
The three peroxisome proliferator-activated recep-
tors (PPAR) a, d (also called b, NUC-1 or FAAR)
and g, which are all activated by naturally occurring

fatty acids or fatty acid derivatives, constitute a dis-
tinct subfamily of the superfamily of nuclear recep-
tors. They heterodimerize with retinoid X receptor
(RXR) and change the transcription of numerous tar-
get genes after binding to specific response elements
(PPREs), consisting of a direct repeat of the nuclear
receptor hexameric DNA core recognition motif
spaced by one nucleotide. Since they are activated
by various fatty acid metabolites as well as several
drugs used in the treatment of metabolic disorders,
PPARs translate nutritional, pharmacological and
metabolic stimuli into changes in the expression of
genes. This review is focussed on the sexiest of the
PPARs, i. e. PPARg, a claim mainly owing to its piv-
otal roles in adipogenesis and in insulin sensitization.
Recently, a number of additional functions were at-
tributed to PPARg, which suggested a more pleiotro-
pic role affecting multiple fundamental pathways in
the cell with wide-ranging bio-medical implications.
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Abstract

The peroxisome proliferator-activated receptor gam-
ma (PPARg) quickly evolved over the last decade
from a new orphan receptor to one of the best charac-
terized nuclear receptors. This fast pace in PPARg re-
search was triggered by two main discoveries. Firstly,
that PPARg was shown to have a key role in adipo-
genesis and be a master controller of the ªthrifty
gene responseº leading to efficient energy storage.
Secondly, the discovery that its synthetic ligands, the
thiazolidinediones, are promising insulin sensitizing
drugs, which are currently being developed for the
treatment of Type II (non-insulin-dependent) diabe-
tes mellitus. More recently this nuclear receptor
emerged from a role limited to metabolism (diabetes

and obesity) to a power player in general transcrip-
tional control of numerous cellular processes, with
implications in cell cycle control, carcinogenesis, in-
flammation, atherosclerosis and immunomodulation.
This widened role of PPARg will certainly initiate a
new flurry of research, which will not only refine our
current often partial knowledge of PPARg but more
importantly also establish that this receptor has a def-
inite role as a primary link adapting cellular, tissue
and whole body homeostasis to energy stores. [Dia-
betologia (1999) 42: 1033±1049]
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For more general information relating to the other
PPARs, I refer the reader to some general PPAR re-
views for more exhaustive coverage [1, 2].

The PPARg gene, RNA and protein

The human PPARg gene, which has nine exons and
extends over more than 100 kb of genomic DNA [3],
is mapped to a locus on chromosome 3p25 in the
proximity of the locus for RARb (3p24) and TRb
(3p21) [4]. The gene is flanked by the polymorphic
markers D3S1259 and D3S1286, which can be used
in genetic association or linkage studies [5]. In con-
trast to mouse in which only two PPARg isoforms
have been described so far [6], in humans three
PPARg mRNA isoforms have been identified, i. e.
PPARg1, g2 [3] and g3 [7] (Fig.1). Alternate tran-
scription start sites and alternate splicing generate
the three PPARg mRNAs, which differ at their 5 ¢
ends (Fig.1). Peroxisome proliferator-activated re-
ceptor is encoded by 8 exons whereas PPARg2 and
g3 are each encoded by 7 exons. The 5 ¢ untranslated
sequence of PPARg1 is comprised of exons A1 and
A2 whereas that of PPARg3 contains only exon A2.
The 5 ¢ untranslated sequence of PPARg2 plus the
additional PPARg2-specific NH2-terminal amino ac-
ids are encoded by exon B, located between exons
A2 and 1. The remaining 6 exons, termed 1 to 6, are
common to the three PPARgs. Consistent with the
production of three PPARg mRNAs, there are three
PPARg promoters, with each a specific and distinc-
tive expression pattern [3, 7]. Whereas the PPARg1
and g3 mRNAs give rise to an identical protein pro-
duct, i. e. PPARg1, the PPARg2 mRNA encodes for
the PPARg2 protein, which in man contains 28 addi-
tional amino acids encoded by the B exon.

As with all nuclear receptors, PPARg has a modu-
lar structure composed of several domains: the NH2-
terminal A/B domain, harbouring a ligand-indepen-
dent transcriptional activation function (AF-1); the
C domain, which contains two zinc fingers, responsi-
ble for DNA binding; the D hinge region which is im-
portant for cofactor docking; and the EF COOH-ter-
minal region, which among others contains the li-
gand-binding domain (LBD) and the ligand-depen-
dent activation domain AF-2 [8]. The crystallograph-
ic structure of the LBD of PPARg has recently been
determined by several groups by X-ray and was
shown to have similar features to that of a number of
the other nuclear receptors [9, 10]. In general, the un-
liganded (apo) LBD of a prototypical nuclear recep-
tor is organized in 12 highly conserved a-helices
which are folded into three layers to create a central
hydrophobic ligand-binding pocket [9, 10]. The
PPARg LBD is, however, somewhat different and
contains one additional a-helix, termed helix 2 ¢, lo-
cated between the b-strand and helix 3. The position-

ing of this helix 2 ¢ creates together with the changed
tertiary placement of helix 2, a more accessible li-
gand-binding cavity, which is at approximately 1300
�3 almost twice the size of that of other receptors
( ~ 600 �3). Upon ligand binding, helix 12, which con-
tains the conserved AF-2 core and in the unliganded
receptor projects away from the LBD, reorientates
and closes the ligand-binding pocket much like a lid
on a pan [9]. This model, which is common for several
nuclear receptors has been called the ªmouse trap
modelº.

Little is known about the expression of PPARg
during development in mammals but in Xenopus, un-
like PPARa and b, PPARg expression is not detected
during oogenesis [11]. In adult animals, PPARg ex-
pression is relatively confined. Adipose tissue, large
intestine and haematopoietic cells express the highest
levels of PPARg mRNA and protein, kidney, liver
and small intestine have intermediate expressions
whereas PPARg is barely detectable in muscle [3,
12]. Related to the subtype distribution, PPARg2 is
much less abundant in all tissues analysed relative to
PPARg1, the predominant PPARg form. The only
tissue expressing pronounced amounts of PPARg2 is
adipose tissue, in which PPARg2 mRNA makes up
about 20 % of total PPARg mRNA [12]. The expres-
sion of PPARg3 mRNA is restricted to macrophages
and the large intestine [7, 13].

The expression of PPARg mRNA or protein or
both in adipose tissue changes under the influence of
a number of metabolic and hormonal variables. In
humans short-term changes in food intake do not af-
fect the expression of PPARg [12], whereas hypocalo-
ric diets for a longer period result in a down regula-
tion of PPARg expression [14]. In rodents, PPARg
was down regulated by fasting and insulin-dependent
diabetes mellitus [15] whereas its expression was in-
duced by a high-fat diet. Most interesting, however,
was the observation, that in normal-weight subjects
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Fig. 1. Structure of the PPARg gene and the PPARg mRNA
and protein. The three promoters and the different exons are
indicated. The three mRNA species give rise to two different
PPARg proteins



PPARg expression is highly enriched in subcutaneous
fat, whereas its expression in visceral adipose tissue is
statistically significantly higher in obese subjects [16].
Recently, we and others have shown that insulin in-
duces PPARg expression rapidly in cultured human
adipocytes [14, 17] whereas TNFa was reported to
decrease PPARg expression [18, 19]. Furthermore it
was shown that glucocorticoids could up-regulate
PPARg expression in adipose tissue [14].

Although expression of PPARg is low in muscle
(less then 10% of that in adipose tissue), a number
of studies focussed on the regulation of PPARg ex-
pression in this tissue in view of its central role in glu-
cose disposal [3]. Most studies show that PPARg1 is
the predominant PPARg form [3, 20, 21], and only
one report showed the presence of PPARg2 [14]. In
contrast to white adipose tissue, PPARg expression
appears not to be regulated by insulin [20]. Obesity
is associated with increased PPARg expression in
the muscle [20]. Finally, a recent study suggests that
both PPARg mRNA and protein are statistically sig-
nificantly induced in muscle by treatment with
PPARg agonists, suggesting a certain degree of trans-
differentiation of the muscle cells [22].

PPARg a coordinator for the thrifty response

Adipose tissue is composed of adipocytes, which
store energy in the form of triglycerides during peri-
ods of nutritional abundance and release it as non-es-
terified fatty acids at times of nutritional deprivation
[23, 24]. Excessive accumulation of adipose tissue
leads to obesity whereas its absence is associated
with lipodystrophic syndromes. The molecular mech-
anisms that control adipocyte differentiation from
adipose precursor cells (adipoblasts) are complex
and are affected by numerous signalling pathways.
Although retroviral PPARg infection of fibroblast
[25] and muscle [26] cells can induce adipocyte differ-
entiation, this adipogenic property does not seem to
be unique, since a whole range of transcription fac-
tors affect adipogenesis. It is currently thought that
full-fledged adipogenesis requires an interplay be-
tween the PPARg/RXR heterodimer and two other
groups of transcription factors: the CCAATT en-
hancer binding proteins (C/EBP) and adipocyte dif-
ferentiation and determination factor 1/sterol regula-
tory element binding protein 1 (ADD-1/SREBP-1)
(reviewed in [23, 24]; Fig. 2). Although all of these
transcription factors can independently induce adipo-
cyte differentiation in vitro, they act synergistically in
vivo. During the initial phases of adipogenesis
C/EBPb and d are induced in response to adipogenic
hormones such as insulin or glucocorticoids [27±29].
Both C/EBPs then induce the transcription of
PPARg2, by interaction with a C/EBP site in the
PPARg2 promoter. In its turn, PPARg2 then induces

the expression of PPARg1 [30]. The obligate hetero-
dimeric partner of PPARg, RXR constitutes another
pivotal sensor during adipocyte differentiation [31].
On the direct repeat with one interspacing nucleotide
(DR-1) response elements, such as most PPREs,
RXR is a non-permissive inactive partner when hete-
rodimerized with the peroxisome proliferator-acti-
vated receptor(RAR), whereas it is a permissive part-
ner in the context of the PPARg/RXR heterodimer.
The expressions of RAR and PPARg change consid-
erably during the induction of adipocyte differentia-
tion, with that of RAR being strongly reduced and
of PPARg being induced [32]. A change in the rela-
tive expressions of RAR and PPARg in the differen-
tiating adipocytes will hence induce a switch for
RXR from one partner to another one [31, 32]. This
will change RXR activity from the non-permissive
state when bound to RAR to the permissive state
when complexed to PPARg. This switch in partners
induces the recruitment of a distinct set of cofactors,
ultimately translating into an alteration of the tran-
scriptional activity of the down-stream target genes
(Fig.2) [31]. Such a switch might underly, not only
how PPARg agonists but also, how RXR agonists ex-
ert their effects on adipogenesis and glucose homeo-
stasis.

Another protein which is also induced early during
adipocyte differentiation is the basic helix-loop-helix
(bHLH) protein ADD-1/SREBP-1 [33, 34]. This
transcription factor, which has a pivotal role in cho-
lesterol homeostasis, also regulates the expression of
several genes in fatty acid metabolism, and hence it
has been suggested that ADD-1/SREBP-1 might
control the generation of PPARg ligands which in
their turn enhance the transcriptional activity of
PPARg. Furthermore, recent work in our laboratory
showed that ADD-1/SREBP-1, as well as the related
bHLH factor, SREBP-2, can induce PPARg tran-
scription through response elements in the PPARg1
and g3 promoter regions (Fajas and Auwerx, unpub-
lished results). These interactions between cholester-
ol (ADD-1/SREBP) and fatty acid signalling
(PPARg) point to an interplay of these two lipids in
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Fig. 2. Interaction of different transcription factors in adipo-
cyte differentiation



adipocyte biology. Finally, terminal adipocyte differ-
entiation requires the concerted action of PPARg
and C/EBPa [25, 26, 35], another C/EBP family
member which appears only relatively late in the dif-
ferentiation process. Not only the expression of
C/EBPa is controlled by PPARg but C/EBPa in its
turn also induces PPARg gene expression through in-
teraction with C/EBP response elements present in
the human [30] and mouse [6, 35] PPARg promoter.
This extensive cross-regulation between C/EBPs,
PPARg/RXR and ADD-1/SREBP-1 is not only re-
quired to induce adipocyte differentiation but also to
sustain the fully differentiated adipocyte phenotype.

The enhanced adipocyte differentiation, which en-
sues from PPARg activation, translates in the induc-
tion of the expression of adipocyte-specific genes.
Functional PPREs have been identified in several
genes implicated in adipocyte differentiation, most
of them involved in lipid storage and control of me-
tabolism. Good examples are aP2 [36], phophoenol
pyruvate carboxykinase (PEPCK) [37], acyl CoA
synthase (ACS) [38], fatty acid transport protein-1
(FATP-1) [39], and lipoprotein lipase (LPL) [40],
who are all regulated by PPARg. The identification
of PPREs in the LPL and ACS promoter and the in-
duction of FATP-1 expression by PPARg ligands sug-
gests that PPARg can also influence the generation
and cellular uptake of its own ligands or activators. I
suggest therefore that PPARg and its target genes
have an interdependent role in adipocyte differentia-
tion. This hypothesis is supported by the observation
that fatty acids and fatty acid analogues induce the
expression of adipocyte-specific genes, enhance adi-
pocyte conversion and maintain the mature adipo-
cyte phenotype by creating a positive feed-forward
loop, which involves PPARg and several of its target
genes (such as LPL, ACS, leptin, and FATP) [23, 24,
41].

In addition to the genes already mentioned, which
are mainly involved in adipocyte metabolism, two cy-
tokines produced by the adipocytes, i. e. leptin and
TNFa, also appear to be functioning in this adipocyte
sustaining positive regulatory loop. Leptin is an adi-
pocyte-derived signalling factor which, after interac-
tion with specific cytokine-like receptors, induces a
pleiotropic response including control of body weight
and energy expenditure [42]. Leptin gene expression
is regulated in an opposite fashion by PPARg and
C/EBPa, the first one reducing its expression [48±50]
and the second inducing its expression [46±48]. The
decrease in circulating leptin concentrations after
PPARg activation is associated with an increase in
food intake, which provides substrates, subsequently
to be stored in the adipocytes. A similar hypothesis
can be formulated in relation to adipose tissue
TNFa production. Tumour necrosis factor a, which
was originally described as cachectin, is a potent in-
hibitor of adipocyte differentiation and exposure of

3T3-L1 adipocytes to TNFa results in lipid depletion
and a complete reversal of adipocyte differentiation
[49, 50]. Tumour necrosis factor a exerts this anti-adi-
pogenic action in part by the down-regulation of the
expression of adipogenic factors such as C/EBPa
[51, 52] and PPARg [18, 19, 53]. Interestingly, obesity
characterized by increased adipose tissue mass is as-
sociated with increased TNFa expression in adipose
tissue. Although the exact role of high TNFa concen-
trations in obesity is not clear, it might constitute a
regulatory mechanism to limit further increase in adi-
pose tissue mass. This increase in TNFa concentra-
tions in obesity also interferes with the insulin signal-
ling pathways [54] contributing to the insulin resis-
tance characteristic of the obese state [55, 56]. Consis-
tent with the opposing effects of PPARg and TNFa in
adipose tissue, treatment of obese animals with
PPARg agonists reduces adipose tissue expression of
TNFa, contributing to weight gain [57, 58]. Activa-
tion of PPARg furthermore blocks the inhibitory ef-
fects of TNFa on insulin signalling [53] as well as the
TNFa-induced glycerol and non-esterified fatty acid
(NEFA) release [59]. Hence, PPARg activation
would not only favour adipocyte differentiation by
affecting adipocyte metabolism, but in addition could
also trigger an adipocyte-sustaining endocrine, para-
crine or autocrine response consisting in decreased
concentrations of two important adipocyte-derived
signalling factors, leptin and TNFa. Therefore
PPARg seems to be a master gene controlling a coor-
dinated thrifty response.

Finally PPARg is not only a crucial element in the
control of adipocyte differentiation but also in the
modulation of programmed cell death in the adipo-
cytes ([57], and J. Auwerx, unpublished results). Acti-
vation of PPARg has been shown to induce adipocyte
apoptosis, mainly restricted to large fully differentiat-
ed adipocytes. This pro-apoptotic effect of PPARg
activation on large adipocytes, coupled with its capac-
ity to enhance differentiation of adipocytes de novo,
favours the formation of small adipocytes which tend
to replace the large adipocytes normally constituting
white adipose tissue [57, 60]. It is therefore tempting
to speculate that PPARg activation results in a con-
tinuous remodelling of adipose tissue (Fig.3). A hy-
pothesis for the ultimate fate of these small freshly
differentiated adipocytes that is worth exploring is
that over time they store more and more energy and
become hypertrophic and perhaps ultimately lead to
a state of resistance to PPARg activation.

PPARg activation by insulin sensitizers underscores
the importance of adipose tissue in insulin sensitivity

Like the other PPARs, PPARg, seems to be a very
promiscuous receptor when it comes to activation,
which can be achieved by a wide variety of naturally
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occurring and synthetic compounds. This property
was shown to be linked to its spacious ligand-binding
cavity [9, 10]. For some of these PPARg agonists, it
was subsequently shown that they not only activate
but also bind to the receptor. Naturally occurring
arachidonic acid metabolites derived from the cy-
clooxygenase pathway, such as 15-deoxy-D12, 14-
prostaglandin J2 [61±63] and D12-prostaglandin J2
[64] have received most attention. Although 15-
deoxy-D12, 14-prostaglandin J2 was shown to be the
most potent of the naturally occurring ligands with a
high affinity for PPARg, it is still not clear whether it
is produced in sufficient quantities in vivo. In con-
trast, D12-prostaglandin J2 has been shown to be
made in vivo. A report that oestrogen induces the
production of D12-prostaglandin J2 in duck uropygial
gland should be noted in this context, since it points
to cross-talk between oestrogen and peroxisome pro-
liferator stimulated signalling pathways [64]. Finally,
other eicosanoids and unsaturated fatty acids are
also reported to bind and activate PPARg [63, 65,
66]. This has been shown for the w-3 polyunsaturated
fatty acids, a-linolenic (18:3), eicosapentaenoic (20:5;
EPA) and docohexanoic acid (22:6; DHA) [63, 65,
66]. It was also shown recently that two eicosanoids
present in oxidized low density lipoproteins (ox-
LDL), i. e. 9±hydroxyoctadecadienoic and 13-hydro-
xyoctadecadienoic acid are potent PPARg ligands
[67]. This could have important medical implications,
in view of the postulated role of PPARg in macroph-
age differentiation and foam cell formation [67, 68].

The synthetic compounds, thiazolidinediones
which are potent insulin sensitizers [67, 75] and cer-
tain non-steroidal anti-inflammatory drugs (NSA-
IDs) [70], have been shown to be high affinity ligands
for PPARg. Note that the relative potency of most
thiazolidinediones to bind to and to activate PPARg
in vitro correlates perfectly with their anti-diabetic
potency in vivo, suggesting that PPARg mediates
their anti-diabetic effect [71, 72]. The involvement of
PPARg in insulin sensitization and glucose homeo-

stasis is additionally supported by the recent observa-
tion that activation of RXR, the heterodimeric part-
ner of PPARg, also induces adipocyte differentiation
and improves glucose homeostasis [73]. These obser-
vations furthermore argue strongly that the active
moiety involved in ameliorating glucose metabolism
is the heterodimer PPAR/RXR.

Several recent studies point to the future bringing
another dimension to the development of PPARg
modulators, which until now was focussed on the de-
velopment of simple agonists. Firstly, novel ligands,
such as the thiazolidinediones derivative, KRP-297
and JTT-501, with activity towards both PPARa and
g are being developed, widening both their tissue-
specific activity and pharmacological properties [74,
75]. Treatment with a combination of compounds
[76] or a single compound [80] with effects on both
liver and adipose tissue can clearly enhance the thera-
peutic efficacy to restore complex metabolic distur-
bances, as seen in insulin resistance and Type II dia-
betes, to normal. Although little is known about their
pharmacological properties, recently ligands able to
bind and activate both PPARg and d have also been
reported [77]. Secondly, the discovery of a novel thia-
zolidinedione, MCC-555, with appreciable anti-dia-
betic properties but only weak capacities to bind to
PPARg, makes a notable exception to the rule that
PPARg binding correlates with clinical efficacy [71,
72]. This thiazolidinedione can function either as a
full or partial agonist or an antagonist depending on
cell type and the sequence recognition site. This un-
ique property can be explained by unique cofactor re-
cruitment by this compound and indicates that it will
be possible to produce tissue and promoter specific
PPARg modulators.

The anti-diabetic effect of PPARg agonists, agents
that induce adipocyte differentiation, might seem il-
logical since obesity, the end result of increased adi-
pogenesis, is associated with insulin resistance. This
discrepancy becomes apparent when one takes into
account that on a whole body level, adipose tissue is
absolutely required for glucose homeostasis in re-
sponse to insulin. Subjects with lipoatrophy [78] and
transgenic animals, which are engineered to lack adi-
pose tissue, are extremely insulin resistant [79, 80].
This seems therefore to indicate that storage of ener-
gy reserves in the adipocytes favours insulin sensitivi-
ty and that the important adipogenic activity of
PPARg contributes to the insulin sensitization of
thiazolidinediones.

Although PPARg seems to have its primary effects
on adipose tissue, it is not clear how PPARg agonists
improve insulin sensitivity in muscle. Normally, adi-
pose tissue (and liver) only contributes minimally
( < 10%) to glucose disposal whereas muscle is re-
sponsible for most of the glucose uptake. Human
muscle tissue, however, expresses only trace amounts
of PPARg under basal conditions, making it ques-
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Fig. 3. Remodelling of white adipose tissue by PPARg activa-
tion. Activation of PPARg in adipocytes will not only translate
in apoptosis of the fully differentiated adipocytes but will also
induce differentiation of preadipocytes de novo. This results
in a continuous remodelling of the adipose tissue



tionable whether muscle PPARg can account for the
improvement in insulin sensitivity after treatment
with thiazolidinediones. These minute quantities of
PPARg in muscle might, however, be sufficient or al-
ternatively might be induced during treatment with
thiazolidinedione leading to an eventual direct
PPARg-mediated response of the muscle to these in-
sulin sensitizers. Alternatively, PPARg activators
may generate an adipocyte-derived signal affecting
insulin sensitivity in muscle. Both proteins and lipids
have been proposed as non-mutually exclusive signal-
ling molecules, which can affect the muscle. The pro-
totypical examples of protein signalling molecules
are the adipocytokines [81]. Tumour necrosis factor
a is the prime example of molecules belonging to
this group. Increased adipose tissue TNFa produc-
tion has been shown to induce systemic insulin resis-
tance by interference with the insulin signalling cas-
cade [54, 55]. Thiazolidinediones have been shown
to reduce TNFa expression, which may contribute to
the improved insulin sensitivity [57, 58]. More recent-
ly, it was shown that leptin might also interfere with
insulin signalling in vitro [82±84], although its in vivo
activity on glucose homeostasis suggests otherwise
[85]. In view of its interference with insulin signalling,
reduced adipose tissue leptin production after thiazo-
lidinediones [43±45] could potentially contribute in
part to the improvement in insulin-stimulated glucose
disposal. It is not known whether other adipocyte-de-
rived proteins, such as adipsin [86], angiotensinogen
[87], plasminogen activator inhibitor I [81], and adipo
Q [88, 89], could also be involved in this signalling
process. A second group of important mediators,
which could affect insulin sensitivity in the muscle,
consists of fatty acids. Since the original observation
[90], it has been well established that increased fatty
acid concentrations decrease glucose metabolism in
the muscle. Treatment with thiazolidinediones induc-
es LPL, FATP-1, and ACS selectively in adipose tis-
sue but they do not seem to change the expression of
these genes in muscle tissue [91]. This might induce
a ªfatty acid stealº due to a specific thiazolidine-
dione/PPARg-mediated increase in lipid and fatty
acid clearance by adipose tissue, without a concomi-
tant increase in fatty acid delivery to the muscle [92].
The resulting ªtrappingº of fatty acids in fat tissue
could lead to a decreased systemic availability and a
diminished fatty acid uptake by the muscle, potential-
ly improving insulin sensitivity according to the
mechanisms which have been proposed [90].

Two additional points should be mentioned. First-
ly, from all the above it is clear that the majority of
PPARg regulated genes are involved in fatty acid or
lipid metabolism or both and seem to be linked to
adipocyte differentiation. In contrast, very little is
known about regulation by PPARg of genes directly
involved in glucose homeostasis. The mRNA encod-
ing for the glucose transporter GLUT-4 was recently

reported to be induced by PPARg. Similarly, it was
shown that the c-Cbl associated protein (CAP) was
induced by PPARg [93]. This protein, which is only
expressed in cells that are metabolically sensitive to
insulin, is involved in insulin-stimulated tyrosine
phosphorylation of c-Cbl [93]. Secondly, it is impor-
tant to stress that other adipose-independent mecha-
nisms also contribute to the insulin-sensitizing effects
of thiazolidinediones since these compounds retain
this activity in transgenic mice that totally lack adi-
pose tissue [94]. The exact nature of these non-adi-
pose effects is, however, unclear and warrants more
detailed investigation.

Genetic studies highlight the importance of
ligand-independent activation and post-translational
modification of PPARg

Twin and family studies suggest that approximately
80% of the variance in body mass index (BMI) is ge-
netically determined [95]. Rare mutations in genes
such as leptin or its receptor, controlling energy in-
take and expenditure, have been described in rodents
[96, 97] and humans [98, 99]. Recently, mutations in
PPARg have been described [5, 100±102], which in
contrast to the above mutations presumably affect
regulation of adipocyte differentiation and fat stor-
age [5, 100±103]. A rare Pro115Gln mutation in the
NH2-terminal ligand-independent activation domain
of PPARg was found in four very obese subjects
[100]. This mutation resulted in a permanently active
PPARg since it inhibited phosphorylation of the pro-
tein at Ser114 and led to increased adipocyte differ-
entiation capacity in vitro [100]. Furthermore, modi-
fication of the A/B domain by phosphorylation of
this residue was reported to reduce ligand-binding af-
finity through interdomain communication between
the A/B and the ligand-binding pocket in the DEF
domain of PPARg. Phosphorylation at Ser114 was
proposed as a mechanism by which growth factors
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Fig. 4. Regulation of PPARg activity by phosphorylation
through the mitogen activated protein (MAP) kinase pathway
binding. The hPPARg is phosphorylated at Ser 114 by MAP
kinase. This phosphorylation inhibits its adipogenic activity



and insulin, through mitogen-activated protein ki-
nase, decrease PPARg activity and adipocyte differ-
entiation (Fig.4) [104±107].

We and others have recently described a much
more common Pro12Ala substitution in the
PPARg2-specific exon B [5, 101±103]. The PPARg2
Ala allele, whose frequency ranges from approxi-
mately 0.12 among Caucasians to 0.02 in Japanese
Americans [101, 103], was associated with lower
BMI, improved insulin sensitivity and higher plasma
HDL cholesterol concentrations [101]. The associa-
tion with insulin sensitivity disappeared when cor-
rected for BMI, indicating that the primary effect of
this mutation was on body weight. Among Japanese-
American subjects, in whom the frequency of the
PPARg Ala allele is much lower then in Caucasians,
a statistically significantly lower frequency of the
Ala allele among Type II diabetic subjects was ob-
served relative to normal subjects. The PPARg Ala
allele exhibited a reduced ability to transactivate re-
sponsive promoters. These results provide together
with the observations made on the Pro115Gln substi-
tution strong evidence of a role of PPARg in the con-
trol of adipogenesis in vivo, such that a more active
PPARg (Pro115Gln) results in increased BMI [100],
whereas the opposite is seen with a less active
PPARg (Pro12Ala)[101]. Further genetic support
for a role of PPARg in the determination of body fat
is that one of the loci with suggestive linkage to obesi-
ty (lod = 2.0) in Pima indians maps close to the loca-
tion of PPARG in the 3p25-p24 region [108].

These observations appear at odds with two re-
ports which found no association of the Pro12Ala
substitution with BMI and insulin sensitivity [102,
109]. In one study of 203 Japanese men, which includ-
ed a total of only 12 carriers (1 homozygote and
11 heterozygotes) of the Ala allele, no correlations
were observed with adiposity, fat distribution and in-
sulin sensitivity [109]. The lack of association ob-
served was most likely due to the limited number of
carriers (n = 12) of the Ala allele in this population
sample and to differences in diet between Japanese
and Japanese Americans. The American diet has in-
duced a higher frequency of insulin resistance and
Type II diabetes among Japanese Americans [110].
In a second study involving 169 morbidly obese Cau-
casians, the Ala allele was associated with higher
BMI [102]. These results suggest that the physiologi-
cal consequences of the Pro12Ala polymorphism
could be different in the lean and obese states. This
is possibly due to the interaction of these isoforms of
PPARg with metabolites or other regulatory pro-
teins, the concentration of which may differ between
obese and lean subjects. Consistent with this possibil-
ity is the recent findings in 1621 Danish males that the
Ala allele could be associated with lower BMI among
lean subjects and higher BMI among obese subjects
[110a]. These apparently conflicting results indicate

the importance of gene environment interactions in
the determination of the phenotype.

The genetic and functional data on the Pro12Ala
substitution point to the importance of the PPARg2
specific B exon in determining the activity of PPARg
more particularly in adipocytes, the only tissue
known to express appreciable amounts of PPARg2.
The exon B-encoded 28 NH2±terminal residues were
previously shown to be dispensable in in vitro assays
of transcriptional activation and adipocyte differenti-
ation [25]. In apparent contradiction to this observa-
tion, the NH2-terminus of PPARg2 was shown to be
five to ten times more potent in transactivation assays
than the NH2-terminus of PPARg1 [111]. The se-
quence of the first 13 of these 28 residues in PPARg2
is evolutionarily conserved between mouse, pig, cow
and human, indicating that they are possibly func-
tionally important in vivo (unpublished data and
[3]). The function of the NH2-terminal residues of
PPARg2 is not known. This domain may modulate
nuclear import, ligand binding, DNA binding, or
transcriptional activation by inducing a conforma-
tional change, or it may endow PPARg2 with unique
capacities to interact with co-activators or co-repres-
sors that have been shown to interact with nuclear re-
ceptors. Support for the role of the NH2-terminus of
PPARg in transcriptional activity not only comes
from the presence of a ligand-independent AF-1 do-
main in this part of the molecule [111] but also from
its allosteric effects on ligand-dependent transcrip-
tional activity through interdomain communication
[112]. The identification and characterization of pro-
teins interacting with the NH2-terminus of PPARg in
the future will point to mechanisms by which this do-
main affects adipose tissue accumulation and metab-
olism.

PPARg and the control of lipoprotein and extracellular
lipid metabolism

In addition to its role in fat storage in the adipocytes,
PPARg is also important in extracellular lipid meta-
bolism, more particularly in that of triglyceride-rich
lipoproteins [2, 8]. Steady state triglyceride concen-
trations are determined on the one hand by their pro-
duction rates in the liver and gut, a process controlled
to a large extent by substrate (fatty acid) availability
and on the other hand by their clearance rate, a pro-
cess under the control of LPL and apolipoprotein
C-III. Activation of either PPARa or PPARg or both
has pronounced triglyceride-lowering effects but the
mechanisms by which they achieve this are largely
different. Whereas thiazolidinediones predominantly
affect triglyceride clearance, fibrates, which are weak
PPARa ligands, exert their effects both on triglycer-
ide clearance and production rates [8, 113]. Activa-
tion of PPARa reduces the production of apo C-III
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[114, 115], whereas that of PPARg induces adipose
tissue LPL gene expression [40, 76], both resulting in
a more efficient lipolysis-mediated clearance of tri-
glycerides from the circulation. The induction of the
LPL-mediated lipolysis of triglyceride-rich lipopro-
teins most likely underlies the increase in LDL parti-
cles often observed after the use of thiazolidinedi-
ones in animal models (such as the db/db mouse) or
humans with increased concentrations of triglycer-
ide-rich lipoproteins [116±119]. Further studies are
necessary to establish whether this increased concen-
tration of LDL particles is associated with an in-
creased tendency to develop atherosclerosis.

The genetic studies discussed showed an associa-
tion between the Pro12Ala substitution in the
PPARg2 gene and increased HDL cholesterol and re-
duced total triglycerides concentrations [101]. The as-
sociation of a less active PPARg variant with reduced
triglyceride concentrations seems at odds with
PPARg activation with synthetic ligands reducing
triglyceride concentrations. A clear distinction needs,
however, to be made between the general mild long-
term modulating effect of mutations, mainly mediat-
ed by changes in adipose tissue mass and the more
drastic and rapid changes in PPARg activity induced
by pharmacological activation. The genetic associa-
tion of HDL concentrations and PPARg2 Ala allele
suggests that adipose tissue mass has important impli-
cations on reverse cholesterol transport [120, 121]. In
addition, these genetic data support a role of adipose
tissue in the complex lipid abnormalities associated
with visceral obesity/insulin resistance syndrome,
such as increased triglyceride and small dense LDL
and low HDL concentrations.

More complexity; regulating PPARg activity through
protein-protein interactions

Recently, a new functional class of proteins called
ªcofactorsº were shown to play an important part in
transcriptional control. Such cofactors also interact

with nuclear receptors and they can either repress
(corepressors) or enhance (coactivators) their tran-
scriptional activities [122]. Initially it was thought
that cofactors simply bridge transcription factors
with the basic transcription machinery such as for
p300, which is also a component of TATA-binding
protein complexes [123], or for the p300 homologous
protein, CREB (cAMP-response element binding
protein) binding protein (CBP), which has been
shown to be associated with the RNA polymerase II
by RNA helicase A [124]. Although this bridging
function is important, several cofactors also have en-
zymatic activities, suggesting that they could control
gene expression by specifically modifying chromatin
and DNA structure. For instance, SUG-1 is a DNA-
helicase [125] and transcription intermediary fac-
tor1a is a protein kinase [126]. Most notable, mem-
bers of three groups of coactivators, i. e. the steroid
receptor coactivator (SRC), CBP/p300, and the
p300/CBP associated factor (p/CAF)/GCN family,
can all acetylate histones [127±132] as well as other
proteins of the transcription complex such as TFIIEb
and TFIIF [133]. In contrast, the two corepressors si-
lencing mediator for retinoid-hormone and thyroid-
hormone receptors (SMRT) and nuclear receptor
corepressor , occur in a complex with histone deacety-
lase activity [134±136]. Histone hypoacetylation is as-
sociated with transcriptionally silent and condensed
nucleosomes whereas acetylation is associated with
increased transcription, suggesting that changes of
nucleosome conformation modulate accessibility of
promoter regions. Regulation of the acetylation of hi-
stones and of other DNA-binding proteins seems
therefore to be of prime importance for transcription-
al activation, which often occurs as a multistep pro-
cess involving first removal of histone deacetylases
from DNA with subsequent recruitment of histone
acetyl transferases (Fig.5). In general, unactivated
nuclear receptors are complexed with corepressors,
which extinguish their transcriptional activity by the
recruitment of histone deacetylases. Activation of
the receptor then induces a conformational change
which results in the dissociation of corepressors and
the recruitment of coactivator complexes that contain
proteins with histone acetyl transferase activity,
which facilitates target gene transcription [122, 137].

An important number of putative cofactors inter-
act with the PPARs but a firm role in the regulation
of the transcriptional activity of PPAR has not always
been established. In the following section I will spe-
cifically focus on cofactors for PPARg, which have
been shown not only to bind to but also to modulate
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Fig. 5. Transcriptional activation of nuclear receptors requires
in general the release of corepressor (CoR) complexes, which
contain histone deacetylase activity (HDAC), and the recruit-
ment of coactivators (CoA), which target histone acetyl trans-
ferases (HAT) to the promoter. The differential docking of co-
factors is facilitated by structural changes brought about by li-
gand-binding or receptor phosphorylation



its transcriptional activity. These include a silencing
mediator for retinoid and thyroid hormone receptors
(SMRT), a corepressor that inhibits RAR and thy-
roid hormone receptor-dependent transcription in
the absence of their respective ligands and targets hi-
stone deacetylases to the DNA [138, 139]. In the pres-
ence of ligands, SMRT dissociates from these recep-
tors allowing the recruitment of coactivators. It has
been suggested that SMRT could also be involved in
down-modulating PPARg-mediated gene transcrip-
tion [140]. Indeed, EGF enhances the interaction of
PPARg and SMRT in whole-cell extracts from CV-1
cells. Furthermore, antibodies directed against
SMRT can relieve the mitogen activated protein ki-
nase-dependent inhibition of the PPARg transcrip-
tional activity [140]. Notably, microinjection of anti-
bodies directed against SMRT was able to relieve
SMRT corepression of PPAR's activity but antibodies
directed against the related nuclear receptor core-
pressor were ineffective [140]. These data appear,
however, at odds with the observation that PPARg
seems to be capable of interacting with SMRT and
nuclear receptor corepressor in solution only and
not when bound as a heterodimer with RXR to its
cognate response element [31, 141]. Furthermore,
PPARs seem to be lacking the conserved receptor
corepressor box [31], previously found to be required
for binding of corepressors to the receptors. These
conflicting data therefore leave the question whether
unliganded PPARg has any constitutive repressive
activity on gene expression in vivo open.

Members of at least two families of histone acety-
lases, i. e. CBP/p300 and the SRC are reported to in-
teract with PPARg. The first family, CBP and p300,
are two related and widely expressed [142] cofactors
that were originally identified as CREB [143] and
E1 A [144] interacting factors [145]. They coactivate
numerous transcription factors including several nu-
clear receptors [146±151] and were reported to have
intrinsic histone acetyl transferase activity [127, 130,
132]. We have recently observed that CBP/p300 inter-
acts with PPARg through multiple domains in each
protein [152]. Most notably, the NH2-terminal region
of PPARg can dimerize with CBP/p300 in the ab-
sence of ligand and this association enhances its con-
stitutive AF-1 transcriptional activity [152]. The con-
stitutive presence of cofactors such as CBP/p300
could hence enhance the basal ligand-independent
transcriptional activity of PPARg in vivo and could
together with the absence of well-documented inter-
actions with corepressors explain the high basal activ-
ity of PPARg. A last point is that CBP/p300 seems to
be able to contact other cofactors such as SRC-1 and
its related family members [149]. This requires inter-
actions of CBP/p300 with the consensus LXXLL mo-
tifs [153, 154] in SRC-1, each of which is sufficient for
ligand-dependent interaction with nuclear receptors.
This suggests that CBP/p300 could facilitate the as-

sembly of multi-protein complexes involved in gene
activation.

Steroid receptor coactivator was initially isolated
as a progesterone receptor coactivator [155] but later
was also shown to interact in a yeast two-hybrid sys-
tem with the PPARg LBD [156]. Like CBP/p300,
SRC-1 has an intrinsic histone acetyl transferase ac-
tivity [131] and is ubiquitously expressed [142, 155].
It has a lower affinity for PPARg relative to CBP/
p300 [157]. It has been shown to have two PPAR-
binding domains, each containing LXXLL consensus
receptor interaction motifs [153, 154]. Some residues
COOH-terminal to LXXLL motifs are, however,
also involved in receptor interaction [158]. The ligan-
ded PPARg LBD has been co-crystallized with a re-
gion of SRC-1 which contains two LXXLL motifs
[9]. The structural data showed that the SRC-1 frag-
ment interacted with two PPARg LBDs, with each
of its LXXLL motifs contacting conserved residues
in helix 12 (contains the AF-2) and 3 [9]. Mutation
of the AF-2 is associated with a loss in transcriptional
activity and a loss of capacity to interact with SRC-1
or CBP [157].

Since both p300/CBP and SRC-1 are not specific
for PPARg, several laboratories tried to identify
PPARg-specific coactivators. Two coactivators,
PPAR binding protein (PBP) [159] and PPAR gam-
ma coactivator-1 (PGC-1) [160], were isolated using
this approach but they turned out not to be specific
for PPARg. In addition, and in contrast to CBP/p300
and the SRC-1 families, it is not established whether
these proteins contain any histone acetyl transferase
activity. The first of these proteins isolated on the ba-
sis of its interaction with the LBD of PPARg in a
yeast two-hybrid screen of a mouse liver cDNA li-
brary is PBP [159]. The PPARg and PBP are constitu-
tively associated both in vitro and in vivo but the
presence of a ligand reinforces this interaction. The
PBP stimulates PPARg transcriptional activity only
modestly but a truncated form bearing only the re-
ceptor-binding domain acts as a dominant-negative
repressor, suggesting that PBP is a genuine coactiva-
tor for PPARg. It is expressed in a wide range of tis-
sues, including several tissues where PPARg is of
physiological importance such as adipose tissue, co-
lon and breast [161]. The coactivator PGC-1 was iso-
lated in a yeast two-hybrid screen of a mouse brown
fat cell cDNA library [160]. It also turned out not to
be specific for PPARg, since it also interacts with the
thyroid hormone receptor. The interaction between
PGC-1 and PPARg is ligand-independent both in vit-
ro and in vivo. The PGC-1 is expressed in brown fat,
heart, kidney and brain, all tissues where PPARg
might be of physiological importance and its expres-
sion is induced by cold exposure in brown fat and
skeletal muscle. When PGC-1 is ectopically ex-
pressed in white adipose cells, it activates expression
of the uncoupling protein (UCP)-1, a key mitochon-
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drial enzyme of the respiratory chain, normally re-
stricted in expression to brown adipose tissue. These
observations suggest that PGC-1 could play a part in
linking nuclear receptors to adaptive thermogenesis
and indicate that it could be involved in the initiation
of brown adipose tissue formation.

From this it is evident that although several cofac-
tors interact with PPARg, none of these cofactors
seem to be specific for PPARg. Understanding how
these cofactor complexes interact and modulate re-
ceptor activity will require both detailed structural
studies and the careful reconstitution of PPARg tran-
scriptional activity in purified reconstituted transcrip-
tion systems. Furthermore, several cofactors seem to
be interacting as multiprotein complexes, suggesting
a degree of redundancy. The recent observations
made on the mode of action of the receptor interact-
ing protein 140 (RIP140) suggest that some of them
are mutually exclusive when interacting with the
same receptor, pointing to the importance of the sto-
ichiometry of the different components in the tran-
scription complexes. Therefore it will also be of inter-
est to better characterize the expression profiles of
the various cofactors as well as to get more insight
into the regulation of their respective promoters.

PPARg in inflammation and atherogenesis

Since fatty acid-derived signalling molecules are key
components of several second messenger systems in-
volved in the control of inflammation [162], PPARg
could serve as a tertiary messenger mediating certain
of their transcriptional effects. The potential involve-
ment of PPARg in inflammatory processes was first
suggested by the general antagonism between the ac-
tivities of the pro-inflammatory cytokine TNFa and
PPARg, discussed above. Consistent with this antag-
onism between PPARg and cytokine production,
were the observations that PPARg agonists seem to

inhibit macrophage activation and limit the produc-
tion of cytokines. Treatment of monocytes with either
high doses of natural ligands or with synthetic PPARg
agonists inhibits production of TNF-a, IL-1b and IL-
6 [163]. Furthermore treatment with PPARg agonists
induces a resting phenotype and down regulates the
nitric oxide synthase [164, 165], gelatinase B, and
scavenger receptor A genes in the macrophage
[164]. These processes seem to be mediated by a di-
rect transcriptional effect of PPARg, which was sug-
gested to interfere with the transcription factors nuc-
lear factor (NF)-kB, activating protein 1 (AP)-1, and
signal transducers and activators of transcription
(STAT) all of which regulate cytokine gene expres-
sion [163, 164]. The potential weakness of these stud-
ies is that the cytokine modulation required concen-
trations of PPARg agonists far exceeding those nec-
essary to activate PPARg, suggesting that other than
PPARg additional pathways might be involved.

Another link between PPARg and inflammatory
processes is that the natural PPARg ligands such as
15-deoxy-PGJ2 are products of the cyclooxygenase
pathway, whose inhibition by NSAIDs constitutes a
common treatment of inflammation. Evidence is ac-
cumulating that some of the actions of NSAIDs might
not only be mediated through inhibition of cyclooxy-
genase but also through activation of PPARs. Some
NSAIDs are direct activators of PPARg (and
PPARa). The doses required for PPARg agonist ac-
tivity are in the micromolar range, and exceed those
required for in vivo inhibition of cyclooxygenases.
High doses of these NSAIDs are often required, how-
ever, for adequate anti-inflammatory activity in vivo.
It is therefore tempting to hypothesize that certain
of the beneficial effects of NSAIDs are due to a
PPARg-mediated suppression of cytokine synthesis.

This general anti-inflammatory role of PPARg is
in contradiction with its function in macrophage
foam cells, the initial abnormality in the early athero-
sclerotic lesions. The expression of PPARg is low in
human peripheral blood monocytes [4] as well as in
murine peritoneal [13] and lymph node macrophages
[68]. Relative to undifferentiated resting monocytes,
PPARg expression increases during macrophage dif-
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Fig. 6. Macrophage foam cell formation involves the induction
of PPARg expression and its subsequent activation by oxLDL.
Oxidized LDL induces macrophage PPARg expression and
the 9- and 13-hydroxyoctadecadienoic acids, present in ox-
LDL, bind and activate PPARg. Activated PPARg in its turn
induces the expression of the oxLDL receptor, CD36/FAT.
This pathway facilitates foam cell formation

Fig. 7. The PPARg activated differentiation pathways are as-
sociated with fat accumulation. The genes involved in this in-
duction are similar in macrophages (CD36 or FAT and LPL)
and adipocytes (LPL and FATP-1) and are indicated in italics



ferentiation induced by agents such as granulocyte
macrophage-colony stimulating factor (GM-CSF),
macrophage-colony stimulating factor (M-CSF),
1, 25-dihydroxyvitamin D3 or phorbol esters such as
phorbol-myristate acetate [13, 68]. Likewise, activa-
tion of the PPARg/RXR heterodimer enhances ma-
crophage differentiation [68]. Exposure of human
monocytes or monocytic cell lines to oxidized LDL
(oxLDL) but not regular LDL also induces PPARg
expression [13, 68]. This in its turn stimulates the
transcription of the oxLDL receptor CD36/fatty acid
translocase (FAT) through a PPRE in the CD36/
FAT gene promoter thereby establishing a positive
feed-forward loop leading to foam cell formation
(Fig.6) [68]. Exposure of monocyte/macrophages to
oxLDL not only induces PPARg expression but pro-
vides the cells with two new PPARg ligands, i. e. 9-hy-
droxyoctadecadienoic and 13-hydroxyoctadecadie-
noic acids, both oxidative metabolites of linoleic acid
present in oxLDL [67]. Consistent with this theory,
high amounts of PPARg were observed in human
[13, 166] and mouse [68] atherosclerotic lesions,
where PPARg colocalized with oxLDL [13, 166].
The strong expression of PPARg in macrophage
foam cells and atherosclerotic lesions as well as the
important amounts of 9-hydroxyoctadecadienoic and
13-hydroxyoctadecadienoic acids present in oxLDL,
suggest that such a mechanism could occur (Fig.6).
These data suggest a complex function of PPARg in
the macrophage and foam cell formation with a pre-
dominantly pro-atherogenic activity. This pro-athero-
genic activity is possibly counterbalanced or neutral-
ized by the effects of PPARg in vascular smooth mus-
cle cells, where it inhibits the expression of matrix
metalloprotease 9 and reduces cell migration induced
by PDGF [167]. Further in vivo studies are, however,
clearly necessary to define the exact role of PPARg
in atherosclerotic plaque formation.

PPARg from a role in cell cycle to a role in cancer

As discussed, it is well established that retroviral
overexpression of PPARg in fibroblast [25] and mus-
cle [26] cells is capable of promoting differentiation
or transdifferentiation of cells into adipocytes. Acti-
vation of PPARg in other cells results in an adipo-
cyte-like phenotype. A striking example of this is
that PPARg ligands promote differentiation of
monocytes into macrophage foam cells which are
characterized by fat accumulation [68] (Fig.7). Dif-
ferentiation of preadipocytes into adipocytes cells oc-
curs only after a prior and permanent exit from the
cell cycle, consequent to changes in the activities of
several factors involved in the regulation of the cell
cycle [168]. Activation of PPARg seems to bypass
the requirements of retinoblastoma protein for with-
drawal from the cell cycle [169]. The DNA-binding

and therefore the transcriptional activation proper-
ties of the cell growth promoting E2F/DP transcrip-
tion factors is also inhibited after PPARg activation.
This decrease in E2F/DP activity is due to an in-
creased phosphorylation of these proteins, which re-
sults from the down-regulation of the PP2 A protein
phosphatase expression [170]. This suggests that
PPARg not only controls the expression of genes in-
volved in the acquisition of a differentiated pheno-
type but also that PPARg plays an active part in the
process of cell-cycle withdrawal. Furthermore,
PPARg has been shown to drive the differentiation
process of adipocytes and colon cells to its terminal
point, i. e. apoptosis ([57], and A.-M. Lefebvre andJ.
Auwerx, unpublished results). In malignant cells
from different lineages, such as liposarcoma [171],
human breast cancer [172, 173], human colon cancer
[174, 175], and human prostate cancer cells [176],
PPARg ligands were also shown to inhibit growth
and at least for breast and prostate cancer cells to in-
duce apoptosis [172, 173]. This effect observed in vit-
ro translates in vivo into a pronounced limitation of
the proliferation of certain of these malignant cell
lines in xenograft animal models. Consistent with
this PPARg expression seems to be decreased in tu-
mourigenic rodent mammary glands [176]. This led
several groups to suggest that induction of terminal
differentiation by PPARg agonists could represent a
promising novel therapeutic approach for certain hu-
man malignancies.

In sharp contrast with these studies are the inde-
pendent observations by two groups that activation
of PPARg can promote the development of colon tu-
mours in C57BL/6J-APCMin / + mice [177, 178], a
clinically relevant model for both human familial ad-
enomatous polyposis and sporadic colon cancer
[179±181]. Three observations led to the exploration
of a potential role of PPARg in this model of colon
carcinogenesis. Firstly, PPARg is highly expressed in
the colon [3, 177, 182]. Secondly, the development of
colorectal cancer is influenced by prostaglandins
[183]. Decreased prostaglandin production, observed
in mice with mutations in the cyclooxygenase 2 gene
or in animals and humans treated with cyclooxygena-
se inhibitors, furthermore prevents or attenuates co-
lon cancer development [184, 185]. Finally, there is a
strong correlation between the intake of fatty acids
from animal origin and colon cancer [186, 187]. Acti-
vation of PPARg by two different synthetic agonists
increased the frequency and size of colon tumours in
C57BL/6J-APCMin/ + mice [177, 178]. Tumour fre-
quency was only increased in the colon (by 425% for
rosiglitazone-treated and by 183% for troglitazone-
treated animals) whereas the frequency did not
change in the small intestine, coinciding with the co-
lon-restricted expression of PPARg. A similar in-
crease in the frequency of colon tumours was ob-
served previously when these mice were fed a diet
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high in saturated fats [187], suggesting that PPARg
could be involved in establishing the link between
high-fat diet and colon cancer [186]. Treatment with
PPARg agonists furthermore increased b-catenin
concentrations both in the colon of C57BL/6J-APC-
Min/ + mice and in HT-29 colon carcinoma cells [177].
Genetic abnormalities in the Wnt/wingless/APC
pathway, which enhance the transcriptional activity
of the b-catenin-Tcf/Lef1 transcription complex,
have been shown to frequently underly the develop-
ment of colon tumours.

These observations seem at odds with the above
anti-proliferative properties associated with PPARg
activation and the antitumourigenic effect of PPARg
agonists on a xenograph model of colon cancer
[188]. It is, however, most likely that the differences
are mainly due to the differences in model systems
used. The C57BL/6J-APCMin / + mice studies are an
adequate model to study the effects of PPARg on
the spontaneous development of colon cancers,
whereas the xenograft model is better suited for
studying the anti-proliferative capacity of PPARg ac-
tivation in cancerous cells.

All these in vivo and in vitro data related to the ef-
fects of PPARg on cell cycle, apoptosis, and carcino-
genesis definitely warrant follow-up. Careful moni-
toring of patients treated long-term with PPARg ago-
nists is required. In addition, these data dictate the
need for additional laboratory studies to address the
role of PPARg in tumourigenesis. Finally, it will be
of interest to evaluate a potential role of cofactors in
these phenomena. Mutations or modulation in ex-
pression of coactivators or corepressors could be in-
volved in PPARg-dependent tumour formation. A
possible precedent for such a role of cofactors was
highlighted by the increased expression of the coacti-
vator amplified in breast cancer-1 (AIB-1), a member
of the SRC-1 family, in breast cancer [189].

Conclusions and perspectives

Although PPARg is one of the best characterized nu-
clear receptors, there are still enormous challenges
ahead before modulators of this receptor can be re-
commended widely for long-term therapeutic use in
metabolic disorders. As PPARg represents an impor-
tant therapeutic target for the treatment of insulin re-
sistance and Type II diabetes, a careful understanding
of its exact role in physiology is an absolute require-
ment. This implies a detailed knowledge of all activi-
ties of PPARg, which are much broader than a strict
function in adipose tissue. Most important is perhaps
our need to understand the role of PPARg in the con-
trol of cell proliferation and differentiation. In addi-
tion, we need to identify novel ways to modulate
PPARg activity without inducing unwanted side-ef-
fects such as the potential to enhance macrophage

foam cell formation [13, 67, 68], stimulate colon car-
cinogenesis [177, 178], and induce acute liver dys-
function [190]. This will require thorough under-
standing about how this receptor interacts with cofac-
tors and how it activates transcription. Furthermore,
the restricted expression of certain PPARg isoforms,
such as the adipose-restricted PPARg2 form, suggests
the feasibility of the development of PPARg modula-
tors affecting only one specific tissue, such as adipose
tissue. All these developments will undoubtly facili-
tate the more rational design of new classes of
PPARg modulators which might not be restricted to
agonists but also include antagonists or inverse ago-
nists, which could also have interesting therapeutic
applications for the treatment of metabolic and even-
tually other diseases.
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