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m Abstract Peroxisome proliferator-activated receptor gamma (PPAR a nu-

clear receptor involved in the control of metabolism. Research on PR&Briented
towards understanding its role in insulin sensitization, which was inspired by the discov-
ery that antidiabetic agents, the thiazolidinediones, were agonists for)PFARAR/
stimulation improves glucose tolerance and insulin sensitivity in type 2 diabetic patients
and in animal models of insulin resistance through mechanisms that are incompletely
understood. Upon activation, PPARheterodimerizes with retinoid X receptor, re-
cruits specific cofactors, and binds to responsive DNA elements, thereby stimulating
the transcription of target genes. Because PPAghighly enriched in adipose tissue
and because of its major role in adipocyte differentiation, it is thought that the effects
of PPARy in adipose tissue are crucial to explain its role in insulin sensitization, but
recent studies have highlighted the contribution of other tissues as well. Although rela-
tively potent for their insulin-sensitizing action, currently marketed PpP/ARtivators

have some important undesirable side effects. These concerns led to the discovery of
new ligands with potent antidiabetic properties but devoid of certain of these side ef-
fects. Data from human genetic studies and fRIFAR/ heterozygous knockout mice
indicate that a reduction in PPARactivity could paradoxically improve insulin sen-
sitivity. These findings suggest that modulation of PRA&tivity by partial agonists

or compounds that affect cofactor recruitment might hold promise for the treatment of
insulin resistance.
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INTRODUCTION

Noninsulin-dependent diabetes mellitus, or type Il diabetes, affects between 5 to
10% of the Western population. The major underlying pathophysiologic defect of
this disorder is a progressive resistance of glucose metabolism to the action of in-
sulin in multiple tissues, termed insulin resistance, followed by a gradual decrease
in insulin secretion caused by reduced pancregtazll function (57). As long

as pancreati@-cells are able to secrete more insulin to compensate for insulin
resistance, diabetes does not occur. Therefore, type Il diabetes only develops in
the context of both insulin resistance afwtell failure. The frequency of insulin
resistance in diabetic patients has been estimated around 60 (10) to 85% (75). Thus,
decreasing insulin resistance will reduce the frequency of type |l diabetes and im-
prove the quality of life of over 100 million people who are diagnosed with diabetes
worldwide (211). It will furthermore save part of the resources currently allocated
to diabetes care (6, 48). This explains the excitement that followed the introduction
of new insulin sensitizing drugs, the thiazolidinediones, which were subsequently
shown to be ligands for the peroxisome proliferator-activated receptor gamma
(PPARy). Since then, a lot of effort has been made to better characterize the role
of PPARy in glucose homeostasis and other metabolic disorders. Several recent
reviews discuss in great detail general issues related to PR8R.22, 190, 215).
Here, only a succinct summary of this information is presented. Rather, this review
focuses on the effects of PPARmodulation on insulin sensitivity.

PPARy AND INSULIN SENSITIVITY

General Issues

PPARy belongs to the nuclear receptor superfamily, which also comprises®PAR
and PPARB/s (43). Like other members of this family, PPARontains a ligand-
dependent AF-2 transactivation domain in its C-terminal region, a highly conserved
DNA binding domain composed of two zinc fingers, and a ligand-independent
AF-1 activation domain in the Ndterminal region (215). Three different PPAR
MRNAs have been characterized in humans (54, 56). RPRAdNd PPAR 3 tran-
scription gives rise to the PPAR protein. PPAR 2 mRNA encodes for a slightly
different protein that contains 28 additional amino acids at its-étiminal region,
the function of which has not yet been elucidated (213, 231).

Several natural and synthetic ligands for PRARave been described so far.
These molecules of lipophilic nature include fatty acids and fatty acid derivatives
(105) such as 15-deoxy-deltal2,14-prostaglandin J2 (62), eicosapentaenoic acid
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(227), 9- and 13-hydroxyoctadecadienoic acids (146), and synthetic compounds
such as the thiazolidinediones (62, 118), the L-tyrosine-based ligands (83), FMOC-
L-leucine (173), and certain nonsteroidal antiinflammatory molecules (117). Upon
ligand binding, PPAR changes its structural conformation, which stimulates its
heterodimerization with retinoid X receptor (RXR), and facilitates the recruitment
of cofactors required for the activation of transcription. This heterodimer-cofactor
complex controls the expression of genes that contain direct repeats of the consen-
sus AGGTCA sequence interspaced with one nucleotide, called PPAR response
elements.

Cofactor recruitment is crucial for the PPARmediated stimulation of gene
transcription (148). Cofactor activities range from chromatin remodeling and mod-
ification of core histones (acetylation and methylation status) to recruitment of
the basic transcriptional machinery (72). Cofactors that have been experimentally
shown to interact with PPAR are those of the p160 family (SRC-1/TIF2/GRIP-
1/ACTR) (81, 155, 207), p300/CBP (70, 230), PGC-1 (161), PRIP (229), PGC-2
(24), ARA70 (82), and RIP140 (200). NcoR (46) and SMRT (113, 156) have been
described as corepressors of PRA&Ltivity. It should be noted that none of these
cofactors seems to be specific for PBARvhich suggests that cofactor squelch-
ing might be a more important feature for transcriptional activation than primarily
thought (88). It has furthermore been established that different ligands induce
docking of specific cofactors (106, 173), which likely translates in a distinct bio-
logical response. Studies in animals with mutations in the cofactors of PRAIR
undoubtedly help us understand how they modulate the PPAdaling pathway.

PPARy is expressed at low levels in several tissues in adult mammals (20).
PPARy1 is expressed to a high extent in adipose tissue, large intestine, and
hematopoietic cells. Kidney, liver, skeletal and smooth muscles, pancreas, and
small intestine express lower amounts of PRAR7,47,94,121). The PPAR
isoform is almost exclusively confined to white adipose tissue, where it represents
approximately 30% of the PPARpopulation, but was also detected in brown
adipose tissue and skeletal muscle (51). PPBRas only been reported to be
expressed in large intestine and macrophages (56).

In rodents, adipose tissue PPARIRNA and protein levels are reduced after
an overnight fast (51, 204) and in streptozotocin-induced diabetes (204), which is
consistent with the stimulatory effect of insulin on PPARxpression (169). In
addition, chronic feeding with high fat diets was shown to increase PRARres-
sion in adipose tissue (204). Whereas no enhancement of PRABRession was
observed in several genetic rodent models of obesity (204), the situation differs
in human obesity. Compared with lean subjects, PPARout not PPAR1, is
expressed at higher levels in obese patients (205). Most interestingly, compared
with that of the subcutaneous fat depot, the relative expression of PRAR-
creased in visceral fat of obese subjects (115). Finally, the expression ofyPPAR
has been shown to be decreased during endotoxemia in vivo (85), which might in
part contribute to the insulin resistant state that is associated with this condition.
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Genetic Studies on PPARy in Humans and Mice

PPARy+/— MICE Unfortunately, PPAR —/— mice die during intra-uterine devel-
opment owing to defects in the placenta (111). Therefore, physiological char-
acterization of PPAR deficiency in mice has been limited to the study of het-
erozygous {/—) PPARy mice (111, 133). These studies have led to a complete
re-interpretation of PPAR's role in metabolic control. On a normal commer-
cial diet, it was found that deletion of o ®PARy allele, theoretically reducing
PPARy activity in vivo by 50%, results in normal body weight and fat stores (133).
Most surprisingly, PPAR +/— mice displayed higher insulin-stimulated glucose
disposal (133). Reduced levels of plasma insulin during glucose tolerance tests
and enhanced insulin-mediated suppression of hepatic glucose production were
also observed in PPAR+/— mice (133). All these effects indicate that PPAR

+/— animals have increased insulin sensitivity. When exposed to conditions that
favor weight gain, such as chronic feeding with a high fat diet, PPAR—

mice exhibit lower body weight gain and fat mass accretion. These animals also
have an increased insulin sensitivity compared with their wild-type counterparts
(111), which supports the hypothesis that reduced BPARivation can improve
glycemic control.

HUMAN POINT MUTATIONS A point mutation in the B exon of the Niterminal
part of PPAR/2, changing proline to alanine in position 12, has been shown to
decrease receptor activity (40, 225). Human subjects carrying this partial loss-of-
function mutation (40, 225) have greater insulin sensitivity, a lower body mass
index, and an improved lipid profile (3, 40, 79, 138, 159), which is consistent with
the findings observed in PPAR+-/— mice. The association between the alanine
substitution and insulin sensitivity disappears when the data are corrected for
body mass index, suggesting a primary effect on body fat mass accretion (40). The
strength of the relationship seems also to be dependent upon the population and
ethnic group studied (49), as other studies have found no (139,171,176, 194) or
even inverse (15, 45, 131) relationships between Pro12Ala mutations and insulin
sensitivity. These conflicting results point to the existence of gene-gene and gene-
environment interactions that might explain some of the discrepancies (92, 123).
In addition to the effects on body fat mass and insulin sensitivity, it has been shown
that the Pro12Ala mutation could affect insulin secretion in response to free fatty
acids in healthy (191) and diabetic (138) subjects.

The substitution of proline with glutamine at position 115 renders PP&éh-
stitutively active through the modulation of the phosphorylation status of PPAR
by MAPK at serine 114 (1,93, 172). In contrast with the Pro12Ala mutation, the
Pro115GIn mutation is very rare (32,172,176). The four subjects carrying this
mutation (out of 358 individuals screened) were all extremely obese and insulin
resistant and three were diabetic (172). Other large studies failed to identify any
additional subjects with this mutation (32, 176). The report of the Pro115GIn mu-
tation is consistent with the role of PPARN adipogenesis and fat mass accretion
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but again questions the paradox that increased RPAGRvity by synthetic drugs
leads to insulin sensitization.

Two mutations affecting the ligand-binding domain of PRAR a dominant
negative manner (Pro467Leu and Val290Met) have been described (12). Both
mutations rendered the receptor less active in transfection assays. Human carri-
ers for these loss-of-function mutations (3 out of 85 insulin resistant subjects)
were characterized by severe insulin resistance, type |l diabetes, and hyperten-
sion but had normal body mass index. These findings are a priori opposite to the
metabolic consequences of the Pro12Ala and Pro115GIn mutations but are consis-
tent with pharmacological studies characterizing the effects of synthetic PPAR
ligands. Hence, these discrepancies underscore the fact that the physiological con-
sequences of Pro12Ala, Pro115GIn, Pro467Leu, and Val290Met mutations have to
be confirmed in a controlled genetic and environmental background. A large het-
erogeneity in the response of metabolism was observed for these mutations, which
is likely to influence the impact of these polymorphisms on insulin sensitivity.

How PPARy Activation Results in Insulin Sensitivity

Itis still a matter of debate which tissue is responsible for the glucose-lowering ac-
tivity of PPARy ligands. Although skeletal muscle is the principal tissue involved

in glucose disposal, it is well established that adipose tissue is also required for
proper glucose homeostasis, because lipoatrophic mice and humans are extremely
insulin resistant (69, 137, 186). Although PPAR expressed in liver and muscle
(121, 204, 205), its physiological relevance remains unclear because it represents
only a fraction of the level of PPARfound in fat (190). The central role of adi-
pose tissue in the effects of PPARactivating drugs on glucose homeostasis has
been highlighted by a recent study showing the absence of effects of thiazolidine-
diones on glycemia, but not on lipid metabolism, in mice that lack fat tissues (27).
However, this issue remains controversial, as others have found that thiazolidine-
diones are still active under similar conditions (22). Because type |l diabetes is a
multi-organ disease, it is likely that the role of PPAR the control of glucose
homeostasis extends beyond its primary effects in adipose tissue. Some of the
potential mechanisms that could contribute to insulin sensitization are discussed
below and are summarized in Figure 1.

INDUCTION OF GENES INVOLVED IN ADIPOGENESIS AND REMODELING OF WHITE
ADIPOSE TISSUE The central role of PPARin adipogenesis and fat tissue forma-

tion has been unequivocally demonstrated (11,174, 199). A number of excellent
reviews have summarized this topic (55, 141, 175), and hence it is not discussed
extensively here. The stimulatory effects of PRA&ttivation on adipogenesis are
based, on one hand, on an increased expression of genes that promote fatty acid
trapping and storage in adipocytes, such as the genes coding for fatty acid binding
protein (198), lipoprotein lipase (178), acyl-CoA synthase (179), and phosphoenol
pyruvate carboxykinase (197), and, on the other hand, on repression of genes that
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Figure 1 Schematic representation of the mechanisms by which PPAdRvation
improves the sensitivity of glucose metabolism to the action of insulin. BPHR
creases adipose tissue remodeling and fat mass accretion brought about by an en-
hanced adipocyte differentiation through induction of target genes mainly involved in
lipid metabolism. Fatty acids derived from hydrolysis of triglyceride-rich lipoproteins
are redirected towards adipose tissue rather than skeletal muscle, which increases glu-
cose metabolism in the muscle. This is concomitant with an increase in expression
of genes involved in glucose uptake and insulin signaling in both adipose tissue and
muscle, as well as a modulation of fat-derived signaling molecules that could affect
glucose processing in the periphery. Finally, PRASeems to prote@-cells against

the intracellular triglyceride accumulation that is often associated with type Il diabetes,
and hence PPAR activation improveg-cell function. The size of the arrows reflects

the importance of the effects.
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induce lipolysis and release of fatty acids, such asgthadrenergic receptor (9)
and the cytokines leptin (39, 97) and TNF87, 195).

Consistent with PPAR’s role in fatty acid storage in adipocytes, activation of
PPARy by thiazolidinediones has been shown to increase fat mass in both hu-
mans (101, 136) and rodents (23, 208). The PPARediated repression of leptin
expression is likely to contribute in some parts to fat mass accretion through reduc-
tion of leptin’s actions on food intake and energy expenditure (220, 222). Indeed,
increases in energy intake and efficiency have been reported upon thiazolidine-
dione administration (38, 50, 185). Interestingly, treatment with thiazolidinediones
seems to favor redistribution of white adipose tissue, with decreased visceral de-
pots relative to those of the subcutaneous area (100, 101, 136, 140). However, white
adipose tissue does not only expand upon treatment with PR&RNists, but it
also undergoes significant morphological changes. There is a shift in the cell pop-
ulation that ultimately results in more small, newly differentiated adipocytes and
fewer enlarged, mature adipocytes (38, 77, 153). Similar adipose tissue histology
was observed in PPARheterozygous mice (111). The reduction in the number
of mature adipocytes is thought to be caused by PRARdiated induction of
apoptosis (38, 153).

Interestingly, in white adipocytes, a strong induction of the expression of un-
coupling protein-1, a mitochondrial protein usually found exclusively in brown
adipose tissue, has been observed upon administration of P Rgdds (44, 66).

This is likely associated with enhanced mitochondrial mass within the adipose
cells as a result of PPARactivation (120). Increased uncoupling protein-1 activ-

ity could affect lipid oxidation as it does in brown fat (168), and limit intracellular
accumulation of triglycerides. Such an adipose tissue remodeling activity would
increase insulin-mediated glucose disposal, because small adipocytes are more
responsive to insulin than adipocytes with a large triglyceride content (130). In-
deed, the blunting of adipocyte hypertrophy appears to be an important feature of
PPARy-mediated treatment of insulin resistance (220). In addition, upon PPAR
activation, the net number of adipocytes is increased for a given amount of fat
tissue, which would likely enhance the total surface of cell membrane available
for glucose uptake and subsequent metabolism.

ADIPOSE TISSUE-DERIVED MOLECULES White adipose tissue is able to produce
and secrete a large number of hormones, cytokines, and proteins that affect energy
homeostasis. Adipocyte-derived signaling molecules whose expression or circu-
lating levels are modulated by PPARcould have an impact on insulin action
directly in fat and in other tissues such as muscle and/or liver. Likely media-
tors are free fatty acids. The reduction in circulating free fatty acids is an early
consequence of PPARactivation and happens before glucose lowering and the
decrease in triglyceridemia (211). The PBARediated gene expression in fat
tissues would promote fatty acid repartitioning (termed “fatty acid steal”) towards
adipose tissue rather than skeletal muscle (8, 129). This would indirectly improve
insulin sensitivity (128, 149, 150, 218), because fatty acid accumulation in skeletal
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muscle rapidly leads to insulin resistance (41, 58). In fact, under certain condi-
tions, the same genes involved in lipid metabolism that are upregulated in adipose
tissue by PPAR activation were found to be either not modulated (37,178, 187)
or decreased in skeletal muscle (211), underscoring the physiological relevance of
this hypothesis (129, 177). Indeed, the level of improvement of insulin sensitivity
upon PPAR activation seems to be tightly associated with a diminution in lipid
accumulation in skeletal muscle (224).

Tumor-necrosis factas- (TNF-«) is considered as another adipocyte-derived
signaling molecule that could mediate the effects of PPARRands on insulin
sensitivity. TNFe reduces insulin-stimulated glucose uptake (90) and it is found
in high concentrations in obese and insulin-resistant individuals (73, 233). Because
TNF-a expression is inhibited by PPARactivation in adipocytes (87, 187), acti-
vation of PPAR, would blunt TNFe expression and this could contribute to the
improvement of glycemic control (195). The role of TNFn glucose homeostasis
has been supported by the studies on mice mutated either forTétHoth iso-
forms of its receptor (p55 and p75). Compared with their wild-type counterparts,
mice null for TNFe« develop slightly less pronounced obesity and insulin resis-
tance when treated with high fat diets (203) or goldthioglucose (202). Similarly,
double (p55 and p75) knockout mice for TNFH-eceptor seem to be protected from
insulin resistance and hyperglycemia when put at&bbackground (180). On
the other hand, conflicting results have been reported in which the samex TNF-
receptor knockout mice, exposed to high-fat diets, were as or even more insulin
resistant than wild-type animals (202). Thus, the effects of the &Nignaling
pathway on glucose metabolism remain somewhat controversial, and additional
experimental evidence is needed to establish further conclusions about its role as
a mediator of PPAR’s actions.

Leptin (34) and the recently discovered resistin (192) also belong to the class of
signaling molecules whose expression is repressed by PRAR that could link
the adipocyte to skeletal muscle. Both proteins are produced in proportion with
adipose tissue mass and could mediate the effects of PRARSulin sensitivity.

On the other hand, the relevance of leptin and resistin as mediators of)PPAR
activity also remains to be clarified, as other reports found that RPPAdRivators
stimulate rather than decrease resistin expression (210) and that mostin vivo studies
have demonstrated that leptin increases insulin sensitivity (76, 98).

Adiponectin is a fat-derived hormone produced in an inverse relationship with
the amount of fat stores (5, 223). Reduced circulating adiponectin concentrations
were found to be strongly associated with the progression of insulin resistance
in humans (214) and rhesus monkeys (91), whereas adiponectin treatment was
shown to enhance insulin sensitivity in mouse models of obesity (221). This effect
might not be restricted to an amelioration of lipid metabolism (221), but also to
an improvement in hepatic insulin action (16). Interestingly, the gene encoding
adiponectin has been mapped in a locus of human chromo3g&¥hat is asso-
ciated to susceptibility to diabetes (206) and the metabolic syndrome (103). It was
recently demonstrated that PPARactivation increases adiponectin expression
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and production in humans (124) and insulin resistant mice (221), which could
contribute to the mechanisms by which synthetic ligands for BP&Rprove the
sensitivity of glucose metabolism to insulin’s action.

Nitric oxide (NO) is overproduced in adipose tissues and muscles by inducible
nitric oxide synthase (iNOS) in conditions such as chronic inflammation and
diet-induced obesity and insulin resistance (160). NO strongly impairs insulin-
stimulated glucose uptake in L6 myotubes and isolated skeletal muscles (157) and
it is also involved in triglyceride metabolism through an action on skeletal muscle
lipoprotein lipase activity (158). Recently, it was shown that activation of BPAR
results in a decrease in INOS expression in mesangial cells (166), Kupffer cells
(201), chondrocytes (53), and macrophages (125) via its effects on &g, )P1,
and STAT1 pathways. Although such PPARduced repression of INOS expres-
sion has to be confirmed experimentally in adipose tissue and skeletal muscle, NO
might play an important role in the improvement of glucose homeostasis resulting
from PPARy activation. This hypothesis is supported by the fact that BPAR
tivation by 15-deoxy-deltal2,14-prostaglandin J2 blunts TNRediated insulin
resistance iB-cells through inhibition of INOS expression (112).

INDUCTION OF GENES INVOLVED IN GLUCOSE METABOLISM AND EFFECTS IN MUSCLE
The role of PPAR in the transcriptional control of genes involved in glucose up-
take and insulin signaling has not been investigated as much as its role in lipid
metabolism. However, there is growing support for the hypothesis that PEAR
directly modulate the expression of genes that are involved in glucose homeostasis.
It has been reported that exposure of differentiated adipocytes to thiazolidine-
diones triggers the expression of the genes for the insulin receptor subtrate-2
(189), the p85 subunit of phosphatidylinositol (PI) 3-kinase (170), and the insulin-
dependent glucose transporter GLUT4 (36, 219). On a protein level PR&R
vation has been shown to result in an increase in insulin receptor and IRS-1 levels,
as well as in the association of IRS-1 with the p85 subunit gkitlase in 3T3-L1
differentiated adipocytes rendered insulin resistant by tNFeatment (96). Insu-
lin binding to its receptor triggers receptor modifications that result in phosphory-
lation of intracellular molecules mediating independent signaling pathways, such
as the IRS proteins and the proto-oncogene c-Cbhl. The Cbl-associated protein CAP
is an adapter protein that serves to recruit Clb to the insulin receptor (14). Thus, it
has been argued that CAP is an important feature of the early events modulating
the insulin signaling pathway. Interestingly, in mature adipocytes it was shown
that PPAR activation increases CAP expression (167), which is likely due to the
presence of a PPAR response element in the CAP promotor (13). Although the
physiological relevance of such a PPARffect has to be clarified in muscle tis-
sues and in animal models of insulin resistance, it suggests thatPRAght
be more tightly coupled to insulin signaling than originally speculated. All these
observations hence suggest that PRPATan also directly modulate glucose uptake
and insulin signaling pathways in adipocytes. This direct action is in addition to
its effects on lipid metabolism, which results in insulin sensitization.
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Although PPAR is expressed at low levels in skeletal muscle, the mass of
muscle on a whole body basis could be sufficient to counterbalance lowjPPAR
activity (110, 205). Therefore, physiologically relevant effects of PPABands
in muscle cannot be excluded (121). Because observed effects might be secondary
to the increase in insulin sensitivity during administration, it is difficult to make
conclusions based on data generated in isolated muscle ofPhgdahd-treated
animals or men (78, 212, 224, 232). However, direct effects of thiazolidinediones
on insulin-stimulated glucose uptake have been reported in L6 myotubes (30, 228)
and in cultured human skeletal muscle cells (26, 99). Pyruvate dehydrogenase ki-
nase 4 (PDK4) inhibits glucose oxidation and was proposed to make an important
contribution to the altered glucose-fatty acid cycle that characterizes insulin re-
sistant states (162). Interestingly, expression levels of PDK4 were found to be
negatively correlated with insulin-stimulated glucose uptake during hyperinsu-
linemic euglycemic clamps and positively associated with insulin levels after an
overnight fast or two hours post glucose absorption (127). Using an elegant mMRNA
profiling technique, it was recently shown that PRARctivation by a selective
tyrosine-based agonist repressed the expression of PDK4 in skeletal muscle (211),
which indicates a new possible mechanism by which PPARtivation improves
insulin sensitivity. In addition, increased translocation and activity of GLUT4
has also been reported after thiazolidinedione treatment of muscle cells in vitro
(4,226). Whereas the activity of the insulin receptor does not increase after thia-
zolidinedione administration in L6 myotubes (228), insulin-stimulateekiflase
activity seems to be enhanced in similar conditions (99, 228). Thus, enhancement
of insulin-stimulated Rtkinase activity through an increase of its expression ap-
pears to be a generalized mechanism in both fat and muscle tissues by which
PPARy might directly affect glucose metabolism.

ACTIONS IN PANCREATIC $-CELLS Both PPAR, mRNA and protein are found in
pancreati¢s-cells (47). Whereas activation of PPARIoes not acutely improve
insulin secretion in isolated human pancreatic islets (47), evidence is accumulating
that PPAR/ activation can restore or protegtcell function from failure and
apoptosis during the development of type Il diabetes. When circulating glucose
and free fatty acids are elevated, energy homeostagisélls is altered, resulting

in intracellular accumulation of triglycerides. Treatment with thiazolidinediones
has been shown to inhibit intracellular triglyceride accumulation in pancreatic
B-cells through increases in fatty acid oxidation, thereby delaghugll failure

(84, 184). Improvement of cell viability after troglitazone administration has also
been found in streptozotocin-induced type | diabetes (152), which further suggests
that activation of PPAR preventsg-cell death. This hypothesis was recently
demonstrated in a rodent model of type Il diabetes (60). In addition, a functional
response element for PPARhas been found in the promoter region of GLUT2
(102), the protein responsible for glucose transpog-cells. PPAR -mediated
stimulation of GLUT2 expression would increase glucose uptake and trigger the
initial steps leading to insulin release. All these observations hence support the
hypothesis that PPARmediated restoration or protection gfcell function is
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likely to contribute, at least in part, to the mechanisms by which thiazolidinedione
improves and controls glucose homeostasis in diabetic patients (18, 25).

ACTIONS IN LIVER Published reports have shown that chronic thiazolidinedione
administration either strongly (95, 193) or weakly (126) reduces hepatic glucose
production, whereas other studies have reported no effect at all (188). These con-
flicting data suggest that liver is not a primary site of action of PPAIgands.
Furthermore, in the case of a significant effect of PRA&tivation on hepatic
glucose production, it is still unclear whether it is a direct action on the liver or
a consequence of a general increase in insulin action. Finally, it was found that
thiazolidinedione treatment in diabetib/dbmice induces expression in the liver

of adipose tissue PPARtarget genes, such as adipocyte FABP (132), which warns
that hepatic lipid accumulation (steatosis) could occur during long-term adminis-
tration (22, 27, 204).

THIAZOLIDINEDIONES

Current pharmacological treatment of type |l diabetes includes insulin injection
or inhalation and administration of drugs that either increase insulin secretion
(sulfonylureas and meglitinides), decrease hepatic glucose output (biguanides), or
reduce postprandial glucose absorpti@g{ucosidase inhibitors). These drugs are
being prescribed either as monotherapy or in combination when diet and physical
exercise inadequately control fasting plasma glucose to concentrations below 7
mmol/liter. It is worth noting that they do not directly tackle peripheral insulin
resistance per se, which could explain why PRA&tivating compounds such as
the thiazolidinediones have attracted so much interest from the clinical side (67).
In 1997 troglitazoneRezulin Parke-Davis) was the first of the thiazolidine-
dione class of compounds to be launched, initially in the United States and later in
Europe. Within a few months 135 cases of severe hepatic toxicity and 6 deaths were
reported, which caused the UK Medicines Control Agency to rapidly withdraw
troglitazone from the market. In March 2000 the U.S. Food and Drug Adminis-
tration (FDA) did the same, but by then 90 cases of liver failure (of which 60
resulted in death) were associated with the drug. Since 1999 two other thiazo-
lidinediones, rosiglitazoneAyandia GlaxoSmithKline) and pioglitazoné\¢tos
Takeda/Eli Lilly) have been approved by the FDA as first-line therapeutic agents
(42, 95), which are now used by over a million patients (142). In Europe, however,
these compounds have only been approved for limited use as second-line therapy
in combination with other oral antidiabetic drugs. The efficacy and side-effects of
marketed thiazolidinediones are briefly reviewed below.

Annu. Rev. Nutr. 2002.22:167-197. Downloaded from www.annualreviews.org
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Clinical Efficacy

It remains unclear whether the effects of thiazolidinediones in humans are due to
compound efficacy or worsening of the control group, because in most of the stud-
ies they were tested against a control group composed of type Il diabetic subjects
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without medication (136). The outcome of these studies is therefore often biased,
whichis why this review does not discuss them. The situation is now being reviewed
by the FDA (196), because diabetic people on placebo treatment are exposed to
deterioration of their already poor glycemic control and general health condition
during the period of the study. Furthermore, whereas a lot of information relies
on abstracts presented during scientific meetings (19), no head-to-head compari-
son studies between thiazolidinediones and antidiabetic pharmacophores of other
chemical class have been published in peer-reviewed journals, which adds to the
difficulty of comparing them with existing drugs that have been proven to be safe
and effective.

In a study using obese, nondiabetic subjects, 200 mg of troglitazone given
twice daily effectively reduced plasma glucose and insulin concentrations during
an oral glucose tolerance test, as well as during a meal tolerance test (147). This
effect was reflected by an increase in glucose disposal rate during an euglycemic-
hyperinsulinemic clamp (147). Troglitazone (64), pioglitazone (136), and rosigli-
tazone (163) were all reported to lower fasting plasma glucose—(by to
—2.0 mmol/liter) and hemoglobinQA(HbA; ) levels (by 1.0 to 1.5%) intype Il dia-
betic subjects. At present, however, no single trial directly comparing troglitazone,
pioglitazone, and rosiglitazone in a head-to-head protocol has been published.
From a mechanistic point of view, reductions in circulating levels of nonesterified
fatty acids were observed in studies that measured this endpoint. Decreased hepatic
glucose output (64, 193) and increased hepatic insulin sensitivity were also noticed
in some studies (136), but itis still unclear whether this is a direct effect of the thia-
zolidinediones on the liver or a consequence of a general increase in insulin action.

It must be noted that glucose-lowering efficacy in humans is lower than in ani-
mal models of insulin resistance (65, 109, 114, 134, 135). Furthermore, the thiazo-
lidinedione-induced reductions in fasting glycemia and hileixe rather modest
and they do not outperform the effects of metformin or sulfonylurea treatment.
Moreover, higher frequency of dropouts (caused by inefficacy) during trials has
been reported for both troglitazone and rosiglitazone compared with metformin or
sulfonylureas, indicating a lower rate of success. Therefore, it has been proposed
thatthiazolidinediones should be prescribed in combination with antidiabetic drugs
of other classes that also have distinct mechanisms of action. In this view troglita-
zone administration plus insulin injection resulted, in 350 poorly controlled dia-
betic patients, in a net, dose-dependent decrease in fasting plasma ghitdse(

—2.2 mmol/liter) and HbA (—1.4%) over the 26-week study compared with the
group receiving insulin only (181). Similarly, in a double-blind, multi-center study,
type Il diabetic patients were randomized into a three arm protocol with two doses
of rosiglitazone plus insulin and compared with a placebo group receiving insulin
only (164). In this trial, mean HbA decreased by 1% in rosiglitazone-treated pa-
tients, whereas fasting glycemia was reduced by 2 mmol/liter. These observations
on combination therapy were supported by a study in which adding troglitazone
to metformin therapy further reduced glycemia and hipl&vels (95). Recently,

this issue has been confirmed in a trial in which rosiglitazone administration was
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combined with metformin therapy for 26 weeks in type Il diabetic patients already
on metformin (61). In this study HbA and fasting glycemia were further de-
creased in rosiglitazone-treated patients by 1.1% and 2.5 mmol/liter, respectively,
compared with metformin alone. Moreover, in patients inadequately controlled on
sulfonylureas, the addition of troglitazone treatment improved glycemic control
by 4.4 mmol/liter as well as elevated Hiafby 2.8% (89). These findings have
been confirmed in well-controlled study of diabetic patients who were random-
ized to receive either placebo or rosiglitazone, 1 mg or 2 mg daily in addition
to the sulfonylureas they were already taking (216). Rosiglitazone treatment re-
sulted in a significant dose-dependent decrease in fasting plasma gltdogelid

2.4 mmol/liter, respectively) and HRA(—0.6 and—1.0%, respectively) compared
with sulfonylureas alone, which likely can be accounted for by a synergetic ef-
fect of the drugs. These observations underscore the fact that thiazolidinediones
are more effective in combination therapy and hence support the incorporation of
thiazolidinediones in antidiabetic regimens.

Side Effects

Perhaps because of the involvement of PRPAR several metabolic processes,
thiazolidinediones have significant and numerous side effects. The most severe
is liver failure. High levels of alanine aminotransferase (more than 2.5 times the
normal level) were among the most cited side effects, which indicates the toxicity
of the drugs (209). Alterations in mitochondrial function in hepatocytes seem to
contribute to the hepatotoxicity (80). Ninety cases of liver failure were reported
with troglitazone treatment (183, 209), and two cases of idiosyncratic hepatotoxi-
city associated with rosiglitazone were also observed since 1999 (2, 63). No case
of liver failure has yet been shown for pioglitazone.

Cardiac side effects have occurred frequently in studies of mice, rats, and dogs.
These effects included fluid retention and reduced hematocrit, which in some cases
were associated with pulmonary edema (86, 108). However, similar consequences
of fluid retention have been reported with insulin therapy, and it remains ques-
tionable whether these effects of the thiazolidinediones are mainly a reflection
of improved insulin action (52, 107, 165). Consistent with these side effects, in-
creases in heart size and weight have also been observed upon thiazolidinedione
administration, sometimes leading to cardiac hypertrophy. In some more suscep-
tible patients this side effect had major serious consequences; 56 cases of heart
failure were reported within the first 19 months of troglitazone use (71). These find-
ings indicate that careful monitoring of both liver and cardiac function should be
performed in diabetic patients who might be already at risk for these complications.

High blood cholesterol levels, especially that of the LDL fraction, are damag-
ing to cardiovascular health. Increases in plasma LDL concentrations were seen
to some extent with all the thiazolidinediones but are most prominent with rosigli-
tazone (61). The increase in LDL from thiazolidinedione treatment is likely to
be the consequence of a PPARRediated enhanced hydrolysis of circulating
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triglyceride-rich lipoproteins into smaller particles. In some cases increases in
LDL ranged from 18 to 33% in rosiglitazone-treated patients. Long-term follow

up will determine whether this increase translates into damaged arterial walls and
atherosclerosis. However, recent studies suggest that this might not be the case, as
PPARy seems also to favor the reverse transport of cholesterol (29, 31).

Activating PPAR/ has been shown to favor weightgainin humans (74, 101, 136).
Although part of this weight gain can be attributed to fluid retention, most stud-
ies also indicate an increase in adipose tissue mass. Usually, fat mass accretion
(which can be from 1 to 4 kg per year of treatment with a particular compound)
is proportional to the affinity of the ligand to PPARThis side effect could likely
be deleterious, because increased fat mass is also associated with deterioration
of insulin sensitivity. Therefore, it remains unclear whether, in the long-term, the
glucose-lowering effects of PPARactivating drugs will be able to overcome the
consequences of weight gain on insulin sensitivity.

NONTHIAZOLIDINEDIONES PPARy LIGANDS

To increase the PPARmediated glucose lowering actions and bypass the side ef-
fects associated with the thiazolidinedione class of compounds, intensive research
efforts were made to find new and better agonists for PPAFhe scope of this
section is notto list every nonthiazolidinedione-based PPAgand that has been
described, but rather to discuss some of the characteristics that distinguish each
class of compound of potential clinical interest.

L-Tyrosine-Based PPARy Ligands

It has been shown that the degree of PRA®tivation is correlated with antidi-
abetic activities of the thiazolidinediones (17). This hypothesis recently led to the
design of compounds with high affinity to PPARsuch as the L-tyrosine-based
PPARy ligands. These drugs were designed by replacing the thiazolidinedione
ring with a carboxylic acid and introducing an amine function on the adjacent
carbon while keeping the parahydroxybenzyl sequence. An optimal PR&R

tivity was obtained when the amine on the alpha carbon of the L-tyrosine lig-
ands was substituted with a benzoylphenyl function, leading to the development
of N-(2-benzoylphenyl)-L-tyrosine derivatives (33, 35, 83). Rigidifying the ben-
zoyl and phenyl moieties of this alpha-amino substituent through an additional
phenyl-phenyl bond leads to compounds with good potencies. The prototypical
compound of this group of ligands is represented by the compound GI 262570.
The crystal structure of the PPARlIigand binding domain with this ligand has
been reported (68). These novel compounds bind BPARh higher affinity
(30-100 times greater than thiazolidinediones) and are effective in the treatment
of diabetes and insulin resistance in both humans and animal models of diabetes
(21,59). The higher potency of these ligands to bind and activate PRRRS

not, however, translate into an improved antidiabetic efficacy compared with the
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thiazolidinediones. Furthermore, the L-tyrosine-based BPAgands also seem
to be very adipogenic (211) and appear to share the same side effects of the
thiazolidinediones.

PPARy Modulators and Antagonists

As for other nuclear receptors, more and more evidence accumulates that suggests
that selective receptor modulators mightin fact be more promising drug candidates
than classical receptor agonists and antagonists. Such selective receptor modula-
tors, in homology to the selective estrogen receptor modulators, could have some
beneficial effects in some tissue, yet lack effects in other tissues in which activation
is less desirable.

In studies using the PPARantagonists GW0072 (151) and BADGE (217), it
has been demonstrated that these synthetic compounds inhibit adipocyte differ-
entiation and adipogenesis in 3T3-L1 cells. Interestingly, the recently described
PPARy antagonist LG100641 was shown to blunt thiazolidinedione-induced tar-
get gene expression in differentiated 3T3-L1 adipocytes, yet it stimulated glucose
uptake (144). Additionally, NC-2100, a new thiazolidinedione, acts as a weak
agonist in transfection assays and adipocyte differentiation studies but has po-
tent antidiabetic activities in obese KKAy mice (66). The weak PPAdgonist
MCC-555 shares these features, but its activity depends on cell type and the se-
guence recognition site (145). Interestingly, MCC-555 does not induce the recruit-
ment of the same cofactors as other ligands, which could indicate a new way to
affect PPAR activity.

These observations suggest that decreasing PPAdRvity, rather than acti-
vating it, results in an altered adipogenesis as well as an enhanced glucose uptake,
which to some extent supports the effects of the partial loss of PPRction
caused by mutations in both humans (Pro12Ala) and mi¢e ). A recent study
has addressed this hypothesis by directly injecting a BPafRagonist or an RXR
antagonist to high fat—fed mice (222). It was found that inhibition of either BPAR
or RXR improved insulin sensitivity and was associated with a decreased triglyc-
eride content in white adipose tissue and skeletal muscle. These observations of
RXR antagonists furthermore suggest that alterations in BPARIvity can be
indirectly caused by targeting RXR. Although further evidence is clearly required,
modulating RXR activity might be an additional approach to diabetes treatment
(143) and atherosclerosis prevention (31). Overall, these observations suggest that
the effects of PPAR on adipogenesis and insulin sensitization can be dissociated
by selectively modulating PPARactivity.

FMOC-L-leucine (F-L-Leu), whose structure is lacking the parahydroybenzyl
sequence present in both the thiazolidinediones and the L-tyrosine-baseg¢t PPAR
ligands, was described in our laboratory as a new potent insulin-sensitizing com-
pound with unique PPAR-activating and -binding properties (173). F-L-Leu binds
and activates PPAR with weaker affinity compared with that of rosiglitazone.
Upon activation by F-L-Leu, PPAR changes its structural conformation, which
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triggers specific cofactor recruitment. F-L-Leu induces the docking of SRC-1 and
p300 to PPAR; whereas rosiglitazone favors the recruitment of p300 and TIF2 but
not SRC-1. This differential cofactor recruitment most likely contributes to the dis-
tinct biological effect of F-L-Leu relative to classical PPARgands. In fact, F-L-
Leuinduces PPARtarget gene expressionin vitro and in vivo, yet to a lower extent
than rosiglitazone. F-L-Leu is less adipogenic than rosiglitazone in differentiation
assays and does notinduce weight gainin mice. On the other hand, it has very potent
glucose-lowering activities in both diet-induced and genetic rodent models of in-
sulin resistance. These findings indicate that it is possible to design new molecules
that serve as selective PPAR1odulators and that partial agonists such as F-L-Leu
might be better suited for the treatment of insulin resistance compared with full ag-
onists because they do not stimulate fat mass accretion. Therefore, the development
of new pharmacophores around this chemical class should be encouraged.

Dual Agonists

In an attempt to broaden the activity and the beneficial effects of PR#gRNists,
PPARy-PPARx and PPAR-PPARS dual agonists have been designed. These
drugs target multiple tissues at the same time, and it seems that activating one PPAR
can complement the action of the other. For instance, RPAdRivation triggers

a reduction in circulating triglyceride levels and enhances fatty acid oxidation,
which could counteract some of the effects of PRAd&tivation that result in fatty

acid trapping in the adipocytes. Proof of the beneficial effects of adding RB&R

tivity to that of PPAR, was provided by the combined administration of a PRPAR
agonist (rosiglitazone) and a PPARgonist (fenofibrate) (28). In animals such a
combination results in an improved triglyceride lowering (28, 116) and potentially
in glucose lowering efficacy. Novel thiazolidinedione derivatives such as KRP-297,
AZ 242, and JTT-501 were developed as PBARPARy dual agonists and com-
bine this beneficial effect in one compound (104, 145, 182). As type |l diabetes
is a multi-faceted disease associated with dyslipidemia and other complications,
targeting the liver and the adipose tissue with one compound would clearly widen
the therapeutic window. Such is also the case in theory for BPRRARS co-
agonists, which could combine the antidiabetic effects of PPABtivation with

the beneficial effects that PPARias on HDL-cholesterol levels (119, 154). The
clinical efficacy of dual agonists is still to be determined, as well as their side
effects, which could also be increased along with their enhanced tissue targeting.

PERSPECTIVES

Whereas the mechanisms by which PRA&tivation leads to insulin sensitization

are becoming much better characterized, itis less clear whether full agonist activity
should remain the preferred goal in the design of future compounds. Indeed, new
evidence suggests that antagonizing PPA&tivity in a pharmacological way
improves insulin sensitivity as well. These findings are consistent with the genetic
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Figure 2 Hypothesis summarizing the role of PPARctivation in glucose home-
ostasis. PPAR heterozygous mice (PPAR-/—) and human carriers of the Pro12Ala
point mutation have increased insulin sensitivity, whereas obese patients and human
carriers of the Pro115GIn mutation are insulin resistant. Activation of BPByRfull
agonists was shown to improve insulin sensitivity, but fat mass accretion and increase
in body weight are also observed upon treatment. On the other hand, modulators of
PPARy such as FMOC-L-Leu have potent insulin sensitizing effects, yet they do not
induce adipogenesis and fat mass accretion to the same extent as classical PPAR
agonists such as the thiazolidinediones.

studies on PPAR that show that reduction in PPAR either by ablation of one
allele or by partial loss-of-function mutation, results in higher sensitivity of glucose
metabolism to the action of insulin. Such observations suggest that the effect of
PPARy on glucose homeostasis is U-shaped (Figure 2). Adipogenesis and fat mass
accretion increase with enhanced PRA&tivity. The ideal situation would be to
improve insulin sensitivity without promoting weight gain. Further analysis of this
hypothesis is required to better understand the current paradox that both reducing
and increasing PPARactivity triggers insulin sensitization.
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