating the enzymes 
involved in P-oxidation was established using mice in 
which the PPARa gene was inactivated by homologous 
recombination (17). In mutant animals the enzymes of 
the peroxisomal P-oxidation pathway are not induced by 
peroxisome proliferators (17). 

The gene encoding the enzyme acyl-CoA synthetase 
is regulated by the alternative usage of three promoters 
and contains a functional PPRE in the C promoter (101). 
This enzyme is localized in peroxisomes, mitochondria, 
and microsomes, suggesting a role for PPAR in the 
regulation of extra-peroxisomal genes. Furthermore, 
there are two distinct functional PPREs in the promoter 
of the CYP4A6 gene, which encodes the microsomal 
cytochrome P450 fatty acid a-hydroxylase (102). The 
same gene contains a cryptic PPRE that is activated by 
PPAR/RXR through relief of transcriptional repression 
by apolipoprotein regulatory protein 1 (ARP-I), another 
orphan member of the nuclear receptor superfamily 
(94). PPAR also controls the transcription of the mito- 
chondrial HMG-CoA synthase gene by fatty acids and 
fibrates and does so via a PPRE located in the proximal 
promoter region (103). PPAR also binds to a pleiotropic 
element, called nuclear receptor regulatory element 1 
(NRRE-1) in the regulatory sequences of the mitochon- 
drial medium-chain acyl-CoA dehydrogenase gene, 
thereby regulating the transcriptional activity of this 
gene (95). Medium-chain acyl-CoA dehydrogenase is 
one of four chain length-specific mitochondrial enzymes 
that catalyze the initial reaction in mitochondrial P-oxi- 
dation. Surprisingly, the pleiotropic element NRRE-1 
consists of four hexamers arranged as [t 1 (n)8 2 + (n)o 
3 + (n)4 t 41, and hence does not contain a DR-1. This 
fact plus the finding that this element confers transcrip- 
tional regulation by the heterodimer RAR/RXR (104), 
by HNF-4 (105), and by COUP-TF (106) led the authors 
to propose that the specific structure ofNRRE-1 permits 
competitive and cooperative interaction between vari- 
ous receptors, providing tissue-specific, hormone- and 
fatty acyl metabolite-sensitive modulation of medium- 
chain acyl-CoA dehydrogenase gene expression (95). 

Various cytosolic proteins are induced upon admini- 
stration of fatty acids and peroxisome proliferators. Two 
FA-binding proteins, liver FABP (107,108) and adipose 
tissue-specific aP2 (13), contain functional PPRE-like 
sequences in the promoter regions of their genes. Fur- 
thermore, the gene encoding cytosolic malic enzyme is 
regulated by PPAR through a PPRE element (go), that 
is distinct from the previously identified TRE (109). A 
recent report described two distinct elements, PCKl 
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and PCK2, that bind the heterodimeric complex 
PPARy2/RXRa in the regulatory region of the gene for 
PEPCK, an enzyme involved in gluconeo- and 
glyceroneogenesis. Only the latter element PCK2 was 
implicated in the transcriptional regulation of the 
PEPCK gene in adipose tissue ( 1 10). 

PPAR not only plays a crucial role in intracellular lipid 
metabolism, but is also an important regulator of ex- 
tracellular lipid metabolism. First, a PPRE was identified 
in the A site of the human apoA-I gene promoter. 
Through this PPRE, PPAR may counteract the repres- 
sion of apoA-I gene transcription by fenofibratc. This 
phenomenon appears to be PPAR-independent (1 1 1 
Second, PPAR is also involved in the control of human 
apoA-I1 gene expression (1 12). Third, transcription of 
the apoC-I11 gene is inhibited by fatty acids and perox- 
isome proliferators (1 13,114) due to competition on the 
same RE between PPAR/RXR heterodimers and the 
liver-enriched transcriptional activator, HNF-4 (1 14). 
Finally, a PPRE sequence in the LPL promoter is capable 
of conferring PPAR transactivation to the lipoprotein 
lipase gene both in cells of hepatic origin and in adipo- 
cytes (1 15). These data indicate that PPARs also regulate 
the expression of secreted proteins and enzymes that 
regulate lipid transport and lipoprotein physiology. 

Target gene activation and repression 

Transactivation by nuclear receptors can occur 
through direct interaction with and stabilization of com- 
ponents of the transcription preinitiation complex, as 
has been demonstrated for COUP-TF, TR, and VDR, all 
of which bind directly to TFIIB (1 16-1 18). Alternatively, 
other factors, such as adaptors, coactivators and acces- 
sory proteins, may be required to transmit signals from 
the receptors to the core transcription machinery. Sev- 
eral coactivators interact with the nuclear receptor fam- 
ily members; for example TATA binding protein-Asso- 
ciated Factor11 30 (TAFIISO) ( 119), ER associated protein 
160 (ERAP 160) (120), TR interacting protein 1 (Tripl) 
(121), and steroid receptor coactivator 1 (SRC-1) (122). 
Both components of the basic transcription machinery 
and the auxiliary bridging proteins transmit transactiva- 
tion through interaction with the N-terminus (121) or 
the C-terminal ligand binding domain (119-121) of the 
receptor. In addition to these coactivators, two co-re- 
pressors for RAR and TR, termed nuclear receptor 
co-repressor (N-COR) (123) and silencing mediator for 
retinoid and thyroid hormone receptors (SMRT) (124), 
have been identified. These corepressors interact with 
unliganded receptors and are released upon ligand 
binding, explaining the fact that TR and RAR repress 
transcription in absence of a ligand (123,124). Whether 
similar mechanisms and similar coactivators and 
corepressors exist for the PPARs awaits further study. 

In addition to corepressor-mediated inhibition of 
transcription by unliganded nuclear receptors, negative 
regulation also can occur through binding to negative 
RES. For example, specific RES bind the glucocorticoid 
receptor with high affinity but do not activate transcrip- 
tion, most likely due to an induced conformational 
change of the receptor (125, 126). Finally, &-elements 
occupied by other trans-acting factors represent another 
way to exert negative transcriptional effects. Fibrates 
and fatty acids decrease the expression of several genes, 
such as those for apoC-111, acetyl-coA carboxylase, and 
fatty acid synthase. Interestingly, the decrease in apoC- 
111 tianscription (113, 114) is linked to competition 
between the potent transcriptional activator HNF4 and 
PPAR/RXR for the same RE (1 14). The involvement of 
PPARs in the negative responses of other genes to 
fibrates and fatty acids has not been established. 

PPAR AND THE REGULATION OF 
EXTRACELLULAR LIPID METABOLISM 

Effects of fibrates and fatty acids on the HDL 
constituents apoA-I and A-I1 

Increased levels of HDL are correlated with a de- 
creased risk for coronary artery disease (127). The major 
proteins in HDL are apoA-I and A-II(127). The protec- 
tive effect of HDL on atherosclerosis is correlared with 
the levels of specific HDL particles, those containing 
apoA-I (Lp A-I) and not those containing both apoA-I 
and A-I1 (Lp A-1:A-11) (128). Overexpression of human 
apoA-I in transgenic mice confers resistance to athero- 
genesis (129), whereas less protection is observed in 
mice overexpressing both human apoA-I and apoA-I1 
( 130). Furthermore, transgenic mice overexpressing 
mouse apoA-I1 exhibit increased atherosclerotic lesion 
development (131). Together, these data suggest that 
apoA-I1 is less protective than apoA-I in coronary heart 
disease. 

In rodents, liver apoA-I and apoA-I1 mRNAs are in- 
hibited by fenofibrate, dietary fish oils, and non-meta- 
bolizable fatty acids (87, 132). In humans, however, 
fibrates increase HDL levels and its major constituents, 
apoA-I and apoA-I1 albeit to a variable extent (133, 134). 
Fibrates primarily increase Lp A-1:A-11, although a small 
decrease may be observed in Lp A-I levels (135, 136). It 
is important to stress that important organism-specific 
differences exist between rodents and humans regard- 
ing HDL metabolism and its modification by perox- 
isome proliferators. Hence care should be taken when 
extrapolating the observations in rodents to the human 
situation. 

Fibrates and fatty acids exert a negative effect on 
apoA-I transcription (1 11) via sequences localized in the 
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proximal promoter region of the human apoA-I gene. 
However, the negative effect of fibrates and fatty acids 
on FA-I transcription is counteracted by a positive 
regulatory site that is responsive to PPAR, is localized in 
the apoA-I promoter A site, and binds other nudear 
receptors such as ARP-1 and RXR (137). The delicate 
interplay of these opposite mechanisms of apoA-I regu- 
lation will determine the overall eEfects of fibrates on 
apoA4 gene expression. It is tempting to speculate that 
some peroxisome prdiferators may be more potent in 
activating the A-site and wili increase apoA-I gene tran- 
scription, whereas others may act primarily on the nega- 
tive site, causing no change or a decrease in apoA-I gene 
transcription. 

In humans, apoA-I1 plasma concentrations increase 
after fibrate treatment. This stimutation is, at least in 
part, due to the induction of hepatic apoA-I1 synthesis 
because peroxisome prdiferators increase apoA-I1 
mRNA and protein in human hepatocytes. The increase 
in expression of the human apoA-11 gene caused by 
fibrates and fatty acids is mediated by PPAR, with 
PPAR/RXR heterodimers binding to an imperfect DR-1 
in the apoA-I1 J site. This element also binds several 
other orphan receptors, such as HNF-4, EAR-2, EAR-3, 
and ARP-1 (138, 139). 

Through these mechanisms, fibrates favor the occur- 
rence of the less protective HDL profile consisting of 
increased Lp A-LA-I1 and decreased LpA-I particles 
(135). Plasma concentrations of apoA-I are determined 
mainly by the degradation rate of apoA-I; apoA-I1 levels, 
and are proportional to the rate of apoA-I1 production. 
Furthermore, the production rate of apoA-I1 appears to 
be an important factor in the distribution of apoA-I 
between HDL particles LpA-I and Lp A-1:Lp A-I1 (140); 
LpA-I levels are inversely correlated with apoA-I1 pro- 
duction. An increase of apoA-I1 production, as seen after 
fibrate and FA treatment, would therefore result in a 
shift of apoA-I from Lp A-I to Lp A-1:A-11, resulting in 
lower Lp A-I and higher Lp A-LA-11 levels. This finding 
plus the increase in apoA-I1 synthesis offers a mecha- 
nism to explain decreased Lp A-I and increased Lp 
A-LA-I1 levels in humans after fibrate treatment. The 
opposite effects of fibrates on levels of apoA-I (in- 
creased) and Lp A-I (decreased) in the plasma could, 
therefore, be due to an increase in expression and 
synthesis of apoA-I1 caused by fibrates. 

Effect of fibrates and fatty acids on the metabolism 
of triglyceride-rich lipoproteins 

Extracellular qfects: LPL and apoC-III. The hy- 
potriglyceridemic action of fibrates and fatty acids is 
attributable to both an enhanced catabolism of plasma 
triglyceride-rich particles and inhibition of secretion of 
triglyceride-rich particles from the liver (Fig. 4). The 

extracellular effects of fibrates and fatty acids on TG 
metabolism appear to be mediated via changes in ex- 
pression of lipoprotein lipase (LPL) and apoC-111, major 
determinants of plasma TG concentrations. 

LPL hydrolyzes the TG moiety of chylomicrons and 
VLDL particles (141, 142). The released free fatty acids 
are either oxidized to generate ATP in muscle, stored in 
adipose tissue, or secreted in milk by the mammary 
gland. LPL, therefore, occupies a pivotal position in 
both lipoprotein and energy metabolism. In addition, 
LPL is a ligand for several lipoprotein receptors, sug- 
gesting that it may have a role in particle clearance 
(reviewed in refs. 140, 142). The importance of LPL in 
lipoprotein metabolism is illustrated by the severe hy- 
pertriglyceridemia in patients with familial LPL defi- 
ciency (reviewed in ref. 142). Subtle abnormalities in 
LPL activity may predispose individuals to alterations in 
lipoprotein metabolism such as familial combined hy- 
perlipidemia (143). LPL activity also is positively corre- 
Iated with HDL cholesterol, a protective factor against 
coronary atherosclerosis (144, 145). 

In contrast to LPL, apoC-111 appears to inhibit clear- 
ance of plasma triglycerides. In numerous clinical, 
epidemiological, and genetic studies, apoC-111 levels are 
correlated with plasma triglyceride concentrations 
(146-154). In transgenic animals, overexpressing apoC- 
111 or lacking a functional apoC-I11 gene, plasma 
triglyceride levels are proportional to plasma apoC-111 
concentrations, providing evidence for the causal rela- 
tionship of increased apoC-111 levels to hyper- 
triglyceridemia ( 155- 157). Metabolic studies in these 
animals suggest that the primary abnormality is an 
impaired clearance of TG-rich lipoproteins due to inter- 
ference with apoE-mediated uptake of these particles by 
cellular receptors (157-159). 

It is assumed that one of the major causes of the 
hypotriglyceridemic action of fibrates and fatty acids 
involves an increase in LPL activity (160-162; reviewed 
in refs. 163, 164). In rats, LPL mRNA in liver (165) and 
adipose tissue (166) can be increased by fibrates and 
fatty acids. Furthermore, in hepatocytes and in 
preadipocytes, fibrates and fatty acids stimulate the 
transcription of the LPL gene via a PPRE (1 15). Thus, 
activation of LPL transcription by fibrates and fatty acids 
via this PPRE may contribute to the increase in LPL 
activity observed after treatment with these compounds. 
In addition, apoC-I11 expression is substantially reduced 
at the transcriptional level by fibrates (1 13, 114), result- 
ing in diminished secretion of apoC-III(ll3, 114). Con- 
sistent with these findings, turn-over studies in humans 
indicate that fibrates reduce the apoC-I11 synthetic rates. 
The reduction in circulating apoC-I11 levels in response 
to fibrates should enhance the LPL-mediated effects on 
lipoprotein metabolism leading to an increased catabo- 
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Fig. 4. Summary of the different genes regulated by PPARs and their roles in intra- and extracellular lipid 
metabolism. The genes encoding the proteins indicated in a grey box contain a functional PPRE. The proteins 
boxed with a white background are regulated by peroxisome proliferators, but no functional I'PRE has been 
identified. The + or - signs indicate whether gene expression is stimulated or inhihited. Abbreviations can he 
found in the list of ahhreriations. The concerted I'PAR-mediated regulation of several genes involved in 
metabolism of TC-rich lipoproteins by fibrates and fatty acids explains the pleiotropic effects of fihrate therapy. 
In addition to the abbreviations used in Fig. 2, this figure contains the following abbreviations: ACBI', acyl-CoA 
binding protein; ACC, acetyl-coA carboxylase; CM, chylomicron; CPT, carnitine palmitoyl transferase; CT, 
carnitine: acylcarnitine translocase; FAS, fatty acid synthase; FATP, fatty acid transport protein; FFA. free fatty 
acid. 

lism of VLDL particles. Consequently, this dual action 
of fibrates on the expression of the LPL and apoC-I11 
genes provides a potential model by which these drugs 
induce a reduction in plasma TG concentrations (re- 
viewed in ref. 167). Furthermore, these fibrate-mediated 
effects on triglyceride metabolism should lower post- 
prandial hypertriglyceridemia, a phenomenon favoring 

the development of atherosclerotic lesions. Together 
with the higher discussed changes in HDL metabolism, 
the reduction in postprandial hyperlipidemia should 
ultimately result in a less atherogenic lipoprotein pro- 
file. 

Intracellular eJfects: fatty acid tmnsport and metabolism, 
triglycpride synthmis. Fibrates exert their hypolipidemic 
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actions not only via enhanced catabolism of TG-rich 
lipoproteins, but also by concomitant increases in up- 
take and metabolism of the released fatty acids (168). 
The cellular uptake of long-chain fatty acids is facilitated 
by fatty acid transporters, such as the fatty acid transport 
protein (169). Preliminary studies indicate that the ex- 
pression of fatty acid transporter protein in rat liver is 
enhanced by fibrate or fatty acid treatment (G. Martin, 
B. Staels, and J. Auwerx, unpublished results). After 
facilitated passage across the plasma membrane, acyl- 
CoA synthetase esterifies the fatty acids to acyl-CoA 
derivatives, thereby preventing efflux from the cell, 
rendering uptake unidirectional ( 169) and activating the 
fatty acid for further metabolism (170). Once activated, 
these acyl-CoA intermediates can be metabolized in the 
catabolic pathway of fatty acid P-oxidation or in anabolic 
pathways, by which fatty acids are converted into more 
complex lipids. Expression of the acyl-CoA synthetase 
gene and activity of the enzyme are stimulated by fi- 
brates and fatty acids in a variety of tissues and cells (101, 
171), an effect mediated by a PPRE located in the C 
promoter of the acyl-CoA synthetase gene. This PPAR- 
dependent induction of acyl-CoA synthetase gene ex- 
pression by fibrates and fatty acids, together with the 
function of acyl-CoA synthetase in intracellular uptake 
and modification of fatty acids, suggests a positive feed- 
back loop in which increases in acyl-CoA synthetase 
activity stimulate production of PPAR activators which, 
in turn, increase acyl-CoA synthetase activity, etc. 

Peroxisome proliferator-induced acyl-CoA synthetase 
activity generates acyl-CoA esters that are used predomi- 
nantly for Poxidation (172, 173). Due to the pro- 
nounced increase of peroxisomal P-oxidation, associ- 
ated with a more moderate induction of mitochondrial 
P-oxidation, after treatment with peroxisome prolifera- 
tors, less acyl-CoA esters should be available to be util- 
ized for TG synthesis. A reduction in acetyl-coA car- 
boxylase (174-176) and fatty acid synthase (175, 177) 
activities will inhibit de novo fatty acid synthesis, further 
diminishing the intracellular fatty acid levels available 
for TG synthesis (178). Moreover, peroxisome prolifera- 
tors not only increase poxidation and decrease TG 
synthesis (178, 179), but also decrease apoB and VLDL 
production and secretion (176, 180-182). In summary, 
reduced secretion of VLDL particles and enhanced 
catabolism of TGrich particles likely contribute to the 
hypolipidemic effect of fibrates. 

Conc2usion.s. The concerted PPAR-mediated regula- 
tion of several genes involved in metabolism of TG-rich 
lipoproteins leads to 1) increased hydrolysis of TGs, 2) 
stimulation of cellular fatty acid uptake and conversion 
to acyl-CoA derivatives, 3) stimulation of the bxida-  
tion, and 4) reductions in fatty acid and TG synthesis 
and VLDL production. All these effects act in concert 

to explain the hypolipidemic effect of fibrates and fatty 
acids in humans and rodents. In rodents, however, the 
relative contribution of the stimulated (peroxisomal) 
P-oxidation in lowering TG levels appears to be far more 
important than in humans. In fact, fibrate administra- 
tion in rodents results in a sustained increase in perox- 
isomal Foxidation associated with peroxisome prolif- 
eration, a phenomenon not observed in man. 

PPARy, A NUCLEAR RECEPTOR TRIGGERING 
ADIPOCYTE DIFFERENTIATION 

White adipose tissue is composed of adipocytes, cells 
that play a central role in lipid homeostasis and the 
maintenance of energy balance in vertebrates. These 
cells store energy in the form of TGs during periods of 
nutritional abundance and release it in the form of fatty 
acids at times of nutritional deprivation. Too much 
white adipose tissue defines the obese state, whereas 
absence of white adipose tissue is associated with 
lipodystrophic syndromes. In contrast to the develop- 
ment of brown adipose tissue, which mainly takes place 
before birth, the development of white adipose tissue is 
the result of a differentiation/development process that 
continues throughout life ( 183). During development, 
pluripotent cells become increasingly restricted to spe- 
cific differentiation pathways. Adipocyte differentiation 
from adipose precursor cells (adipoblasts) is orches- 
trated by two interdependently acting groups of tran- 
scription factors: PPARy (13, 26) and the CCAATT 
enhancer binding protein (C/EBP) family of transcrip- 
tion factors (184-187). In contrast to the wide tissue 
distribution of the various C/EBPs, PPARy shows an 
adipose-restricted pattern of expression. The currently 
favored hypothesis is that C/EBPP induces the expres- 
sion of PPARy (187), which provides the initial trigger 
for the adipogenic program. Terminal differentiation 
requires then the concerted action of both PPARy and 
C/EBPa (26). Consistent with these findings is the fact 
that PPAR activators, such as fibrates (188, 189) and 
fatty acids (26, 190, 191), induce adipocyte differentia- 
tion. In this context, it is interesting to note that pro- 
stanoids, which are potent inducers of adipose differen- 
tiation programs (192, 193), are the natural ligands of 
PPARy (66, 67). Whether PPARy is the only PPAR 
playing a role in the induction of adipocyte differentia- 
tion is unclear at present and awaits further study. 

Several highly specialized proteins are induced during 
adipocyte differentiation, most of them involved in lipid 
storage and metabolism. Good examples of such pro- 
teins are aP2 (13), PEPCK (110), acyl-CoA synthetase 
(101, 171), and LPL (1 15). In each of these PPREs have 
been identified in the respective gene. The identifica- 
tion of a PPRE in the LPL promoter, an enzyme capable 
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of increasing the availability of fatty acids to the adipo- 
cyte, is highly interesting in this context. The observa- 
tion that the LPL gene is more efficiently activated by 
PPARy than by PPARa is consistent with a specific role 
for PPARy in adipose tissue differentiation (26, 115). 
The increase in lipolytic capacity in the plasma that 
results from a PPARy-mediated increase in LPL will 
result in an increased delivery of fatty acids to the cells. 
This increase in uptake should be further enhanced by 
the increase in acyl-CoA synthetase activity mediated by 
PPAR. Fatty acids are potent activators of PPAR (9, 14, 
50) and will provide the necessary building blocks for 
TG accumulation, ultimately resulting in adipocyte dif- 
ferentiation. This hypothesis is supported by the obs\er- 
vation that fatty acids and fatty acid analogues induce 
the expression of adipocyte-specific genes and enhance 
adipocyte conversion (26, 190, 191). This positive feed- 
back loop, which involves PPARy, LPL, acyl-CoA syn- 
thetase, fatty acid transport protein, and perhaps other 
genes, promotes and maintains the mature adipocyte 
phenotype. 

FUTURE PERSPECTIVES 

Since the cloning of the first PPAR in 1990 a wealth 
of information has accumulated on this group of recep- 
tors. These receptors modulate gene expression in re- 
sponse to environmental and dietary factors. PPARa 
and y play a pivotal role in the control of metabolic 
functions in the hepatocyte and adipocyte, respectively. 
This has led to the speculation that dysfunction of 
PPARa might be associated with hyperlipoproteinemia 
whereas altered activity of PPARy might be involved in 
the pathogenesis of obesity and non-insulin-dependent 
diabetes mellitus. Even less is known about the function 
of PPAR6. 

In the near future, it is expected that we will be able 
to better understand the physiological role of PPARs 
through several parallel research strategies. 1) Identifi- 
cation of ligands for the various PPAR types will provide 
researchers with powerful pharmacological tools to ex- 
plore their physiology. A good example is the recent 
discovery of antidiabetic thiazolidinediones and pro- 
staglandin J derivatives as specific ligands for PPARy (66, 
67). This discovery suggested a potential function of 
PPARy in the pathogenesis of insulin resistance and 
non-insulin-dependent diabetes mellitus. Through in- 
tense screening efforts it is likely that ligands for PPARa 
and 6, still orphan receptors at present, will also be 
found. 2)  Targetted disruption of the PPAR genes by 
homologous recombination will be the second area of 
research that will help to elucidate the role of the various 
PPARs. In fact, disruption of the PPARol gene allowed 

researchers to unequivocally establish the role of this 
PPAR type in peroxisome proliferation (17). 3) Finally, 
there is an urgent need for genetic studies to analyze the 
eventual involvement of PPARs in human diseases. 
When one takes the expression pattern of the PPARs 
into account, it is likely that PPARs must have important 
regulatory functions besides their roles in metabolic 
control. I 
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