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Welcome to this special issue of PPAR Research dedicated to
“PPARs and Obesity.” Obesity and the interrelated disorders
of the metabolic syndrome are a global health epidemic. To
address this major problem, it is essential to understand the
mechanisms regulating energy metabolism, and it has been
known for years that PPARs play an important role in many
facets of energy homeostasis. This is a very active and excit-
ing field of research that, without a doubt, justifies a special
issue. The genetic, molecular, and physiological aspects of
PPARs as well as the metabolic effects of recently developed
PPAR and RXR agonists are among the topics discussed. The
issue begins with a review of key observations made in hu-
man subjects harboring genetic variations in PPARγ and a
thorough overview of the metabolic effects of PPARs in ge-
netically modified animal models. Over the last five years,
the knowledge on PPAR delta biology has literally exploded
and the potential therapeutic usefulness of this receptor in
metabolic syndrome is now recognized. The interaction of
PPARs with uncoupling proteins regulating energy expendi-
ture is reviewed as are recent developments with RXR ag-
onists. A closely related topic addresses the molecular and
physiological functions of PPAR coactivators and corepres-
sors in relationship to adipocyte energy metabolism. The se-
lective PPAR modulator concept has attracted the attention
of the field for over a decade; however the molecular bases
underlying their differential mode of action have only begun
to emerge recently. In addition to selective PPAR agonists,
compounds that simultaneously activate two (dual agonists)
or three (pan agonists) PPAR isoforms are in development.
The potential advantages of these new combinations are dis-
cussed. The intriguing possibility that PPARs may mediate
effects of caloric restriction on longevity is also considered.
Finally, a growing body of evidence indicates that inflam-
mation is a key feature of the obese state and that PPARs
display strong anti-inflammatory properties. The evidence

that PPARs may be interesting therapeutic targets to mod-
ulate obesity-induced inflammation is also reviewed. While
these reviews just scratch the surface of PPAR/RXR interac-
tions and regulation of energy balance, this special issue is
packed with exciting, high quality reports from recognized
experts in the field. We hope that the ideas presented here
will generate further interest from the scientific community
in this rapidly expanding area of research.

Francine M. Gregoire
Sander Kersten

Wallace Harrington
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Review Article
‘Striking the Right Balance’ in Targeting PPARγ
in the Metabolic Syndrome: Novel Insights from
Human Genetic Studies
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Recommended by Francine M. Gregoire

At a time when the twin epidemics of obesity and type 2 diabetes threaten to engulf even the most well-resourced Western health-
care systems, the nuclear receptor peroxisome proliferator-activated receptor γ (PPARγ) has emerged as a bona fide therapeutic
target for treating human metabolic disease. The novel insulin-sensitizing antidiabetic thiazolidinediones (TZDs, e.g., rosiglita-
zone, pioglitazone), which are licensed for use in the treatment of type 2 diabetes, are high-affinity PPARγ ligands, whose beneficial
effects extend beyond improvement in glycaemic control to include amelioration of dyslipidaemia, lowering of blood pressure, and
favourable modulation of macrophage lipid handling and inflammatory responses. However, a major drawback to the clinical use
of exisiting TZDs is weight gain, reflecting both enhanced adipogenesis and fluid retention, neither of which is desirable in a popu-
lation that is already overweight and prone to cardiovascular disease. Accordingly, the “search is on” to identify the next generation
of PPARγ modulators that will promote maximal clinical benefit by targeting specific facets of the metabolic syndrome (glucose
intolerance/diabetes, dyslipidaemia, and hypertension), while simultaneously avoiding undesirable side effects of PPARγ activa-
tion (e.g., weight gain). This paper outlines the important clinical and laboratory observations made in human subjects harboring
genetic variations in PPARγ that support such a therapeutic strategy.

Copyright © 2007 Mark Gurnell. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. INTRODUCTION

The health of a nation has long been recognized to be a func-
tion of its wealth. Traditionally, countries with limited re-
sources have struggled to eradicate diseases that are often
considered a thing of the past in so-called “developed” or
“industrialized” nations. However, in recent years it has be-
come clear that wealth does not always equate with good
health. Indeed, we now face the very real possibility that in
the first half of this century, average life expectancy in in-
dustrialized countries such as the US and UK will plateau
or decline, despite continuing economic growth and pros-
perity [1]. The obesity epidemic, which is currently sweep-
ing through “Western civilization,” is undoubtedly the sin-
gle biggest factor behind this “unwanted reversal” [1]. Re-
cent figures from the US reveal an alarming 75% increase in
the prevalence of obesity over the past 25 years, such that a
third of the population is now officially obese, that is to say, at
least 20% heavier than their ideal weight [2]. Many Western
European countries and Japan are not far behind. Obesity

is a major risk factor for insulin resistance, type 2 diabetes
mellitus (T2DM), hypertension, and dyslipidaemia (partic-
ularly hypertriglyceridaemia and low high-density lipopro-
tein cholesterol (HDL-C)); this cluster of medical sequelae is
often grouped together under the umbrella term “metabolic
syndrome,” and over the past decade the thresholds that must
be met for the diagnosis of this entity have been progressively
refined, culminating most recently in a consensus statement
from the International Diabetes Federation (Table 1). Not
surprisingly, subjects who meet the diagnostic criteria for this
disorder are at significantly increased risk of atherosclerotic
cardiovascular disease (reviewed in [3]).

So how can we arrest/reverse this apparently relentless
march towards “metabolic meltdown”? The solution seems
obvious: more effective obesity prevention and treatment.
Limiting caloric intake and increasing energy expenditure
to promote neutral (or in obese subjects negative) rather
than positive energy balance is likely to yield enormous ben-
efits at both the individual and population levels. Indeed,
“lifestyle intervention” studies have already convincingly
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Table 1: Diagnostic criteria for the human metabolic syndrome. WHO, World Health Organization; EGIR, European Group for the Study
of Insulin Resistance; NCEP ATP III, National Cholesterol Education Program Adult Treatment Panel III; IDF, International Diabetes Feder-
ation; T2DM, type 2 diabetes mellitus; IGT, impaired glucose tolerance; IR, insulin resistance; TG, triglycerides; HDL, high density lipopro-
tein cholesterol; BP, blood pressure; BMI, body mass index; WHR, waist hip ratio; WC, waist circumference; AER, albumin excretion rate;
M, male; F, female.

WHO, 1999 EGIR, 1999 NCEP ATP III, 2001 IDF, 2005

T2DM or IGT or IR
IR or hyperinsulinaemia, in
nondiabetic subjects

Central obesity:
WC ≥ ethnicity specific cut-offs

with ≥2 of the following with ≥2 of the following ≥3 of the following with ≥2 of the following

Hyperglycaemia Hyperglycaemia Hyperglycaemia

Fasting plasma glucose ≥ Fasting plasma glucose ≥ Fasting plasma glucose ≥
6.1 mmol/L, but nondiabetic 6.1 mmol/L or 5.6 mmol/L or

treated with antidiabetic medication. previously diagnosed T2DM

Dyslipidaemia Dyslipidaemia Hypertriglyceridaemia Hypertriglyceridaemia

TG >1.7 mmol/L and/or TG >2.0 mmol/L or TG ≥1.7 mmol/L TG >1.7 mmol/L or

HDL <0.9 mmol/L (M) HDL <1.0 mmol/L or treated for this lipid abnormality

HDL <1.0 mmol/L (F) treated for dyslipidaemia

Low HDL cholesterol Reduced HDL cholesterol

HDL <1.0 mmol/L (M) HDL <1.03 mmol/L (M)

HDL <1.3 mmol/L (F) HDL <1.29 mmol/L (F) or

treated for this lipid abnormality

Hypertension Hypertension Hypertension Hypertension

BP ≥140/90 mmHg±medication BP ≥140/90 mmHg or BP ≥130/85 mmHg or BP ≥130/85 mmHg or

treated for hypertension treated for hypertension treated for hypertension

Obesity Central obesity Central obesity Central obesity

BMI ≥30 kg/m2 or WC ≥94 cm (M) WC ≥102 cm (M) See above—core requirement for

WHR >0.9 (M) WC ≥80 cm (F) WC ≥88 cm (F) diagnosis of syndrome

WHR >0.85 (F)

Microalbuminuria

Urinary AER >20 mcg/min

demonstrated that the risk of developing complications such
as T2DM can be significantly reduced using such an ap-
proach [4, 5]. Unfortunately however, while this is a laud-
able goal, most clinicians know only too well that in prac-
tice it is very difficult to achieve/sustain, and hence attention
has turned towards seeking novel therapies that are capable
of ameliorating/reversing weight gain, insulin resistance, and
their unwanted sequelae. Understanding the genes that are
involved in maintaining metabolic homeostasis in the face of
differing nutritional and environmental stresses is essential
to the rational development of these strategies.

In recent years, a group of transcription factors belonging
to the nuclear receptor superfamily has emerged as key play-
ers in the regulation of mammalian metabolism. Peroxisome
proliferator-activated receptor γ(PPARγ) is perhaps the best
characterized of these so-called metabolic nuclear receptors,
serving as it does to integrate the control of energy, glucose,
and lipid homeostasis. The activity of PPARγ is governed by
the binding of small lipophilic ligands, principally fatty acids,
derived from nutrition or metabolism [6, 7], and activation
of the receptor is a critical step in the pathway to adipocyte
differentiation and fat cell maturation. Hence, it is easy to en-
visage how chronic exposure to high levels of dietary PPARγ
ligands (provided in abundance in the Western diet) could
promote the development of obesity, insulin resistance, and

metabolic dysfunction, and why receptor modulation might
offer a route to prevention/amelioration of these important
cardiovascular risk factors. Indeed, drugs targeting PPARγ
activity (thiazolidinediones (TZDs), e.g., rosiglitazone, pi-
oglitazone) are already in widespread clinical use as effec-
tive antidiabetic agents, enhancing insulin sensitivity, elevat-
ing high-density lipoprotein cholesterol (HDL-C) levels, and
lowering blood pressure [8]. Importantly other studies have
begun to examine whether these agents actually lower cardio-
vascular event rates [9], and if they are capable of reducing
the risk of progression to overt T2DM in those with existing
impaired glucose regulation [10].

Paradoxically however, TZDs actually promote weight
gain rather than weight loss. A significant part of this increase
can be attributed to enhanced adipogenesis, consistent with
TZDs acting as high-affinity agonists for PPARγ [11–13]. In
addition, fluid retention and expansion of the extracellular
compartment (possibly through altered renal sodium han-
dling [14]) may contribute to weight gain in some patients,
especially those with preexisting cardiac impairment [15].
Together, these observations raise an important question: is
it possible to develop more selective PPARγ modulators, with
even greater potential to improve metabolic dysfunction, yet
at the same time with reduced propensity to cause weight
gain and fluid retention? Clearly, the answer to this question



Mark Gurnell 3

is dependent on the basic biology of PPARγ and whether it
proves possible to regulate receptor function in a tissue- and
a target-gene-specific manner.

This paper summarizes the important contributions that
human genetic studies have made to our understanding of
the role of PPARγ in the regulation of mammalian metabolic
homeostasis, emphasizing the potential benefits and limita-
tions that we can expect from more targeted approaches to
modulating receptor function, and thus ensuring that in an
era marked by an increasing prevalence of obesity, diabetes
and cardiovascular disease, PPARγ remains more of “a help”
than “a hindrance.”

2. PPARγ-STRUCTURE, FUNCTION, AND
LIGAND REGULATION

The human nuclear receptor superfamily comprises 48
ligand-inducible transcription factors that respond to a va-
riety of stimuli including steroid and thyroid hormones,
vitamins, lipid metabolites, and xenobiotics. PPARγ is the
third member of a subdivision within the superfamily that
also includes PPARα and PPARδ [25, 26]. Together, the
PPARs function as key transcriptional regulators that govern
metabolic homeostasis by serving as lipid sensors, respond-
ing to dietary fatty acids and their derivatives. However, each
has a distinct pattern of tissue expression, and consistent with
this, specific roles in the regulation of energy metabolism (re-
viewed in [25, 26]). The importance of these receptors in
physiology and disease is evidenced by the fact that PPARα
and PPARγ are the molecular targets for the lipid-lowering fi-
brate class of drugs and TZDs, respectively, while PPARδ lig-
ands are currently being developed in anticipation that they
will offer a novel approach to tackling obesity and metabolic
dysfunction through effects on energy expenditure, HDL-C
metabolism, and macrophage inflammatory responses (re-
viewed in [26]).

Differential promoter usage, coupled with alternate splic-
ing of the PPARG gene, generates two protein isoforms:
PPARγ2, expressed from a single γ2 promoter, contains an
additional 28 N-terminal amino acids and is nearly adipose-
specific; PPARγ1, whose expression can be regulated by mul-
tiple (γ1, γ3, γ4) promoters, is more ubiquitously distributed
[27–29]. Like other nuclear receptors, PPARγ exhibits a
modular structure consisting of distinct functional domains:
the N-terminal A/B domain harbors a ligand-independent
transcriptional activation function (AF1), which is stronger
for the γ2 than γ1 isoform; the central DNA-binding domain,
containing two zinc finger motifs, facilitates interaction with
specific binding sites (PPAR response elements (PPREs)) in
target gene promoters; the larger C-terminal domain medi-
ates ligand-binding, heterodimerization with the retinoid X
receptor (RXR), and contains a powerful ligand-dependent
activation (AF2) function (Figure 1(a)).

Initially, PPARγ was considered to be a constitutively
active receptor, recruiting transcriptional coactivators (e.g.,
steroid receptor coactivator-1 (SRC-1)) to classical target
genes (e.g., adipocyte protein 2 (aP2)) even in the absence of
ligand. More recently however, Guan et al. have shown that

the unliganded PPARγ/RXR heterodimer can actively silence
a subset of genes (e.g., adipocyte glycerol kinase (GyK)), in
a manner analogous to that seen with the thyroid hormone
(TR) and retinoic acid (RAR) receptors [24] (Figure 1(b)).
Transcriptional silencing is mediated through recruitment
of a multiprotein corepressor complex, containing either
NCoR (nuclear receptor corepressor) or SMRT (silencing
mediator of retinoic acid and thyroid receptors), together
with histone-modifying enzymes (e.g., histone deacetylase 3
(HDAC 3)), which condense chromatin structure, thus im-
peding gene transcription. In contrast, binding of cognate
or exogenous ligand(s) induces a conformational change
in the heterodimer such that it now dissociates from any
bound corepressor proteins and instead recruits a coacti-
vator complex, containing histone acetyltransferases (e.g.,
CREB-binding protein (CBP)), which relaxes the chromatin
structure so as to permit greater levels of gene transcription
(Figure 1(c)).

A variety of putative endogenous activators has been de-
scribed for PPARγ, including fatty acids, eicosanoids, and
derivatives of oxidized low-density lipoproteins [30]. The
prostaglandin J2 derivative 15-deoxy-Δ12,14-PGJ2 is also ca-
pable of activating PPARγ in vitro, although it is doubtful
as to whether it exists at sufficient concentrations in vivo to
serve as a physiological ligand. Recently, Tzameli et al. have
reported the existence of an as yet undefined ligand(s) that is
produced transiently during adipocyte differentiation [31].

3. PPARγ-A KEY THERAPEUTIC TARGET IN
THE HUMAN METABOLIC SYNDROME

Patients with the metabolic syndrome typically require a
“cocktail of drugs” to treat the individual components of
the disorder and its associated atherosclerotic complications
(e.g., oral hypoglycaemic agents, insulin, statins, fibrates, an-
tihypertensives, aspirin, etc.). Unfortunately, many of these
drugs confer little benefit in terms of correcting the underly-
ing metabolic disturbance, and indeed some even exacerbate
the situation, for example, insulin-induced weight gain. Not
surprisingly then, compliance with these complex treatment
regimens is often poor.

In contrast, drugs that target PPARγ appear, at least in
theory, to offer an attractive and perhaps more logical ap-
proach to treating the metabolic syndrome, by virtue of
their ability to ameliorate insulin resistance and other facets
of the condition [8]. Set against this however is the well-
documented increase in body weight that is observed with
currently available TZDs [8]. It is these observations that
have led scientists and clinicians alike to ask whether it is
possible to retain/enhance the metabolic benefits of PPARγ
activation, yet at the same time minimize undesirable side
effects. The following sections outline the human genetic ev-
idence that supports such a strategy, with specific reference
to each of the key components of the metabolic syndrome.

3.1. PPARγ and adipogenesis

In vitro studies suggest that PPARγ is the ultimate effector of
adipogenesis in a transcriptional cascade that also involves
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PPARγ1
N− A/B domain DNA-binding

domain
Ligand-binding domain −C

C114R

C131Y

C162W

V290M

FS315X

R357X
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NLS
RXR
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AF2
domain

(helix 12)

PPARγ2
N− −C
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P115Q

E138fsΔAATG
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(a)

Corepressor
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−
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(b)
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L L

PPRE

Activation of
target genes

+

(c)

Figure 1: Structure function of PPARγ. (a) Schematic representation of the three principal domains of PPARγ, denoting the posi-
tions of several of the natural genetic variants that have been identified in the human receptor. Note that mutations and polymor-
phisms have been depicted based on the nomenclature (γ1 or γ2) used in the primary publication [16–23]. FSX denotes the mutation
(A553ΔAAAiT)fs185(stop186); FS315X denotes the mutation (A935ΔC)fs312(stop315). (b) In the absence of exogenous ligand, PPARγ re-
cruits a corepressor complex to a subset of target genes (e.g., adipocyte glycerol kinase), thereby repressing basal transcription [24]. (c)
Addition of ligand induces a conformational change in the receptor, which promotes corepressor release and coactivator recruitment. For
other target genes (e.g., aP2), the receptor appears to be constitutively active even in the absence of exogenous ligand [24]. NLS denotes nu-
clear localization signal; RXR denotes retinoid X receptor; ID denotes interaction domain; AF2 denotes activation function 2; PPRE denotes
PPAR response element.

members of the C/EBP transcription factor family [32].
Modulation of PPARγ expression and/or action in rodent
cell lines has conclusively shown that the receptor is both es-
sential and, in the presence of PPARγ agonists, is sufficient
for adipogenesis [33]. Consonant with this, PPARγ knockout
mice fail to develop adipose tissue [34–36], while their het-
erozygous counterparts have reduced fat depots [36]. Studies
in human tissues point to a similar critical role for PPARγ
in the regulation of adipogenesis. Exposure of cultured pri-
mary human preadipocytes to PPARγ activators (e.g., TZDs)
induces their differentiation [32], while both chemical and
biological receptor antagonists efficiently block this process
[37].

It comes as no surprise then to learn that human sub-
jects treated with synthetic PPARγ agonists (e.g., rosigli-
tazone, pioglitazone) gain weight through enhanced adi-
pogenesis [8]. Despite this, metabolic function in the ma-

jority of TZD recipients improves. This apparent TZD
paradox undoubtedly reflects the ability of these agents
to modify adipocyte function and free fatty acid stor-
age in a favorable manner that promotes insulin sensitiza-
tion; however, it may also be dependent, at least in part,
on PPARγ activation mediating depot-specific rather than
global changes in adipogenesis. For example, it is notable
that the increase in fat mass observed in type 2 diabetics
treated with TZDs is not uniformly distributed, with a ten-
dency to accumulate subcutaneous (e.g., limb/gluteal) fat,
whereas visceral adipose tissue volume is reduced or un-
changed (reviewed in detail in [38]). Consistent with this,
preadipocytes isolated from subcutaneous abdominal adi-
pose tissue have been shown in some (although not all)
studies to differentiate more readily in response to TZDs
than cells from visceral depots taken from the same subjects
[39].
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Figure 2: Clinical features exhibited by adult subjects harboring loss-of-function mutations in human PPARγ. For each parameter shown,
the numerator denotes the reported number of affected individuals, and the denominator denotes the number of subjects for whom relevant
information is available.

3.1.1. Gain- and loss-of-function mutations

With PPARγ agonists promoting adipogenesis, it would seem
reasonable to speculate that gain-of-function PPARγ mu-
tations should increase body fat mass. Ristow et al. have
provided support for this hypothesis, with the identifica-
tion of four morbidly obese (BMI 37.9 to 47.2 kg/m2) Ger-
man subjects, all of whom harbored a gain-of-function mu-
tation (Pro115Gln PPARγ2) within the N-terminal domain
of the receptor [40]. The transcriptional activity of PPARγ is
subject to modification through phosphorylation of a serine
residue at codon 114 [41, 42], and mutation of the adjacent
proline was shown to interfere with this process, resulting in
a receptor with constitutive transcriptional activity and en-
hanced adipogenic potential [40]. Subsequently however, a
fifth subject, with only a mildly elevated BMI (28.5 kg/m2),
was found to carry the same amino acid substitution, which
is in marked contrast to the findings of the original study
[43]. Thus, for now the significance of this particular genetic
variant remains unclear, and further mutation carriers must
be identified to confirm whether Pro115Gln does indeed pre-
dispose to obesity and, if so, whether there is a depot-specific
pattern to the accretion of adipose tissue.

In contrast, there is now a compelling body of data from
the study of human subjects with loss-of-function mutations
in PPARγ to confirm a pivotal role for this receptor in human
adipogenesis. To date, twelve different heterozygous muta-
tions (missense, nonsense, and frameshift) have been identi-
fied within the DNA- (DBD) and ligand-binding (LBD) do-
mains of the receptor (Figure 1(a)) [16–23], with functional
studies, where available, confirming that the mutant recep-
tors are transcriptionally impaired. In keeping with their
dominant mode of inheritance, several of the mutants have
also been shown to be capable of inhibiting the activity of

their wild-type counterpart in a dominant negative manner,
reflecting either aberrant corepressor recruitment to DNA-
bound mutant receptors [16, 44], or transcriptional inter-
ference through coactivator sequestration by DNA-binding
deficient mutants [23]. In contrast, other mutants appear to
lack dominant negative activity, with the clinical phenotype
purported to be a consequence of haploinsufficiency [18, 20–
22]. In keeping with the latter, Al-Shali et al. have recently
identified a kindred harboring a novel heterozygous A > G
mutation at position −14 within intron B of PPARG (up-
stream of exon 1), which reduces promoter activity of the
PPARγ4 isoform [45]. This mutation cosegregated with a
phenotype of partial lipodystrophy and metabolic dysfunc-
tion similar to that observed in subjects harboring loss-of-
function mutations within the DBD or LBD [45].

Together, these reports describe more than twenty adult
subjects, the majority of whom exhibit a stereotyped pat-
tern of partial lipodystrophy, in which subcutaneous fat is
diminished in the limbs and gluteal region, while being pre-
served/increased in the subcutaneous and visceral abdomi-
nal depots (Figure 2) [16–23]. Some phenotypic differences
have been observed with facial and neck adipose tissues,
which were reported to be increased in individuals from
two kindreds, but normal or reduced in most other cases
[16–23]. These findings are again strongly suggestive of a
depot-specific role for PPARγ in human adipogenesis, and
complement the observations made in diabetic subjects re-
ceiving TZD treatment. Clearly one challenge is to under-
stand why visceral adipose tissue appears relatively refrac-
tory to PPARγ regulation despite expressing comparable lev-
els of receptor to its subcutaneous counterpart. Studies of fat
biopsies from different depots in PPARγ mutation carriers
might offer a unique route to addressing this important ques-
tion.
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Interestingly, a transgenic knockin mouse model based
on the human Pro467Leu mutation (Pro465Leu) has recently
been reported by two independent groups [46, 47]. Het-
erozygous PpargP465L/+ mice have normal total adipose tis-
sue weight, but exhibit reduced intra-abdominal fat mass
and increased extra-abdominal subcutaneous fat compared
to wild-type (WT) animals, that is, altered body fat distri-
bution, but in a manner which is quite distinct from that
observed in human subjects. In addition, unlike their hu-
man counterparts, the PpargP465L/+ mice were also insulin-
sensitive. These findings initially raised concerns as to the
suitability of using rodent models to explore the conse-
quences of loss-of-function mutations in human PPARγ. Im-
portantly however, in the model of Gray et al., expression
of the P465L mutant on a hyperphagic ob/ob background
grossly exacerbated the insulin resistance and metabolic dis-
turbances associated with leptin deficiency, despite reducing
whole body adiposity and adipocyte size [47]. Thus, in the
mouse coexistence of the P465L PPARγ mutation and the
leptin-deficient state creates a mismatch between adipose tis-
sue expandability and energy availability, thereby unmask-
ing the deleterious effects of PPARγ mutations on carbohy-
drate metabolism and recapitulating the clinical phenotype
observed in human subjects.

3.1.2. Polymorphisms

The most prevalent human PPARγ genetic variant reported
to date is the Pro12Ala polymorphism, substituting ala-
nine for proline at codon 12 in the unique PPARγ2 amino-
terminal domain [48]. The allelic frequency of the Ala variant
differs quite markedly depending on the study population,
ranging from 1% to 23% [49]. In functional assays, Ala12-
PPARγ exhibits reduced binding to DNA and modest impair-
ment in target gene transactivation in both the absence and
presence of PPARγ agonists [48]. An association with lower
BMI in the primary study appeared to suggest a correspond-
ing genotype-phenotype correlation, and led to the hypoth-
esis that improved insulin sensitivity might be accounted for
entirely by changes in adiposity [48]. However, numerous
subsequent cross-sectional studies have yielded conflicting
results, demonstrating either no difference [50] or a mod-
estly greater BMI [51] in carriers of the Ala allele. In an at-
tempt to resolve this issue, Masud and Ye completed a meta-
analysis using data from 30 independent studies with a to-
tal of 19 136 subjects [52]. They concluded that in the sam-
ples with a mean BMI value ≥27 kg/m2, Ala12 allele carri-
ers had a significantly higher BMI than noncarriers, whereas
no difference was detected in the samples with a BMI value
<27 kg/m2. A further analysis using data from publications
in which BMI for the three genotype groups (i.e., Pro/Pro,
Pro/Ala and Ala/Ala) were presented separately revealed that
the Ala12 homozygotes had significantly higher BMI than
heterozygotes and Pro12 homozygotes [52].

Importantly, the effects of the Ala allele have recently
been shown to be subject to modification by other genetic
and environmental factors, and indeed this may in part ex-
plain the apparently discordant results of the studies reported

hitherto. For example, variations in dietary polyunsaturated
fat versus saturated fat intake appear to influence BMI in car-
riers of the Ala variant [53]. In the Quebec Family Study, car-
riers of the Pro12 allele had lower BMI, waist circumference
and fat mass (both subcutaneous and visceral) at baseline,
but responded to an increase in dietary fat with a gradual in-
crease in BMI and waist circumference, an effect which was
not observed in their Ala counterparts [54]. Together, these
and other studies support the notion of gene-nutrient inter-
action at the PPARγ locus.

3.2. PPARγ and insulin sensitivity

3.2.1. Genetic evidence for a link

Several lines of evidence point to a link between the level of
PPARγ transcriptional activity and insulin sensitivity: (1) the
in vitro binding affinities of TZD and non-TZD PPARγ lig-
ands correlate closely with their in vivo potencies as insulin
sensitizers [11, 55]; (2) RXR ligands, which can activate the
PPARγ-RXR heterodimer, also exhibit insulin-sensitizing ef-
fects in rodents [56]; (3) mice exhibiting enhanced PPARγ
activity, due to a mutation at serine 112 (serine 114 in hu-
man PPARγ2), which results in a constitutively more ac-
tive receptor (through inhibition of phosphorylation), are
protected from obesity-associated insulin resistance [57]; (4)
mice lacking PPARγ in fat, muscle, or liver are predisposed
to developing insulin resistance [58–61].

Importantly, studies of human PPARγ genetic variants
have provided independent validation of the pharmacolog-
ical and animal data. For example, severe insulin resistance
(with or without overt T2DM) has proved to be a remarkably
consistent finding in subjects with loss-of-function PPARγ
mutations, being evident even in early childhood in affected
individuals (Figure 2) [16–23]. Equally impressive has been
the finding that of more than 40 different reported associ-
ations of genetic variation and population risk to T2DM,
Pro12Ala has emerged as the most widely reproduced [62].
The Ala allele is protective against the risk of developing
T2DM, and it has been estimated that the global preva-
lence of T2DM would be ∼25% lower simply by virtue of
everybody carrying one or more copies of the Ala allele
[49, 62, 63], implying that PPARγ is perhaps the single most
important “diabetogene” identified to date.

In light of the findings with Pro12Ala, several groups
have sought to determine whether other single-nucleotide
polymorphisms (SNPs) within PPARγ might also influence
T2DM risk at a population level. In a study of ∼4000 Asian
subjects, a link with a second polymorphism C1431T (for
which the presence of a T allele conferred a reduced diabetes
risk when compared with CC homozygotes (OR = 0.73,
P = .011)) has been reported [64]. Other workers have taken
analysis of this genetic variant further, establishing it to be
in tight allelic disequilibrium with the Ala12 variant in a
separate study population (70% of all Ala carriers also car-
ried the C1431T polymorphism) [65]. Having genotyped in-
dividuals from three separate cohorts (1997 subjects with
T2DM, 2444 nondiabetic children, and 1061 middle-aged
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controls—all from a similar area in Tayside, Scotland) for
the PPARG Pro12Ala and C1431T polymorphisms, they con-
cluded that the Ala12 variant was underrepresented in the
T2DM population when compared with similarly aged non-
diabetic adults (OR = 0.74, P = .0006). The 1431T variant
was also underrepresented in the T2DM versus adult popula-
tion. Intriguingly however, when the Ala12 variant was on a
haplotype not bearing the 1431T variant, it conferred greater
protection (OR = 0.66, P = .003); in contrast, when it was
present in haplotypes containing the 1431T variant (70%
of Ala12 carriers), this protection was absent (OR = 0.99,
P = .94). Further studies are awaited with interest.

Thus, it is clear that the relationship between PPARγ ac-
tivity and insulin sensitivity in humans is complex, with ev-
idence for a gene dosage effect, which is subject to modifica-
tion by other genetic and environmental factors.

3.2.2. Mechanisms of action

Adipose tissue

Given its high level of expression in adipose tissue and its
pivotal role in adipogenesis, it is likely that receptor activa-
tion in adipocytes contributes significantly to the clinical ef-
ficacy of PPARγ ligands in ameliorating insulin resistance.
Consistent with this, mice lacking adipose tissue have been
shown to be refractory to the antidiabetic effects of TZDs
[66], while adipose-specific deletion of PPARγ (which is as-
sociated with progressive lipodystrophy) predisposes mice to
hepatic steatosis, and high-fat feeding-induced skeletal mus-
cle insulin resistance [58]. In addition, because PPARγ2 is
virtually exclusively expressed in fat cells, any metabolic ef-
fects of the Pro12Ala polymorphism, including those on glu-
cose homeostasis, are likely to be secondary to alterations in
adipose tissue metabolism. Several mechanisms have been
advanced to explain how modulating PPARγ activity in fat
benefits whole-body insulin sensitivity.

(i) Regulation of free fatty acid flux in adipocytes

Circulating levels of free fatty acids (FFAs) are a major deter-
minant of insulin sensitivity [38]. Several studies have shown
that the antidiabetic efficacy of TZDs correlates with their
ability to lower circulating FFA levels [38]. Murine and cel-
lular studies indicate that PPARγ activation in adipose tis-
sue may exert coordinated effects on FFA flux (promoting
uptake/trapping, while simultaneously impairing release),
through the regulation of a panel of genes involved in FFA
metabolism: adipocyte lipoprotein lipase (LPL) expression
is upregulated in response to TZD treatment, thereby po-
tentially enhancing release of FFAs from circulating lipopro-
teins [67]; simultaneous upregulation of FFA transporters
such as CD36 and FATP (fatty acid transport protein) on
the adipocyte surface facilitates their uptake [68]; TZDs
may also reduce FFA efflux from adipocytes through en-
hanced expression of genes that promote their storage in the
form of triglycerides (e.g., glycerol kinase directs the synthe-
sis of glycerol-3-phosphate directly from glycerol; phospho-

enolpyruvate carboxykinase permits the utilization of pyru-
vate to form the glycerol backbone for triglyceride synthesis)
[69, 70]. If similar effects on FFA uptake and trapping are
observed in human adipocytes, then treatment with TZDs
and other PPARγ activators is likely to promote the safe stor-
age of FFAs in adipose tissue, and prevent “ectopic” depo-
sition in other sites such as liver and skeletal muscle, where
they are capable of inducing “lipotoxicity.” Observations in
human subjects with genetic variations in PPARγ are consis-
tent with this hypothesis. For example, it appears that even
the existing residual adipose tissue depots in individuals with
loss-of-function mutations in PPARγ are dysfunctional, re-
sulting in exposure of skeletal muscle and liver to unregu-
lated fatty acid fluxes, with consequent impairment of in-
sulin action at these sites [19]. In addition, there is evidence
that the Pro12Ala polymorphism facilitates insulin-mediated
suppression of lipolysis, hence decreasing FFA release [49]. It
is worth noting however that others have failed to detect any
relationship between circulating FFA levels and Pro12Ala sta-
tus [71].

(ii) Modulation of adipokine release

In addition to regulating circulating FFA levels, adipocytes
also serve as a rich source of signalling molecules (e.g., lep-
tin, adiponectin, tumour necrosis factor-α (TNFα), and re-
sistin), many of which have far-reaching metabolic effects in
other tissues. Collectively these adipocyte-derived hormones
are referred to as adipokines, and several have been identified
as targets for transcriptional regulation by PPARγ. In gen-
eral, TZDs and other PPARγ agonists enhance the expression
of adipokines that facilitate insulin action while simultane-
ously suppressing those which are antagonistic, thereby alter-
ing the profile of adipocyte gene expression in a manner that
promotes insulin sensitization. For example, activation of
PPARγ inhibits the expression of TNFα, resistin, and retinol-
binding protein 4 (RBP4), all of which are associated with
insulin resistance [72–74]. In contrast, adiponectin gene ex-
pression is increased following TZD treatment, thereby pro-
moting fatty acid oxidation and insulin sensitivity in mus-
cle and liver [75]. Circulating adiponectin levels have been
shown to correlate closely with insulin sensitivity, and in-
versely with fat mass (especially visceral adiposity) [76], sug-
gesting that this adipokine may represent a critical link be-
tween PPARγ activation and insulin sensitization [75, 76].
Consonant with this, circulating adiponectin levels have been
shown to be dramatically reduced in individuals harbor-
ing loss-of-function PPARγ mutations when compared with
healthy controls [77, 78]. In contrast, to date, no defini-
tive correlation between the Pro12Ala polymorphism and
adipokine release has been established, with existing studies
providing conflicting results.

(iii) Promotion of glucose uptake into adipocytes

There is evidence to suggest that PPARγ is also capable of di-
rectly modulating the insulin signal transduction pathway in
adipose tissue. The GLUT4 (insulin-dependent) transporter
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is a key modulator of glucose disposal in both muscle and
fat. Binding of insulin to its tyrosine kinase receptor engages
a cascade of intracellular phosphorylation events, includ-
ing activation of phosphatidylinositol-3-OH kinase (PI(3)K)
and other downstream kinases, which promote trafficking of
GLUT4 containing vesicles to the plasma membrane. A sec-
ond pathway, which involves a distinct group of signalling
molecules including the c-Cbl protooncogene product and
CAP (c-Cbl-associated protein), acts in concert to augment
this process. Several groups have shown that PPARγ activa-
tion in adipose tissue can influence insulin signalling at var-
ious points in these pathways, for example, through upregu-
lation of insulin receptor substrates-1 and -2 (IRS-1, IRS-2)
[79, 80], the p85 subunit of PI(3)K [81], and CAP [82, 83]—
all of which might be predicted to enhance GLUT4 activ-
ity. Increased glucose uptake into adipocytes contributes to
whole-body glucose disposal, and provides important sub-
strate for triglyceride synthesis.

(iv) Regulation of adipocyte 11β-hydroxysteroid
dehydrogenase type 1 activity

Prolonged exposure to hypercortisolaemia, as occurs in sub-
jects with Cushing’s syndrome, is associated with many fea-
tures of the metabolic syndrome (visceral obesity, glucose
intolerance, hypertension, and dyslipidaemia). While circu-
lating cortisol levels in ordinary obese non-Cushingoid in-
dividuals are normal (if not slightly reduced), there is ev-
idence to suggest that local regeneration of cortisol within
adipose tissue could contribute to the development of in-
sulin resistance in the setting of visceral obesity [84]. 11β-
hydroxysteroid dehydrogenase type 1 (11β-HSD1) directs
the production of active cortisol from inactive cortisone in
liver and fat, thereby facilitating cortisol-induced adipocyte
differentiation. In keeping with this, adipose-specific overex-
pression of 11β-HSD1 in transgenic mice induced a pheno-
type of insulin resistance and central obesity [85]. PPARγ lig-
ands have been shown to downregulate adipocyte 11β-HSD1
expression and activity [86], and the subsequent modulation
of glucocorticoid-induced gene expression may conceivably
contribute to their insulin sensitizing actions. Studies of 11β-
HSD1 activity in adipose tissue from subjects with loss-of-
function mutations in PPARγ should provide a unique op-
portunity to examine the role of PPARγ in regulating human
11β-HSD1 function.

Skeletal muscle and liver

Maintenance of normal glucose homeostasis is critically de-
pendent on retention of insulin sensitivity in key target tis-
sues including liver and skeletal muscle. In addition to the
beneficial effects of lowering circulating FFA levels and in-
ducing a more favorable adipokine milieu to promote insulin
sensitivity, there is some evidence to suggest that PPARγ ac-
tivation at both of these sites might directly influence glu-
cose and lipid homeostasis. For example, TZDs have been
reported to facilitate insulin-stimulated glucose uptake in
cultured human skeletal muscle cells, by enhancing insulin-

stimulated PI(3)K activity and GLUT4 translocation [87, 88].
Thus, while skeletal muscle expresses relatively low levels of
PPARγ protein when compared with adipose tissue, its dom-
inant role in insulin-mediated glucose disposal suggests that
PPARγ activation at this site may contribute significantly to
the glucose lowering effect of TZD treatment. Unfortunately,
to date attempts to resolve this issue using animal models
of muscle-specific PPARγ deletion have proved unsuccess-
ful with two separate groups reporting conflicting findings
[59, 60]. Similarly, it remains to be seen whether activation
of PPARγ in human liver benefits or impairs metabolic func-
tion, with further studies needed to clarify its role in the reg-
ulation of hepatic gluconeogenesis and susceptibility to hep-
atic steatosis.

3.3. PPARγ and lipid homeostasis

As might be predicted for a group of drugs that improve in-
sulin sensitivity, TZDs raise HDL cholesterol in the majority
of treated diabetics (typically by 5%–10% ) [8]. Intriguingly
however, their effects on hypertriglyceridaemia have been
somewhat more variable, with reductions in triglyceride lev-
els observed more often with pioglitazone than rosiglitazone.
One hypothesis that has been advanced to explain this appar-
ent discrepancy is that pioglitazone may also be acting as a
partial PPARα agonist (akin to a fibrate), while at the doses
used in clinical practice rosiglitazone retains pure γ-agonist
activity [89]. However, data on mechanisms underlying the
effects of TZDs on lipids in humans is limited and, moreover,
caution needs to be exercised when attempting to extrapolate
from animal studies, given the significant species-specific dif-
ferences that exist in lipoprotein metabolism.

To date, virtually all subjects with loss-of-function muta-
tions in PPARγ have exhibited hypertriglyceridaemia and/or
low HDL levels, with relatively unremarkable LDL choles-
terols [16–23] (Figure 2). It remains unclear however, as to
whether these abnormalities are simply a “metabolic conse-
quence” of severe insulin resistance per se, or whether they
indicate an additive and independent effect of dysfunctional
PPARγ signalling in relation to lipoprotein metabolism. Fur-
ther studies of the reverse cholesterol transport pathway
in monocyte-derived macrophages from these subjects may
help to address this important issue.

Although there is an extensive body of data concerning
the potential effects of the Pro12Ala polymorphism on gly-
caemic control, there are relatively few studies focusing on
its consequences for lipid homeostasis. Moreover, given the
potential confounding effect of insulin resistance, cohort se-
lection (particularly with respect to diabetic status and/or
BMI) is critical when trying to identify a specific indepen-
dent link. Accepting these limitations, there is some evi-
dence to suggest that the Ala allele may confer benefits for
HDL metabolism. For example, in the original study of Deeb
et al., higher HDL cholesterol (and lower triglyceride) levels
were observed among elderly subjects with the Ala/Ala geno-
type compared with Pro/Ala and Pro/Pro genotypes [48]. A
similar association has been described in over 4000 Singa-
pore Asians whose genotype was analyzed as a dichotomous
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variable (i.e., presence or absence of the Ala variant), and
in whom Ala allele carriers had significantly higher HDL
cholesterol compared with Pro/Pro homozygotes [64]. How-
ever, other groups have reported conflicting findings, with
some detecting an association of lower HDL cholesterol lev-
els with the presence of the Ala allele [50].

3.4. PPARγ and blood pressure regulation

Hypertension has been reported in a significant proportion
of subjects harboring PPARγ mutations [16–23]. While this
is not unexpected, given the well-recognized associations of
insulin resistance and T2DM with hypertension, it is note-
worthy that in some cases the hypertension has been of an
unusually early onset and severity [16, 19, 23]. Indeed, on
occasion it has been the dominant clinical feature, manifest-
ing even in the absence of diabetes and its associated mi-
crovascular complications. In contrast, TZD therapy is as-
sociated with a modest reduction in blood pressure in a va-
riety of clinical settings, including nondiabetic hypertensive
subjects [89]. Taken together, these findings suggest possible
additional effects on blood pressure regulation, which are in-
dependent of insulin sensitivity, and indeed several lines of
evidence suggest that PPARγ may directly regulate vascular
tone, for example, through blockade of calcium channel ac-
tivity in smooth muscle, inhibition of release of endothelin-
1, and enhancement of C-type natriuretic peptide release
[89].

While no studies of vascular tone or endothelial function
have yet been reported in human subjects with PPARγ muta-
tions, mice heterozygous for the equivalent Pro465Leu mu-
tation were found to be hypertensive in the absence of in-
sulin resistance [46]. The hypertension in PpargP465L/+ mice
was associated with increased expression of RAS components
in various adipose depots—angiotensinogen (AGT) and an-
giotensin II receptor subtype 1 (AT1R) in inguinal and go-
nadal fat, respectively [46]. Interestingly, transgenic mice ex-
pressing AGT in adipose tissue have higher BP and increased
fat mass [90]. Thus, it is conceivable that modulation of RAS
activity in adipose tissue contributes to the decrease in blood
pressure, which is seen with TZDs and other PPARγ agonists.

Data relating to differences in blood pressure and
Pro12Ala status have proved less informative, with studies
again reporting conflicting findings [91, 92], which are likely
to reflect other genetic and environmental influences that are
at work in the different study populations.

3.5. PPARγ and atherosclerosis

Collectively, the individual components of the metabolic
syndrome conspire to dramatically increase the risk of car-
diovascular disease [93]. PPARγ activation with exogenous
ligands such as the TZDs would be predicted to confer sig-
nificant benefits in this setting, through the amelioration of
insulin resistance, dyslipidaemia, and possibly hypertension,
albeit at a potential cost of mild weight gain (as a conse-
quence of enhanced adipogenesis and fluid retention). In-
deed retrospective human studies have indirectly suggested

an atheroprotective effect of TZDs [94], and more recently
a prospective trial demonstrated that pioglitazone protected
patients with T2DM, albeit modestly, from cardiovascular
events [9].

It was therefore surprising and of potential therapeu-
tic concern when Tontonoz et al. reported that PPARγ ac-
tivation in a premacrophage cell line induced expression of
CD36 (also known as FAT—fatty acid translocase), a cellu-
lar scavenger receptor for atherogenic low-density lipopro-
tein (LDL) [95]. Enhanced CD36 expression might be pre-
dicted to increase intracellular accumulation of oxidized
LDL cholesterol, which could then be catabolized to gener-
ate PPARγ ligands (e.g., 9-hydroxyoctadecadienoic acid (9-
HODE) and 13-HODE) capable of further receptor activa-
tion, thereby creating a vicious feedforward cycle of increas-
ing lipid uptake, and ultimately driving conversion of the
macrophage into an atherogenic foam cell [95, 96]. The find-
ing that PPARγ is expressed at relatively high levels in hu-
man atherosclerotic plaques further served to fuel concerns
[97].

However, almost coincident with these observations, sev-
eral groups reported that PPARγ ligands could reduce the
release of inflammatory cytokines (e.g., TNF-α and IL-6)
from macrophages, an effect that might be predicted to be
antiatherogenic [98, 99]. Several anti-inflammatory mecha-
nisms have been proposed, including inhibition of NF-kB,
AP1, and STAT signalling by PPARγ [100].

Subsequent studies have further redressed the balance,
with the demonstration that PPARγ ligands exert an oppos-
ing effect on SR-A, a second LDL scavenger receptor, down-
regulating its expression in mouse macrophages [101]. In ad-
dition, the nuclear receptor LXRα (liver X receptor α), which
enhances expression of ABCA1 (ATP-binding cassette trans-
porter A1), a protein which mediates cellular cholesterol ef-
flux [102], has also been shown to be a PPARγ target gene
in human and mouse macrophages [103, 104]. Taken to-
gether, these data suggest a broader spectrum of PPARγ ef-
fects within the macrophage with the overall balance favour-
ing cholesterol efflux and an antiatherogenic effect.

At first glance, the finding that only six subjects from a
cohort of more than 20 affected PPARγ mutation carriers
[18, 23] have documented atheromatous coronary disease
might seem surprisingly modest, especially when one consid-
ers the severity of insulin resistance, dyslipidaemia, and hy-
pertension found in this group, coupled with the potentially
deleterious consequences of dysfunctional PPARγ signalling
inside mutant macrophages. However, it is important to note
that four of the six affected subjects are/were relatively young
females in whom atheromatous coronary disease in the gen-
eral population is a relatively uncommon occurrence. Ac-
cordingly, given that many of the remaining mutation carri-
ers are still relatively young (<50 years), with a predominance
of females, it would seem premature to exclude the possibil-
ity of accelerated vascular disease in this high-risk group.

There is also an emerging body of epidemiological ev-
idence to suggest an association between the naturally oc-
curring PPARγ polymorphisms and arterial intima media
thickness (IMT), and thus indirectly, cardiovascular risk. A
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study of 154 Japanese T2DM patients found those carrying
the Ala12 allele to have a significantly lower carotid IMT
than their Pro/Pro counterparts, despite no observed differ-
ences in gender, age, fasting blood glucose, lipid profile, or
HbA1c [105]. However, differences in BMI and the degree
of insulin resistance between the two groups were not re-
ported. Yan et al. used IMT as a secondary outcome measure
to investigate the prevalence of the C161T PPARγ polymor-
phism within 4 different Chinese cohorts; 248 subjects with
insulin resistance syndrome (IRS), 163 with essential hyper-
tension, 115 with T2DM and 121 normal controls. They
observed that the CC genotype (prevalence 75%) was sig-
nificantly associated with increased IMT compared to CT
and TT genotypes (prevalence 22% and 4%, resp.) within
248 “metabolic syndrome” patients [106]. However inter-
estingly, the prevalence of neither the Pro12Ala nor C161T
polymorphism within PPARγ was overrepresented in a large
Caucasian cohort (1170 individuals) with angiographically
proven coronary heart disease [50], and it is clear that fur-
ther large-scale studies are needed.

4. SELECTIVE PPARγ MODULATION

The ability of TZDs such as rosiglitazone and pioglitazone
to enhance insulin sensitivity makes them attractive agents
for use in the treatment of T2DM and the metabolic syn-
drome. Unfortunately however, the initial excitement that
followed the introduction of TZDs into clinical practice has
been tempered by the realization that for many patients, they
afford only modest benefits in terms of glycaemic control—
typically lowering glycosylated haemoglobin levels by 1.0%–
1.5%—at a cost of weight gain and, in some instances, fluid
retention/peripheral oedema [8]. Nevertheless, they repre-
sent a “step in the right direction” and have served to em-
phasize the potential benefits and limitations of modulating
PPARγ function in human subjects.

For those seeking to develop the next generation of
PPARγ ligands, two (related) key questions must be an-
swered: (1) how much PPARγ activation is desirable, (2)
is it possible to separate the receptor’s adipogenic actions
from those mediating improved insulin sensitivity, that is, to
develop selective receptor modulators (so-called SPPARMs)
that are capable of regulating glucose and lipid metabolism
without promoting adipogenesis. Taking this a step fur-
ther, if such agents favourably altered receptor function at
other sites, for example, within macrophages and the vas-
culature, then it is conceivable that we might have access
to a class of drugs which is almost tailor-made for treating
the metabolic syndrome. Precedent for such an approach is
provided by raloxifene, a selective oestrogen receptor (ER)
modulator (SERM), which is an ER antagonist in breast and
endometrium, but an agonist in bone. Examination of the
properties of PPARγ in adipocytes suggests that it may be
possible to selectively modulate its function in an analo-
gous manner. For example, inside mature adipocytes, certain
PPARγ target genes, for example, GyK, require exogenous
ligand for activation, while others, for example, aP2, are ac-
tivated even in the absence of synthetic ligand [24]. The con-

cept of differential modulation of PPARγ activity is also sup-
ported by the work of Li and Lazar who have demonstrated
that a form of this protein rendered constitutively active by
fusion to the powerful VP16 transactivation domain could
switch on the adipogenic gene program, yet it was unable to
transrepress other PPAR target genes such as that encoding
resistin [107].

Promisingly, several groups have independently identi-
fied PPARγ ligands with partial agonist activity and only
mild/modest effects on adipogenesis, yet with retention of
insulin sensitizing properties. MCC-555 is one such com-
pound, whose ability to stimulate PPARγ is highly context-
specific [108]. FMOC-L-Leucine, a chemically distinct re-
ceptor ligand, whose gene-specific effects appear to reflect
differential coactivator recruitment, has been shown to im-
prove insulin sensitivity, yet exert relatively weak adipogenic
effects in rodent diabetic models [109]. Similarly, YM440, an
analog of the oxadiazolidinediones, improved glycaemic con-
trol, but did not alter body fat weight in diabetic db/db mice
[110].

The discovery of such compounds has prompted wide-
spread screening of libraries of both structurally related and
chemically distinct molecules with the subsequent identifi-
cation of an array of potential SPPARMs: PAT5a, an unsat-
urated TZD with partial agonist activity, is a potent antidi-
abetic agent with only weak adipogenic activity [111]; sim-
ilar properties have been reported for the novel non-TZD-
selective PPARγ modulators nTZDpa [112] and KR-62980
[113]; a panel of N-benzyl-indole-selective PPARγ modula-
tors, with partial agonist activity in vitro, exhibited potent
glucose-lowering activity in db/db mice, but attenuated in-
creases in heart weight and brown adipose tissue when com-
pared with full agonists [114]. Interestingly, the message that
seems to be emerging from these and other similar stud-
ies is that ‘activation in moderation’ is the way forward for
PPARγ, thus confirming the adage that you can indeed have
‘too much of a good thing.’

5. CONCLUSIONS

In just over a decade, PPARγ has evolved from modest be-
ginnings as a simple regulator of adipogenesis to become a
key therapeutic target in the fight against the 21st century
epidemics of obesity, insulin resistance, and the metabolic
syndrome. While pharmacological and animal studies have
yielded important information regarding the role of this re-
ceptor in the regulation of energy, glucose, and lipid home-
ostasis, there is little doubt that defining the metabolic
consequences associated with polymorphisms and muta-
tions in the human PPARγ gene has contributed signifi-
cantly to our understanding of the biology of this recep-
tor. Given the significant species-specific differences that ex-
ist in metabolism, particularly in relation to lipid home-
ostasis, it is critical that we continue to identify and study
these human experiments of nature, in order to comple-
ment the impressive pharmacological and functional ge-
nomic approaches that are currently being used to facilitate
the development of more superior ligands with enhanced
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therapeutic impact. Given the apparent inexorable rise in
the prevalence of obesity, insulin resistance, and T2DM,
the need for such novel therapies could not be more ur-
gent.
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[43] M. Blüher and R. Paschke, “Analysis of the relationship be-
tween PPAR-γ 2 gene variants and severe insulin resistance in
obese patients with impaired glucose tolerance,” Experimen-
tal and Clinical Endocrinology and Diabetes, vol. 111, no. 2,
pp. 85–90, 2003.

[44] M. Agostini, M. Gurnell, D. B. Savage, et al., “Tyrosine ago-
nists reverse the molecular defects associated with dominant-
negative mutations in human peroxisome proliferator-
activated receptor γ,” Endocrinology, vol. 145, no. 4, pp. 1527–
1538, 2004.

[45] K. Al-Shali, H. Cao, N. Knoers, A. R. Hermus, C. J. Tack,
and R. A. Hegele, “A single-base mutation in the peroxisome
proliferator-activated receptor γ4 promoter associated with
altered in vitro expression and partial lipodystrophy,” Journal
of Clinical Endocrinology and Metabolism, vol. 89, no. 11, pp.
5655–5660, 2004.

[46] Y.-S. Tsai, H.-J. Kim, N. Takahashi, et al., “Hypertension and
abnormal fat distribution but not insulin resistance in mice
with P465L PPARγ,” Journal of Clinical Investigation, vol. 114,
no. 2, pp. 240–249, 2004.

[47] S. L. Gray, E. D. Nora, J. Grosse, et al., “Leptin deficiency
unmasks the deleterious effects of impaired peroxisome
proliferator-activated receptor γ function (P465L PPARγ) in
mice,” Diabetes, vol. 55, no. 10, pp. 2669–2677, 2006.

[48] S. S. Deeb, L. Fajas, M. Nemoto, et al., “A Pro12Ala substi-
tution in PPARγ2 associated with decreased receptor activity,
lower body mass index and improved insulin sensitivity,” Na-
ture Genetics, vol. 20, no. 3, pp. 284–287, 1998.
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Groop, and L. Rȧstam, “Peroxisome proliferator-activated
receptor-γPro12Ala polymorphism and the association with
blood pressure in type 2 diabetes: skaraborg hypertension
and diabetes project,” Journal of Hypertension, vol. 21, no. 9,
pp. 1657–1662, 2003.

[92] S. J. Hasstedt, Q.-F. Ren, K. Teng, and S. C. Elbein, “Effect of
the peroxisome proliferator-activated receptor-γ2 Pro12Ala
variant on obesity, glucose homeostasis, and blood pressure
in members of familial type 2 diabetic kindreds,” Journal of
Clinical Endocrinology and Metabolism, vol. 86, no. 2, pp.
536–541, 2001.

[93] B. Isomaa, P. Almgren, T. Toumi, et al., “Cardiovascular
morbidity and mortality associated with the metabolic syn-
drome,” Diabetes Care, vol. 24, no. 4, pp. 683–689, 2001.

[94] J. Minamikawa, S. Tanaka, M. Yamauchi, D. Inoue, and
H. Koshiyama, “Potent inhibitory effect of troglitazone on
carotid arterial wall thickness in type 2 diabetes,” Journal of
Clinical Endocrinology and Metabolism, vol. 83, no. 5, pp.
1818–1820, 1998.

[95] P. Tontonoz, L. Nagy, J. G. A. Alvarez, V. A. Thomazy, and
R. M. Evans, “PPARγ promotes monocyte/macrophage dif-
ferentiation and uptake of oxidized LDL,” Cell, vol. 93, no. 2,
pp. 241–252, 1998.

[96] L. Nagy, P. Tontonoz, J. G. A. Alvarez, H. Chen, and R. M.
Evans, “Oxidized LDL regulates macrophage gene expression
through ligand activation of PPARγ,” Cell, vol. 93, no. 2, pp.
229–240, 1998.

[97] M. Ricote, J. Huang, L. Fajas, et al., “Expression of the per-
oxisome proliferator-activated receptor γ (PPARγ) in human
atherosclerosis and regulation in macrophages by colony
stimulating factors and oxidized low density lipoprotein,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 95, no. 13, pp. 7614–7619, 1998.

[98] C. Jiang, A. T. Ting, and B. Seed, “PPAR-γ agonists inhibit
production of monocyte inflammatory cytokines,” Nature,
vol. 391, no. 6662, pp. 82–86, 1998.

[99] M. Ricote, A. C. Li, T. M. Willson, C. J. Kelly, and C. K. Glass,
“The peroxisome proliferator-activated receptor-γ is a neg-
ative regulator of macrophage activation,” Nature, vol. 391,
no. 6662, pp. 79–82, 1998.

[100] J. S. Welch, M. Ricote, T. E. Akiyama, F. J. Gonzalez, and
C. K. Glass, “PPARγ and PPARδ negatively regulate spe-
cific subsets of lipopolysaccharide and IFN-γ target genes in
macrophages,” Proceedings of the National Academy of Sci-
ences of the United States of America, vol. 100, no. 11, pp.
6712–6717, 2003.

[101] K. J. Moore, E. D. Rosen, M. L. Fitzgerald, et al., “The role
of PPAR-γ in macrophage differentiation and cholesterol up-
take,” Nature Medicine, vol. 7, no. 1, pp. 41–47, 2001.

[102] A. R. Tall, P. Costet, and N. Wang, “Regulation and mecha-
nisms of macrophage cholesterol efflux,” Journal of Clinical
Investigation, vol. 110, no. 7, pp. 899–904, 2002.

[103] G. Chinetti, S. Lestavel, V. Bocher, et al., “PPAR-α and
PPAR-γ activators induce cholesterol removal from human

macrophage foam cells through stimulation of the ABCA1
pathway,” Nature Medicine, vol. 7, no. 1, pp. 53–58, 2001.

[104] A. Chawla, Y. Barak, L. Nagy, D. Liao, P. Tontonoz, and R.
M. Evans, “PPAR-γ dependent and independent effects on
macrophage-gene expression in lipid metabolism and in-
flammation,” Nature Medicine, vol. 7, no. 1, pp. 48–52, 2001.

[105] E. Iwata, I. Yamamoto, T. Motomura, et al., “The association
of Pro12Ala polymorphism in PPARγ2 with lower carotid
artery IMT in Japanese,” Diabetes Research and Clinical Prac-
tice, vol. 62, no. 1, pp. 55–59, 2003.

[106] Z. C. Yan, Z. M. Zhu, C. Y. Shen, et al., “Peroxisome
proliferator-activated receptor γ C-161T polymorphism
and carotid artery atherosclerosis in metabolic syndrome,”
Zhonghua Yi Xue Za Zhi, vol. 84, no. 7, pp. 543–547, 2004
(Chinese).

[107] Y. Li and M. A. Lazar, “Differential gene regulation by PPARγ
agonist and constitutively active PPARγ2,” Molecular En-
docrinology, vol. 16, no. 5, pp. 1040–1048, 2002.

[108] M. J. Reginato, S. T. Bailey, S. L. Krakow, et al., “A po-
tent antidiabetic thiazolidinedione with unique peroxisome
proliferator-activated receptor γ-activating properties,” Jour-
nal of Biological Chemistry, vol. 273, no. 49, pp. 32679–32684,
1998.

[109] S. Rocchi, F. Picard, J. Vamecq, et al., “A unique PPARγ ligand
with potent insulin-sensitizing yet weak adipogenic activity,”
Molecular Cell, vol. 8, no. 4, pp. 737–747, 2001.

[110] A. Shimaya, E. Kurosaki, R. Nakano, R. Hirayama, M.
Shibasaki, and H. Shikama, “The novel hypoglycemic agent
YM440 normalizes hyperglycemia without changing body fat
weight in diabetic db/db mice,” Metabolism: Clinical and Ex-
perimental, vol. 49, no. 3, pp. 411–417, 2000.

[111] P. Misra, R. Chakrabarti, R. K. Vikramadithyan, et al.,
“PAT5A: a partial agonist of peroxisome proliferator-
activated receptor γ is a potent antidiabetic thiazolidinedione
yet weakly adipogenic,” Journal of Pharmacology and Experi-
mental Therapeutics, vol. 306, no. 2, pp. 763–771, 2003.

[112] J. P. Berger, A. E. Petro, K. L. MacNaul, et al., “Distinct prop-
erties and advantages of a novel peroxisome proliferator-
activated protein γ selective modulator,” Molecular En-
docrinology, vol. 17, no. 4, pp. 662–676, 2003.

[113] K. R. Kim, J. H. Lee, S. J. Kim, et al., “KR-62980: a novel per-
oxisome proliferator-activated receptor γ agonist with weak
adipogenic effects,” Biochemical Pharmacology, vol. 72, no. 4,
pp. 446–454, 2006.

[114] K. Liu, R. M. Black, J. J. Acton III, et al., “Selective PPARγ
modulators with improved pharmacological profiles,” Bioor-
ganic and Medicinal Chemistry Letters, vol. 15, no. 10, pp.
2437–2440, 2005.



Hindawi Publishing Corporation
PPAR Research
Volume 2007, Article ID 12781, 12 pages
doi:10.1155/2007/12781

Review Article
Genetic Manipulations of PPARs: Effects on Obesity
and Metabolic Disease

Yaacov Barak and Suyeon Kim

The Jackson Laboratory, 600 Main Street, Bar Harbor, ME 04609, USA

Received 7 August 2006; Revised 10 November 2006; Accepted 16 November 2006

Recommended by Wallace Harrington

The interest in genetic manipulations of PPARs is as old as their discovery as receptors of ligands with beneficial clinical activities.
Considering the effects of PPAR ligands on critical aspects of systemic physiology, including obesity, lipid metabolism, insulin
resistance, and diabetes, gene knockout (KO) in mice is the ideal platform for both hypothesis testing and discovery of new PPAR
functions in vivo. With the fervent pursuit of the magic bullet to eradicate the obesity epidemic, special emphasis has been placed
on the impacts of PPARs on obesity and its associated diseases. As detailed in this review, understanding how PPARs regulate
gene expression and basic metabolic pathways is a necessary intermediate en route to deciphering their effects on obesity. Over a
decade and dozens of genetic modifications of PPARs into this effort, valuable lessons have been learned, but we are left with more
questions to be answered. These lessons and future prospects are the subject of this review.

Copyright © 2007 Y. Barak and S. Kim. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. PPARα

The only PPAR faithful to its acronym, PPARα, is the nu-
clear receptor of peroxisome proliferators—a diverse group
of compounds, which in addition to toxic and carcino-
genic chemicals include the lipid-lowering fibrate drugs [1].
PPARα is expressed in active metabolic tissues, including
liver, heart, brown fat, and skeletal muscle, where it regu-
lates genes that catalyze fatty acid (FA) catabolism [1, 2].
By 1995, mice homozygous for a Ppara-null allele were gen-
erated and found to be viable, healthy, fertile, and devoid
of gross phenotypic defects under standard husbandry [3].
However, these mice could mount neither the hepatic re-
sponse to peroxisome proliferators nor the induction of
lipid-metabolizing enzymes by fibrates [3, 4]. These results
confirmed the null nature of this allele, and obviated the need
for alternative null configurations; consequently, this strain
has become the exclusive animal model for studies of PPARα
deficiency to date. These studies are summarized below.

1.1. Ppara KO and obesity

Early studies of Ppara-null mice reported hepatosteatosis and
elevated levels of circulating triglycerides (TG) and choles-
terol, as well as a significant increase in gonadal fat pad mass

[5–8]. The integral role of PPARα in body fat mass deter-
mination is further cemented by the demonstration that the
KO mice fail to decrease adipose tissue weight in response
to hyperleptinemia [9]. However, the contribution of PPARα
to total body weight is ambiguous, with conflicting reports
of substantial age-related obesity [6, 7] versus no signifi-
cant body weight effects in congenic 129/SvJae or C57BL/6N
Ppara−/− mice [8]. The discrepant outcomes of these studies
have been attributed to subtle experimental variations in the
genetic background and chow composition, and suggest that
the contribution of PPARα to obesity is strongly influenced
by genomic and environmental contexts.

1.2. Ppara KO and fasting

The relatively minor phenotype of Ppara-null mice under
standard husbandry conditions is consistent with a contin-
gency function that comes into play under metabolic duress.
Accordingly, multiple studies addressed the ability of Ppara-
null to cope with dietary challenges. The most informative
manipulation has been fasting, during which PPARα de-
ficiency was shown to cause excessive surge in circulating
FA levels, rapid hepatic and cardiac lipid accumulation, ab-
sent ketogenic response, profound hypoglycemia and hepatic
glycogen depletion [10–13]. These anomalies are thought to
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arise from failure of the mutant livers to catabolize adipose
tissue-derived FA, which on the one hand impairs gluco-
neogenesis at both enzyme activity and substrate levels, and
on the other hand leads to morbid accumulation of non-
metabolized lipids [14, 15]. PPARα is similarly critical for
cardiac lipid oxidation, which is the main energy source for
the heart during fasting and exercise; reviewed in [16]. Both
constitutive and inducible expression of PPARα target genes
are blunted in Ppara-null hearts, which exhibit abnormal
TG accumulation during fasting and progressive deteriora-
tion of myofibrillar and mitochondrial integrity upon aging
[10, 17]. The crucial importance of PPARα-mediated hep-
atic and cardiac lipid catabolism, regardless of fasting, is also
evident in the severe hypoglycemia and staggering lipid ac-
cumulation in livers and hearts of Ppara-null mice follow-
ing pharmacological inhibition of FA flux [18]. Interestingly,
female and estrogen-treated male Ppara-null mice are sig-
nificantly protected against this lethal combination of tissue
hyperlipidemia and systemic hypoglycemia, implying an al-
ternative, estrogen-dependent lipid utilization pathway [18].
While proper cardiac metabolism is disrupted in the absence
of PPARα, dosage and temporal regulation of the receptor are
critical, and its constitutive transgenic overexpression in car-
diac muscle via the αmyosin heavy chain (MHC) promoter is
detrimental [19]. Hearts of MHC-Ppara transgenic mice ex-
hibit a faithful phenocopy of diabetic cardiomyopathy, with
increased lipid oxidation, a reciprocal decrease in glucose uti-
lization, and symptoms of ventricular hypertrophy [19].

1.3. Ppara KO in high-fat and cholesterol-rich diets

The role of PPARα in the physiological outcomes of high
fat diet (HFD) is not as clear as its role in fasting physiol-
ogy. Ppara-null mice are as susceptible as wt mice to HFD-
induced weight gain and hepatic TG accumulation, but are
protected from glucocorticoid-induced hypertension [20–
22]. Blunted hyperinsulinemia and improved glucose and in-
sulin tolerance following 2-hour fasting suggested initially
that HFD-fed Ppara-null mice are protected from insulin re-
sistance (IR) as a result of either reduced hepatic glucose
production or increased peripheral insulin sensitivity [20].
However, this report has been contested by a study that
found little difference in hyperinsulinemia and peripheral
glucose uptake during euglycemic clamp of HFD-fed wt ver-
sus Ppara-null mice in the nonfasted state [23]. This con-
tradictory result raised the concern that the improved in-
sulin and glucose tolerance of HFD-fed Ppara-null mice in
the earlier studies reflects no more than their established hy-
poglycemic response to the fasting regimen that preceded the
assays; studies that bypass this conceptual hurdle will be re-
quired to reevaluate the role of PPARα in the aftermath of
HFD. Because the consequences of PPARα deficiency also
include a constitutive increase in circulating cholesterol, it
is equally important to test the effects of a cholesterol-rich
diet in Ppara-null mice. Surprisingly, addition of 2% choles-
terol to the chow caused fat pad weight reduction and in-
creased de novo lipogenesis in Ppara-null mice, indicating
that the receptor participates in basal and feedback-regulated

cholesterol and triacylglycerol homeostasis in adipose tissue
[24]. These activities impinge directly on the contribution of
PPARα to obesity.

1.4. Effects of Ppara KO on other tissues

Unlike the effect of PPARα on cardiac muscle, PPARα de-
ficiency had no significant effect on the responses of skele-
tal muscle to either fasting or heavy exercise, perhaps due to
compensation by redundant functions of PPARδ [25]. How-
ever, transgenic overexpression of PPARα in skeletal mus-
cle, using the muscle creatine kinase (MCK) promoter, pro-
tected mice from HFD-induced obesity, albeit at the expense
of glucose intolerance and insulin resistance [26]. The pro-
posed mechanism entails reduced insulin-stimulated glucose
uptake due to repression of AMP-activated protein kinase-
dependent glucose transporter gene expression by oxidized
FA. The hepatocentric view of systemic PPARα effects is
moderated by a recent report of increased peripheral glucose
utilization in fasted Ppara-null mice, which was refractory to
adenovirus-mediated reconstitution of hepatic PPARα [27].
Moreover, direct injection of a PPARα agonist into the lateral
ventricle of wt mice significantly reduced whole body glu-
cose utilization, suggesting that PPARα also functions cen-
trally [27]. Tissue-specific Ppara-null mice, which have yet
to be generated, would be an ideal platform to validate and
further explore these intricate mechanisms of PPARα action.

2. A PANOPLY OF PPARγ KNOCKOUTS

Without detracting from the importance of PPARα and
PPARδ (see below for PPARδ), the defining moment in the
explosive growth of the PPAR field has been the identifica-
tion of PPARγ as the high-affinity receptor of the insulin-
sensitizing thiazolidinedione (TZD) drugs [28, 29]. The piv-
otal role of PPARγ in the adipocyte life cycle [30–34], com-
bined with the blockbuster success of its TZD ligands in
treating type II diabetes [35, 36], generated widespread en-
thusiasm for the prospect of solving the causal relation-
ship between obesity and diabetes through PPARγ research.
The use of gene knockout in mice presented the most log-
ical investigative approach, leading to the generation of a
dazzling array of mouse strains with genetic modifications
of Pparg. This volume of effort reflects not only the im-
mense biomedical significance of the gene, but also the com-
plexity of the genetic data, which had encumbered imme-
diate, straightforward understanding of PPARγ function in
vivo and had spawned numerous alternative hypotheses. The
myriad Pparg KO strains, and the results of their analyses, are
summarized below.

Constitutive Pparg deficiency cannot be studied in adult
mice due to the essential role of PPARγ in placental de-
velopment, which abolishes survival beyond mid-gestation
[34]. However, aggregation with tetraploid wt embryos pro-
vided Pparg-null embryos with wt placentas and rescued
them to term [34]. In these chimeras, Pparg-null cells com-
mitted to the adipocyte lineage, but failed to proliferate and
differentiate into bona fide adipocytes, and a chimeric pup
that survived a few days after birth was devoid of any type
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of adipose tissue [34]. This effort proved the essential role of
PPARγ in early adipogenesis in vivo, but unfortunately, peri-
natal lethality precluded studies of this Pparg-null configura-
tion beyond birth. The current availability of floxed Pparg al-
leles (see below) and epiblast-specific Cre-expressing mouse
strains [37, 38] should revitalize this configuration by facili-
tating higher throughput generation of Pparg-null mice sup-
ported by wt placentas. Studies in progress in our lab with
standard wt/Pparg-null chimeras, in which diploid host-
derived wt cells coexist with Pparg-null ES-derived cells,
confirmed the formation and subsequent arrest of Pparg-
null adipose tissue primordia. However, here wt cells infil-
trated the stagnant Pparg-null primordia and repopulated
them through a previously unknown developmental feed-
back mechanism (S. Kim and Y. Barak, unpublished). Con-
sequently, post-term wt/Pparg-null chimeras invariably pos-
sess only wt adipose tissue, in contrast to the random contri-
bution of wt and Pparg-null cells to other tissues [31].

2.1. Pparg+/−mice

With bona fide adult Pparg-null mice unavailable, investiga-
tors initially turned to Pparg-haploinsufficient mice to ex-
plore the effects of reduced PPARγ dosage. As expected, adi-
posity of Pparg+/− mice was reduced, supporting the asser-
tion that PPARγ contributes quantitatively to adipose mass
[39]. However, contrary to the expectation that reduced lev-
els of the TZD receptor will cause a parallel reduction in in-
sulin sensitivity, Pparg+/− mice were more insulin-sensitive
than wt controls when challenged by either HFD or aging
[39–41]. This confounding observation conflicts with the
monochromatic view of PPARγ as a beneficial TZD-activated
insulin sensitizer and raises the counterintuitive notion that
it has pathogenic activities. While the nature of these adverse
properties of the receptor is unclear, one potential example of
a latent pathogenic effect is the positive relationship between
PPARγ dosage and adipose tissue mass, which might come
into play under conditions of nutritional affluence. However,
excessive reduction of PPARγ activity by treating haploinsuf-
ficient mice with a PPARγ antagonist reversed the tide and
resulted in lipodystrophy and IR [42, 43].

2.2. Tissue-specific Pparg KOs

Tissue-specific Pparg KOs were subsequently developed by
several groups using Cre-loxP methodology, with the vision
of both bypassing the embryonic lethality of constitutive
Pparg deficiency and resolving the physiological functions
of PPARγ one tissue at a time [32, 44, 45]. Pparg has since
been deleted in a substantial number of cell types, of which
the most pertinent to this review are adipocytes, myocytes,
and hepatocytes, and from a broader metabolic disease per-
spective also macrophages, pancreatic β-cells, renal collecting
duct epithelia, and endothelial cells (referenced below).

2.2.1. Adipocyte-specific Pparg KO

The abundant expression of PPARγ in adipocytes indicates
that its important functions in these cells extend beyond

its indispensability for their formation. Moreover, the asso-
ciation between obesity as well as type II diabetes and the
antidiabetic effect of TZDs fuel the hypothesis that PPARγ
activity in adipocytes is a key to systemic insulin sensitiv-
ity. A mouse whose adipocytes lack PPARγ would provide
the ultimate test for this idea. Generation of such a model
was attempted using an adipocyte-specific Fabp4(aP2)-CRE
transgene. While, as mentioned earlier, PPARγ is essential for
adipocyte differentiation, the Fabp4 promoter is activated af-
ter completion of adipogenesis, and thus allows the PPARγ-
dependent formation of adipocytes prior to Pparg deletion
[32, 45]. Contrary to a widespread, unsubstantiated con-
cern, the Fabp4 promoter does not drive transgene expres-
sion in macrophages or other major metabolic tissues [32],
and therefore the phenotype of these mice is not muddled by
gene deletion in nonadipocyte cell types. Adipocyte-specific
Pparg-null mice exhibited rapid loss of brown adipose tissue
(BAT) and subcutaneous fat [32, 45]. Astonishingly, however,
white adipose tissue (WAT) retained normal mass through-
out a substantial stretch of adulthood [32]. This retention
occurred despite substantial cell death and extensive fibrosis
and inflammatory infiltration, and resulted from both overt
hypertrophy of surviving adipocytes and adipocyte regener-
ation [32, 45].

The tight dependence of adipocytes on PPARγ for sur-
vival and the interpretation that adipocyte regeneration mit-
igates lipodystrophy were unequivocally proven by studies
of mice with tamoxifen-inducible adipocyte Pparg KO [33].
These mice carry a loxP-flanked (floxed) Pparg allele and an
Fabp4-driven fusion of Cre with a tamoxifen-responsive es-
trogen receptor mutant, which translocates to the adipocyte
nucleus and targets the floxed allele only in response to ta-
moxifen administration. Induction of Cre activity in these
mice induced synchronous, near-complete loss of white and
brown adipocytes within 7 days, followed by acute inflam-
matory infiltration of the damaged fat pads, and complete
rebound of adipocyte number and adipose tissue integrity
within 6 weeks of the initial insult [33]. Thus, PPARγ is es-
sential for the survival of mature adipocytes, but a rapid and
robust regenerative process mitigates a loss of fat tissue fol-
lowing Pparg deletion. Similar regenerative potential of adi-
pose tissue was recently demonstrated in mice with inducible
adipocyte apoptosis [46], buttressing the notion that fat re-
generates with remarkable efficiency in response to adipocyte
death, beyond the context of PPARγ deficiency. Thus, adi-
pose tissue of Fabp4-Cre Ppargfl/fl mice comprised a dynamic
mixture of dying Pparg-null adipocytes alongside repopu-
lating wt adipocytes—a condition that hindered the genera-
tion of mice with adipose tissue that uniformly lacks PPARγ.
As long as WAT was sustained, these mice maintained rel-
atively normal lipid and glucose homeostasis, despite sub-
stantial reduction in circulating leptin and adiponectin and
an anticipated rise in the levels of free FA [32, 45]. Mod-
erate IR and glucose intolerance, as well as hepatomegaly,
steatosis, and increased hepatic glucose production, devel-
oped only in conjunction with the eventual terminal atro-
phy of WAT [32]. Analyses of two independent stocks of
these mice by two research teams found obvious resistance to
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HFD-induced obesity, likely due to the failure to accumulate
adipocytes. However, the two teams observed opposite effects
on insulin sensitivity. In one study, HFD accelerated lipoatro-
phy and exacerbated IR [32], whereas the other study found
no such degenerative effect and the mutation protected the
mice from IR [45]. In summary, while reproving the critical
role of WAT in systemic insulin sensitivity and the indispens-
ability of PPARγ to adipocyte viability, the adipocyte-specific
Pparg-null mouse fell short of a definitive demonstration
that adipocyte PPARγ regulates whole body metabolism.

2.2.2. Myocyte-specific Pparg KO

The insulin sensitizing activity of PPARγ ligands and the
key role of skeletal muscle in peripheral insulin sensitivity
generated great interest in the hypothesis that PPARγ exerts
its insulin sensitizing activity from within myocytes. How-
ever, this hypothesis was challenged by the very low basal
expression of PPARγ in skeletal muscle. The issue was ad-
dressed by two parallel studies that analyzed the outcome
of Pparg deletion in myocytes. In the first study, myocyte-
specific Pparg-null mice generated by MCK promoter-driven
Cre recombinase exhibited increased adiposity, elevated sus-
ceptibility to HFD-induced weight gain, and marked hep-
atic IR in hyperinsulinemic-euglycemic clamps [47]. How-
ever, these mice were only as sensitive to HFD-induced IR
and as responsive to the insulin sensitizing effects of TZDs as
wt mice, suggesting that muscle PPARγ is dispensable for the
antidiabetic effects of PPARγ agonists. The second study used
mice generated using the same Cre transgene, but a differ-
ent floxed Pparg allele, and first addressed the controversial
issue of low PPARγ expression in myocytes [48]. It demon-
strated that the minute amount of Pparg mRNA observed in
muscle extracts undergoes MCK-Cre-mediated recombina-
tion, and thus, unequivocally proved that the transcript orig-
inated in myocytes rather than other cell types that popu-
late muscle tissue. Mice in this study developed insulin and
glucose intolerance with age, and exhibited severely com-
promised insulin-stimulated muscle glucose uptake, as well
as liver and adipose tissue IR. In contrast to the first study,
here TZDs failed to ameliorate muscle insulin resistance, sug-
gesting that myocyte PPARγ regulates muscle insulin sensi-
tivity cell autonomously. While the differential sensitivity of
the two strains to TZDs raises concerns about the validity
of the interpretations, they are not necessarily contradictory,
considering that both the metabolic challenges (HFD ver-
sus aging) and the assayed activities (Insulin tolerance tests
versus muscle glucose uptake) were different in each study.
Still, more definitive studies, using mice with a purer genetic
background and a standardized experimental approach, are
required to settle these discrepancies. Regardless of the final
answer, it is clear that while PPARγ may have some metabolic
functions in myocytes, these functions are not sufficiently ro-
bust to account for the systemic antidiabetic actions of TZDs.

2.2.3. Hepatocyte-specific Pparg KO

As in muscle, basal PPARγ expression in liver is minimal.
However, hepatic PPARγ expression is induced substantially

during steatosis. The effects of albumin Cre-mediated hepa-
tocyte Pparg deficiency were studied in wt and two different
diabetic mouse models that succumb to steatosis—A-Zip/F
lipoatrophic mice and leptin-deficient ob/ob mice [49, 50].
On an otherwise wt background, hepatic Pparg deficiency
caused a significant defect in TG clearance, hyperlipidemia,
and increased body fat mass with age, demonstrating the im-
portance of hepatic PPARγ for basal fat tolerance and man-
agement of adiposity [50]. On the two diabetic backgrounds
deficiency of hepatocytes for Pparg caused marked ameliora-
tion of hepatosteatosis, but exacerbated hyperlipidemia and
muscle insulin resistance [49, 50]. These traits were reversed
by TZDs in ob/ob, but not A-Zip/F mice, suggesting that
the drugs exert their effect through activation of PPARγ in
adipocytes, not hepatocytes. Together, these studies indicate
that hepatocyte PPARγ is required for basal fat tolerance and,
in addition, for steatosis of the diabetic liver, which serves to
improve TG homeostasis and dampen systemic IR. However,
they also clearly indicate that hepatic PPARγ is not critical
for TZD-induced insulin sensitization.

2.2.4. Other tissue-specific Pparg KOs

The relatively modest effects of PPARγ deficiencies in fat,
muscle, and liver provided the impetus for broadening the
analysis of Pparg KO to additional cell types that partici-
pate in obesity-associated metabolic complications, namely
diabetes, hypertension, and atherosclerosis. The outcomes of
these analyses are briefly summarized as follows.

Pparg deficiency in β-islets caused a hyperplastic re-
sponse without altering glucose homeostasis, ruling out a
critical function of the receptor in homeostatic functions of
β cells [51].

A strong rationale for the generation and analysis
of Pparg-null macrophages was provided by observations
that TZDs induce macrophage genes that regulate lipid
flux, suppress inflammatory gene expression, and amelio-
rate atherosclerosis [52–54]. Early studies with Pparg-null
macrophages in culture and in vivo demonstrated that TZD
effects on lipoprotein flux indeed depend on PPARγ, but sev-
eral of the reported anti-inflammatory effects of TZDs are in-
dependent of PPARγ [44, 55]. Nevertheless, adaptive trans-
fer of Pparg-deficient macrophages exacerbated genetic- and
diet-induced atherosclerosis in recipient mice, demonstrat-
ing that PPARγ performs key anti-atherogenic functions in
these cells [56, 57]. In addition, a recent, yet-to-be-published
symposium talk reported that macrophage-specific Pparg-
null mice are glucose intolerant and exhibit increased sensi-
tivity to HFD-induced insulin resistance [58]. Thus, PPARγ
orchestrates multiple beneficial activities in macrophages
that could be harnessed for the development of advanced
therapies for atherosclerosis.

Edema due to fluid retention is an undesired side effect
of TZD treatment in diabetic patients [59]. Mice with Pparg
KO in renal collecting duct epithelia are resistant to this
TZD-borne complication, confirming that PPARγ mediates
it, apparently by enhancing sodium retention [60, 61]. This
activity highlights an additional mechanism through which
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PPARγ may regulate plasma volume, hypertension, and car-
diovascular function.

Pparg deletion in endothelial cells exacerbates both HFD-
induced and salt-induced hypertension, and renders the con-
dition nonresponsive to TZDs, demonstrating that endothe-
lial PPARγ is critical for mitigating the effects of dietary stress
on blood pressure [62].

Ablation of PPARγ in cardiomyocytes causes elevated
cardiac NF-κB activity and increased expression of cardiac
embryonic genes, which lead to enhanced myofibril assem-
bly and cardiac hypertrophy but does not affect systolic func-
tion [63]. The relationship between this phenotype and the
metabolic functions of PPARγ in other tissues is not entirely
clear, although aspects of cardiac lipid metabolism have yet
to be addressed in this mouse.

2.3. Pparg2-specific KOs

Alternative promoters give rise to several Pparg isoforms
with distinct 5′ ends. PPARγ1 is the ubiquitous isoform, ex-
pressed in all PPARγ-expressing tissues [64]. Adipocytes ex-
press, in addition to PPARγ1, a cell-specific isoform termed
PPARγ2, whose unique 5′ exon encodes a 30 residue-long N-
terminal extension of the ligand-independent transactivation
domain of PPARγ1 [65]. Because the placenta expresses only
PPARγ1, KO of PPARγ2 could provide yet another means to
bypass the lethal outcome of constitutive Pparg deficiency,
as well as to interrogate potential unique functions of this
adipocyte-specific isoform. In all, three teams have knocked
out Pparg2 using distinct targeting strategies that produced
slightly different results [66–68]. Knock-in of red fluores-
cent protein into the Pparg2-specific B exon produced a
clean KO of PPARγ2 while retaining normal PPARγ1 expres-
sion in adipocytes [66]. This configuration interfered with
adipocyte differentiation in vitro and markedly reduced fat
mass in vivo. This lipodystrophic phenotype involved sig-
nificant reduction in the size, number, and TG content of
brown and white adipocytes, and decreased expression of
typical adipocyte markers [66]. A second knockout config-
uration entailed replacement of the entire B exon and flank-
ing intronic sequences with a lacZ-neo cassette and resulted
in a similar Pparg2-specific gene disruption, without affect-
ing Pparg1 [67]. This configuration was as detrimental to
adipocyte differentiation in vitro as the previous KO con-
figuration, but unlike that KO it had only a marginal effect
on either fat mass or basal adipocyte size [67]. It is unclear
whether these differences are meaningful or rather reflect mi-
nor differences in the experimental setup used by the two
teams, for example in allele configuration, the genetic back-
ground of the mice, composition of the chow, or analyti-
cal methods. A third Pparg2 targeting configuration, which
resulted from an intronic neo cassette downstream of exon
B, eliminated Pparg2 expression but inadvertently altered
Pparg1 expression, abolishing it in WAT while augmenting
it in BAT [68]. Mice homozygous for this modification were
deemed PPARγ hypomorphs (Pparghyp/hyp). Unlike the first
two configurations, Pparghyp/hyp were subject to high mor-
tality rate and growth retardation during infancy; survivors

thrived after weaning but were substantially lipodystrophic
[68]. Importantly, contrary to other models of lipodystrophy,
all three Pparg2-null configurations, including Pparghyp/hyp,
exhibited a surprisingly modest decrease in glucose or in-
sulin tolerance and did not develop steatosis. The suggestion
that this relatively healthy phenotype is mitigated by com-
pensatory lipid oxidation in muscle tissue [68] has to be rec-
onciled with the failure of a similar compensatory mecha-
nism to offset other cases of lipodystrophy.

2.4. Knock-in of dominant-negative mutations
from human patients

As if the analyses described to this point were not suffi-
ciently counterintuitive and indecisive, mice heterozygous
for Pparg-L466A or Pparg-P465L—two dominant-negative
missense mutations identified in human subjects—provided
further surprises. Patients carrying one allele of either muta-
tion alongside a second wt allele suffer from partial congeni-
tal lipodystrophy with hallmarks of the metabolic syndrome,
including dyslipidemia, early-onset type II diabetes, and hy-
pertension [69–73]. It therefore made perfect sense to replace
the mouse Pparg gene with similar mutations, with the obvi-
ous expectation of recapitulating the clinical phenotype. Two
research teams carried out this endeavor, each knocking in
one of the mutations [74, 75]. Mice homozygous for either
mutation died in utero, demonstrating the null nature of the
alleles. However, while mice heterozygous for either muta-
tion exhibited moderate hypertension and anomalies of ei-
ther fat distribution or adipocyte morphology, none fully re-
capitulated the lipodystrophic phenotype of the orthologous
patients [74, 75]. Moreover, PpargP465L/+ mice displayed no
gross changes in plasma chemistry and were in fact more
glucose tolerant than wt mice, both basally and following
HFD, just like standard Pparg-haploinsufficient mice [74].
In addition, although more physiological anomalies were
reported for PpargL466A/+ mice compared to PpargP465L/+

mice, including elevated free FA levels, hepatic steatosis and
HFD-induced insulin resistance [75], their morbidity did not
amount to that of their human counterparts.

2.5. Other genetic manipulations of Pparg

In addition to the Pparg KO onslaught, there has been a sub-
stantial public health interest in more subtle aspects of its
function. These include the effects of genetic polymorphisms
and post-translational modifications, which have been linked
both genetically and epidemiologically to obesity and type
II diabetes in the human population [76–79]. The first re-
ported effort that undertook this approach is the S112A
point mutation, which eliminates a MAP kinase phosphory-
lation site that inhibits the transcriptional activation capac-
ity and adipogenic functions of PPARγ [80]. PpargS112A/S112A

mice are viable and healthy, and do not display physiolog-
ical anomalies under normal husbandry. However, the fail-
ure to regulate PPARγ action by phosphorylation protects
these mice against HFD-induced adipocyte hypertrophy and
insulin resistance [80]. These results validate the utility of
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subtle structural mutations for uncovering important physi-
ological activities of PPARγ. Informal communications with
other researchers, as well as the public NIH grant database,
reveal that additional genetic manipulations aimed at under-
standing the biological function of conserved and polymor-
phic sequence elements of PPARγ are currently underway in
mice.

2.6. Pparg KOs—summary and remarks

In aggregate, a slew of attempts to generate molecular genetic
models that will reveal a role for PPARγ in obesity, insulin
resistance, and related metabolic disorders have yielded par-
tial success and confounding results. Constitutive Pparg KO
was nonviable, Pparg haploinsufficiency was unexpectedly
beneficial, and the pathogenic effect of dominant-negative
Pparg mutations in human patients was not faithfully repli-
cated in mouse models. Reassuringly, chimeric mouse stud-
ies and adipocyte-specific KOs unequivocally proved the crit-
ical role of PPARγ in adipocyte differentiation and survival.
However, the potential for an interpretable effect on energy
metabolism was thwarted by the inability to obtain long-
lasting Pparg-null adipocytes, which did not allow teasing
out the effect of PPARγ deficiency from the general impact
of lipodystrophy. Quite disappointingly, KOs in other tissues
had relatively modest effects basally and latent metabolic de-
fects in response to dietary or genetic challenges. While these
studies invoked encouraging links to atherosclerosis and hy-
pertension, none amounted to full-blown IR, let alone dia-
betes. These major deviations from straightforward expecta-
tions raise concerns about the applicability of genetic stud-
ies of Pparg in the mouse to human metabolism. However,
one should be reminded that TZDs are equally potent as in-
sulin sensitizers in both mice and humans [35, 36], highly
suggestive of similar metabolic functions of PPARγ per se
across species. A more likely explanation for the relatively
benign outcomes of these studies is the inherently fickle na-
ture of genetic, physiological, and metabolic experiments in
mice. Evolution likely differentiated metabolic physiology in
rodents versus humans, and although PPARγ may have the
exact same function in the bigger scheme, other genes and
pathways may modify the outcome. In addition, lab mice
are reared in a highly controlled ambient and provided ei-
ther with uniform lean chow that differs drastically from hu-
man diet, or with experimental diets that mimic our own di-
etary follies, but which rodents have not evolved to handle.
Effects of genetic background and modifier genes on out-
comes and their interpretation comprise another obstacle.
On the one hand, many of the studies summarized here do
not clarify the extent of genetic homogeneity of the tested
cohorts, potentially obstructing minor, yet critical effects of
the mutations. On the other hand, the human population
is genetically diverse, and gene defects that would devastate
one person could be inconsequential in another. A case in
point is the dramatic exacerbating effect of a mutation in
the PPP1R3A gene on the outcome of PPARG mutations in
a human pedigree [72]. Genes and pathways with compa-
rable modifying effects could compensate for the effects of

Pparg deficiency in mice. Moreover, redundant activities of
PPARγ in different tissues or an altogether misguided choice
of target tissues and readouts might have further hindered in-
terpretation. Finally, it may be time to start entertaining the
notion that the problem might be with the hypothesis itself:
clearly, activation of PPARγ with TZDs is a robust therapy
for IR, but does this mean that the pathway is necessary for
basal insulin sensitivity in mice and men?

3. PPARδ

PPARδ was initially regarded as a promising prospect for
studies of obesity and associated diseases purely on the
merit of its pharmaceutically accomplished homologues
[64]. With pharmacological agonists and genetic manipula-
tions of PPARδ coming to fruition in recent years, these ex-
pectations are starting to be realized, and implicate PPARδ
in important aspects of obesity, energy metabolism and
metabolic disease. As in Pparg-null mice, analysis of Ppard
deficiency also faces the challenge of substantial embryonic
mortality, albeit for completely different reasons. The na-
ture of the challenge, the different solutions, and the associ-
ated caveats are discussed briefly as a primer to the review of
phenotypes associated with Ppard-null and gain-of-function
models.

In all, 6 Ppard-null configurations have been generated
in mice. Three knockout strains harboring deletions or inser-
tions that wipe out the PPARδ protein product in its entirety
cause severe placental defects that lead to substantial embry-
onic mortality [81–83]. While there are practically no surviv-
ing homozygous null animals on the standard, C57BL/6 (B6)
background, survival is increased to between 5% and 20% on
outbred B6 : 129/Sv [81] or FVB : B6 backgrounds (Y. Barak,
unpublished data). Unfortunately, Ppard-null mice and wt
controls generated in this fashion inherently possess mixed
genetic backgrounds, whose stochastic quantitative trait lo-
cus effects significantly muddle physiological data. In addi-
tion, through successive interbreeding of surviving homozy-
gous null FVB : B6 mice over several generations, our lab
has managed to generate a genetically semistable Ppard-null
stock with approximately 50% survival (Y. Barak, unpub-
lished data). However, while this stock provides a higher yield
of Ppard-null mice with a relatively isogenic background, the
nature of the breeding strategy hindered the generation of ge-
netically matching wt controls. In a fourth Ppard null allele,
no substantial embryonic lethality was reported [84]. How-
ever, in this allele Ppard was truncated 60 amino acids from
its C-terminus, leaving its entire DNA-binding domain and
most of its ligand-binding domain intact, and raising a rea-
sonable concern that it is a hypomorph that enabled embry-
onic survival via residual PPARδ functions. Therefore, anal-
yses of adult mice carrying this KO configuration have to
be interpreted with the cautionary note that it is likely in-
completely deficient for PPARδ. Finally, floxed Ppard alleles
have been generated as well [81, 85]. These configurations
enable the targeting of Ppard in specific tissues with the obvi-
ous caveat that Cre-mediated deletion of floxed alleles is sel-
dom fully penetrant. To avoid confusion, the term Ppard-null
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mice is used in the following text to describe animals with
germ-line deletion of the gene in all tissues, whereas studies
performed with tissue-specific Ppard KOs are spelled out.

3.1. Genetic manipulations of PPARδ
and adipose tissue

Early studies of outbred Ppard-null mice under standard
husbandry conditions revealed a substantial decrease in the
size of BAT and WAT [81, 84]. Fat mass was not reduced in
adipocyte-specific Ppard-null mice (floxed Ppard x Fabp4-
Cre) [81], demonstrating that this trait is not adipocyte-
autonomous, and must result from impaired PPARδ activity
in other tissues. While unable to achieve normal adiposity on
standard, low fat chow, Ppard-null mice underwent a quicker
and substantially more aggressive weight gain in response to
HFD compared to wt controls [86, 87]. These observations
were complemented and extended by studies of mice ex-
pressing constitutively active PPARδ in adipose tissue [87]. In
these mice, the Fabp4 promoter drives adipocyte-specific ex-
pression of a fusion protein between the transactivation do-
main of the Herpes Virus VP16 protein and PPARδ (Fabp4-
VP-Ppard), such that the latter is rendered permanently ac-
tive, irrespective of endogenous ligands. When reared on
standard, low-fat chow Fabp4-VP-Ppard mice exhibited sig-
nificant reduction in body weight and in the overall mass and
TG content of adipose tissue, as well as in the levels of cir-
culating TG and free FA [87]. However, the mice were pro-
tected from the adipocyte hypertrophy, dyslipidemia, obe-
sity, and steatosis that occur in response to either HFD or
impaired leptin signaling [87]. Quelling of obesity in these
mice was associated with upregulation of genes that control
lipid catabolism and adaptive thermogenesis in both BAT
and WAT; reassuringly, the same genes are induced in re-
sponse to systemic administration of a PPARδ ligand [87].
In contrast, adipocyte-specific PPARδ deficiency compro-
mised HFD-mediated induction of the uncoupling protein
1 gene, Ucp1, in BAT [87]. Combined, these two genetic ex-
tremes of deficiency versus constitutive activation identify
PPARδ as a critical regulator of lipid homeostasis and adi-
posity.

3.2. Genetic manipulations of PPARδ and muscle

The abundant expression of PPARδ in myocytes suggests an
important role in skeletal muscle [2]. Two transgenic models
of muscle-specific PPARδ overexpression and one of muscle-
specific Ppard-deficiency confirmed this notion and revealed
a massive impact of PPARδ on muscle and whole body physi-
ology. MCK promoter-driven expression of constitutively ac-
tive VP-Ppard resulted in a dramatic type switch of muscle
from type II, glycolytic fibers to type I, slow-twitch, oxida-
tive fibers, and a staggering increase in aerobic endurance
[88]. This switch was associated with activation of the typical
oxidative fiber expression program, including genes that reg-
ulate lipid catabolism, mitochondrial electron transfer, ox-
idative metabolism, and type I contractile structures [88].

Overexpression of wt Ppard in skeletal muscle activates a
similar expression pattern, and falls just short of inducing
fiber-type switching [89]; the tamer induction of these genes
in the latter mouse strain reflects the lesser activity of wt
PPARδ compared to the VP16-fused variant. These obser-
vations were fully corroborated by skeletal muscle-specific
KO of Ppard, which resulted in the reciprocal muscle type
switch from high- to low-oxidative fibers [85]. Molecular
analyses of these mice revealed that PPARδ regulates the ex-
pression of the transcriptional cofactor PGC1α, which regu-
lates mitochondrial biogenesis and muscle type switch, pro-
viding a plausible mechanistic explanation for the basis of
PPARδ function in muscle [85]. Remarkably, constitutive ac-
tivity of PPARδ in muscle protected the mice from HFD-
induced adipocyte hypertrophy, obesity, and IR, demonstrat-
ing the major influence of PPARδ-induced energy dissipation
in muscle on systemic energy homeostasis [88]. In full agree-
ment with these findings, muscle-specific Ppard deficiency
resulted in obesity, adipocyte hypertrophy, and insulin re-
sistance [85]. Moreover, the basal respiratory quotient and
glucose tolerance of whole-body Ppard-null mice are signif-
icantly reduced in the absence of additional dietary or ge-
netic challenges [90]. Combined, these observations indicate
that enhancement of basal metabolism by PPARδ in general,
and in muscle in particular, are critical for systemic energy
homeostasis, and play a pivotal role in curbing obesity and
its metabolic sequelae.

In addition to the gain and loss-of-function studies in
skeletal muscle, loss-of-function studies revealed a critical
requirement for PPARδ also in cardiac muscle. Cardiomyo-
cyte-specific Ppard-null mice (floxed Ppard x MHC-Cre) ex-
hibited reduced expression of genes regulating FA oxida-
tion, accompanied by progressive cardiac lipid accumula-
tion, cardiac hypertrophy, and dilated cardiomyopathy [91].
The mice develop typical symptoms of congestive heart fail-
ure and died within the first 10 months of life, demonstrat-
ing the vital importance of PPARδ for myocardial FA ox-
idation and function [91]. Considering that mice carrying
germ-line Ppard deficiency reach old age without major in-
cident [81, 85], the harsher phenotype of mice that lack this
PPAR only in the heart requires explanation. In addition, as
PPARα induces similar pathways of cardiac FA oxidation and
protection from lipotoxicity (see above), it will be crucial to
determine how these differ from those regulated by PPARδ,
and why neither PPAR compensates for the deficiency of the
other.

3.3. Genetic manipulations of PPARδ
and atherosclerosis

The abundant expression of PPARδ in macrophages pro-
vided a compelling rationale to study its contribution to
macrophage biology and atherosclerosis. Comparative stud-
ies of wt versus Ppard-null embryonic stem cell-derived
macrophages identified very low-density lipoprotein (VLDL)
as a rich source of PPARδ agonists and the gene for the
lipid droplet-associated ADRP protein as a tightly regu-
lated PPARδ target gene [82]. Combined with the observed
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increases in hepatic VLDL production, circulating VLDL lev-
els, and VLDL-associated TG in Ppard-null mice [86], this
functional interaction suggested that PPARδ is engaged in
negative feedback regulation of systemic VLDL flux. While
these studies provide circumstantial support for the poten-
tial role of PPARδ in macrophage lipid metabolism, subse-
quent studies found no effect of PPARδ deletion or activa-
tion on cholesterol flux in macrophages [92]. In contrast,
deletion of the Ppard gene reduced the expression of pro-
inflammatory genes in macrophages, as did treatment with
PPARδ agonists [92]. The similar effects of PPARδ deficiency
and activation invoke a mechanism, in which the associ-
ation of unliganded PPARδ with transcriptional corepres-
sors promotes inflammation, which can be relieved by either
ligand-mediated derepression or an outright gene KO. Most
importantly, these activities have a measurable impact on
atherosclerosis, and transplantation of Ppard-null bone mar-
row markedly suppressed atherosclerosis in LDL-receptor
KO mice [92]. Thus, basal PPARδ activity in macrophages
augments the pathogenesis of atherosclerosis, and PPARδ lig-
ands may exert therapeutic effects by reversing, rather than
enhancing, this pathogenic activity.

4. SUMMARY AND PROSPECTS

This review summarized the insights obtained into the func-
tions of PPARs in obesity and metabolic disease through ge-
netic manipulation of mice. For focus purposes, we excluded
many of the studies that provided seminal insights into the in
vivo functions of PPARs through the use of pharmacological
agents; this information is available in other reviews in this
volume and elsewhere.

It is evident from the studies reviewed that deficiencies or
unscheduled expression of PPARα, PPARγ, and PPARδ im-
pact multiple tissues and vital metabolic processes, and that
despite their substantial homology and evidence of shared
transcriptional targets, the physiological functions of each
are unique. These observations are compiled in Figure 1.

Some of the conclusions that emerge from these stud-
ies are consistent and irrefutable, such as the critical role
of PPARα in the fasting response, the indispensability of
PPARγ for adipocyte differentiation and survival, or the role
of muscle PPARδ in fiber type determination and basal ox-
idative metabolism. Other conclusions are solid, but could
be refined and extended by further studies; examples include
the antiatherosclerotic functions of PPARγ. However, many
studies report data and conclusions that seem either over-
stated or in conflict altogether with other studies. Neverthe-
less, in case of studies in the latter category we tried our best
to summarize the data as published, point out major discrep-
ancies, and where possible, provide plausible explanations
for disparities between reports, while leaving it to the readers
to formulate their own judgment. Still, the text is likely per-
meated with some of our own biases, formed through infor-
mal discussions with other researchers, familiarity with the
evolution of some of the concepts and hypotheses, and our
own unpublished work.

As pointed out throughout this review, inconsistencies or
erroneous data could readily arise from minor imperfections
in the targeting strategy, inappropriate heterogeneity of the
genetic background, differences in husbandry, feeding regi-
mens and experimental protocols, and, last but not least, hu-
man error. Although these issues need to be ironed out in the
long term, one may take the philosophical stance that hard-
to-reproduce results are too minor to be biologically signifi-
cant. This leaves us with the larger, yet-to-be-answered ques-
tions that should be addressed by genetic manipulations of
PPARs in the near future.

Currently one of the biggest questions concerning PPARα
is the therapeutic promise of fibrate drugs and derivatives,
which have been all but neglected in recent years. Consider-
ing the unique functions of PPARα in lipid clearance and the
fasting response, are there adverse metabolic conditions for
which the potential of its agonists to provide an ideal treat-
ment has been overlooked? The combined effects of Ppara
KO and agonists on animal models of various diseases that
entail altered lipid homeostasis should provide answers to
this question.

For PPARγ, several mysteries beg resolution, none more
important than its connection to insulin sensitization, which
has thus far eluded definitive proof. The following are three
examples for the many potential approaches that could
be employed to address this topical issue. First, beyond
its importance for adipogenesis and adipocyte viability, is
adipocyte PPARγ a major player in systemic metabolism?
Can we gain a molecular understanding of the death mech-
anism of Pparg-null adipocytes and use it to delete Pparg
in these cells while averting their death? Assuming that we
can devise such methods to obtain mice with viable Pparg-
null adipocytes, what would their metabolic phenotype be?
Second, we should continue to explore the contributions of
PPARγ to metabolic homeostasis through its actions in ad-
ditional tissues. Considering the critical role of central reg-
ulation in energy homeostasis, one glaringly neglected hy-
pothesis is that PPARγ may also function centrally; this idea
could be tested by tissue-specific Pparg KOs in the CNS and
hypothalamic neurons. Third, we do not yet understand the
mechanisms of insulin sensitization by Pparg haploinsuffi-
ciency. Additional in vivo experiments are required to iden-
tify the culprit tissue(s) and the target genes whose deregula-
tion underlies this phenomenon.

PPARδ research has been lagging behind that of PPARα
and PPARγ, and new findings are starting to trickle from
multiple tissue-specific Ppard KOs. The immediate sig-
nificant questions revolve around the detailed mechanis-
tic understanding of PPARδ action in lipid and oxidative
metabolism and in inflammation. Considering that Ppard-
null mice surviving gestation are by and large healthy under
standard husbandry, how important are these functions for
basal health? And when these functions come into play under
metabolic stress, how can they be modulated for the best pos-
sible treatment of metabolic diseases? As pointed out above,
combination studies of pharmacological agonists and genet-
ically manipulated animals will bring us several steps closer
to answering these questions.
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Endothelial cells
Pparg-null: diet-induced hypertension;

refractory to TZDs

Macrophages/atherosclerosis
Pparg-null: impaired cholesterol efflux;

worsened atherosclerosis
Ppard-null: reduced inflammation;

improved atherosclerosis

β-cells
Pparg-null: β-islet hyperplasia;

normal glucose homeostasis

Kidney
Pparg-null: reduced sodium absorption;

resistance to TZD-induced edema

Placenta
Pparg-null: failed development;

embryonic lethality
Ppard-null: fragile decidual barrier;

strain-dependent death

Heart
Ppara-null: lipid accumulation;

lipotoxicity
Pparg-null: cardiac hypertrophy
Ppard-null: lipid accumulation;

hypertrophy;
dilated cardiomyopathy

Liver
Ppara-null: no response to PPs;

hyperlipidemia & steatosis;
impaired fasting resopnse

Pparg-null: fat intolerance;
in diabetic mice:

ameliorates steatosis;
increased IR

Adipose tissue
Ppara-null: mass gain with aging;

shrinkage on high-cholesterol diet
Pparg-null: failed adipogenesis;

adipocyte death; lipodystrophy
Ppard-null: reduced adiposity;

increased mass gain on HFD
VP-Ppard Tg: reduced adiposity;

protection from obesity

Skeletal muscle
Pparg-null: latent IR

VP-Ppard Tg: increased type I fibers:
elevated endurance;
protection from obesity

Ppard-null: reduced type I fibers;
obesity; IR

Figure 1: Genetic manipulations of PPARs—compilation of metabolic phenotypes. The scheme synthesizes observations from both whole-body
and tissue-specific KOs.
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1. INTRODUCTION

The prevalence of adult obesity and obesity-associated
metabolic disorders, including insulin resistance, glucose in-
tolerance, hypertension, and dyslipidemia, has reached epi-
demic proportions in industrialized countries. The causes
of the increase of this cluster of pathologies, known as the
metabolic syndrome, are multiple and not totally elucidated.
However, it is accepted that environmental factors, such as
excess of food intake and lack of physical exercise, that char-
acterize western lifestyle and lead to lipid homeostasis im-
balance, are major contributors in the development of these
pathologies. Lipid homeostasis requires a strict equilibrium
between lipid availability and lipid consumption. In the nor-
mal situation, fatty acids coming either from food or from
hepatic lipogenesis are utilized as energetic substrates in
heart and skeletal muscles. Adipose tissue plays a central role
in lipid homeostasis and can manage a transient increase in
lipid availability by increasing the amount of stored triacyl-
glycerol. However, long-term excess of dietary lipids and/or
decrease of energy expenditure create a profound distur-
bance in this physiological equilibrium leading to a perma-
nent increase in fatty acid availability and, on a long-term

basis, to accumulation of triacylglycerol and other lipids in
various tissues, such as adipose, liver, pancreas, and skele-
tal muscle. Such a lipid deposition leads to impairment of
insulin responsiveness and metabolic dysfunction [1]. Dur-
ing the last decade, it has been demonstrated that adipocyte
hypertrophy, a typical hallmark of adult obesity, results in
a profound alteration of adipokine production and impairs
the normal crosstalk between adipose tissue and the other
organs increasing the metabolic disorders [2]. Several evi-
dences clearly indicated that reducing lipid contents in blood
and insulin-sensitive tissues is a crucial challenge to prevent
metabolic syndrome. To reach this goal, lifestyle interven-
tion has been shown to be an efficient strategy. For instance,
weight loss, leading to a normalization of adipocyte size and
adipokine secretion, and recurring physical exercise, pro-
moting increment of energy expenditure in skeletal muscle
and heart, have strong beneficial effects on insulin resistance
and type 2 diabetes in human [3]. Because changing western
lifestyle is very doubtful, pharmaceutical approaches mim-
icking the metabolic actions of weight loss and/or physical
exercise should be of great interest. During the last 15 years,
our knowledge of the molecular basis of lipid homeostasis
regulation has been considerably improved and numerous
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studies have particularly demonstrated the roles of the perox-
isome proliferator-activated receptors (PPARs) in the control
of lipid metabolism, providing new ideas about the pharma-
cological treatment of metabolic syndrome.

2. PPARs: LIPID-ACTIVATED TRANSCRIPTION
FACTORS AND REGULATORS OF
LIPID METABOLISM

PPARs are ligand-activated transcription factors that be-
long to the nuclear receptor superfamily and play multiple
physiological roles in several tissues. Three PPAR isotypes,
α (NR1C1), β/δ (NR1C2), and γ (NR1C3), have been de-
scribed so far. Each of the PPAR isotypes is encoded in a
separate gene and exhibits tissue-selective expression pat-
terns. PPARα is mainly expressed in liver, heart, kidney, small
intestine, and brown adipose tissue [4]. Several forms of
PPARγ have been identified with distinct expression pat-
terns. PPARγ2 is almost exclusively found in white and
brown adipose tissues, while PPARγ1 is expressed in several
other tissues and cell types including intestine, placenta, and
macrophages [5]. PPARβ/δ has a broad expression pattern in
adult mammals, but it is abundantly expressed in small intes-
tine, skeletal and cardiac muscles, brain, and adipose tissue
[6, 7].

PPARs are organized in different domains. The amino-
terminal domain is poorly conserved between the three
isotypes and contains a ligand-independent transactivation
function. The central domain, which is highly conserved,
brings the capacity of DNA binding. The carboxyl-terminal
region contains the ligand-binding domain and confers
the ligand-dependent transactivation function. X-ray crystal
structure analyses have revealed some important differences
in the ligand-binding pocket of PPAR isotypes [8, 9]. These
differences explain why PPAR isotypes can bind a large di-
versity of molecules and also display a relative selectivity for
both natural and synthetic ligands.

PPARs heterodimerize with the retinoid X receptor (R-
XR, NR2B) and bind to a specific DNA responsive element,
called peroxisome proliferator response element (PPRE),
found in a large number of genes encoding proteins involved
in a variety of functions, including lipid and carbohydrate
metabolisms, inflammation, cell proliferation, and differen-
tiation [10, 11].

An important mark of PPAR transcriptional regulation
is the interaction with cofactors. The unliganded PPAR/RXR
heterodimer interacts with corepressors that exert transcrip-
tional repression. It has been proposed that binding of the
ligand promotes a conformational change that is permissive
for interactions with coactivator proteins allowing nucleo-
some remodeling and activation of the transcription of target
genes [8, 12]. Several corepressors and coactivators able to in-
teract in a selective manner with the various PPAR isotypes
have been described. Some of these cofactors are expressed in
a tissue-specific manner and are controlled by physiological
status in a given tissue. This selectivity of interaction could
explain the differential tissue-specific transcriptional activi-
ties of the various PPARs and the activity level of a specific

isotype depending upon the expression level of the cofactors
in a given tissue or physiological situation.

It is now established that PPARs are lipid sensors and
adapt the metabolic rates of various tissues to the concen-
tration of dietary lipids. This role is related to the capacity of
the various PPAR isotypes to bind fatty acids and fatty acid
derivatives and to regulate the expression of several genes
implicated in fatty acid uptake, handling, and metabolism
in various tissues. Long-chain fatty acids, either saturated
or unsaturated, appeared almost equally active for the three
PPAR isotypes and, interestingly, the metabolism of the fatty
acid is not required, as 2-bromopalmitate, a nonmetabolized
fatty acid, appeared to be a potent PPAR agonist in preadi-
pose cells [13].

Several fatty acid derivatives have been shown to be PPAR
agonists. These molecules appeared to be more selective for
the PPAR isotypes than fatty acids. For instance, the 15-
deoxy-Δ12,14-PGJ2 (15d-PGJ2) is a selective PPARγ agonist
[14], leukotriene B4 and oleylethanolamide are activating se-
lectively the α isotype [15, 16], and the prostacyclin is more
active on PPARβ/δ than on the other isotypes [17]. However,
as it is not possible to estimate the actual concentrations of
fatty acids and fatty acid derivatives within the nuclear com-
partment, the physiological implication of these molecules as
endogenous PPAR ligands remains an open question.

Due to their potential therapeutic interest for the treat-
ment of metabolic disorders, several classes of PPAR syn-
thetic ligands have been developed. Fibrates, used from sev-
eral years as hypolididemic compounds, are specific lig-
ands/activators of PPARα [4]. Lipid lowering action of fi-
brates is mainly due to their capacity to upregulate, through
PPARα activation, several genes involved in hepatic fatty
acid oxidation mimicking the effects of fasting that increases
PPARα expression in liver [18].

Thiazolidinediones [19] that are potent and specific acti-
vators of the γ isotype are used as insulin sensitizers. This
action is paradoxically related to the adipogenic action of
PPARγ. It has been shown that thiazolidinediones promote a
remodeling of adipose tissue by the recruitment of new and
metabolically active adipocytes. These new adipocytes have
beneficial effects by increasing the storage capacity of fatty
acids and by normalizing adipokine secretion [20].

More recently, compounds able to specifically bind and
activate PPARβ/δ have been developed and it has been shown
that such compounds have beneficial metabolic effects in
obese animals [21, 22]. The availability of these potent and
specific agonists and the construction of appropriate cellular
and animal models revealed the important roles of this PPAR
isotype in lipid metabolism, especially in skeletal muscle, and
pointed out the nuclear receptor as a potential target for the
pharmacological treatment of metabolic syndrome.

Many studies revealed that PPARβ/δ agonists could be
effective compounds to normalize several biological param-
eters perturbed during metabolic syndrome. Some of these
studies were conducted by using the GW1516 compound
that activates PPARβ/δ at very low concentrations both in
vitro and in vivo with a 1000-fold selectivity over the other
PPAR isotypes [23]. An interesting study by Oliver et al. has
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evidenced the beneficial actions of GW1516 administration
in insulin-resistant obese monkeys [21]. Indeed, a 4-week
treatment with the PPARβ/δ agonist increased high-density
lipoprotein cholesterol, decreased low-density lipoprotein
cholesterol, reduced the levels of small and dense low-density
lipoproteins, and normalized insulin and triglyceride blood
levels. Moreover, it was reported that the same molecule re-
duced adiposity and improved insulin responsiveness in diet-
induced and genetically obese mice [22, 24].

The mechanisms involved in these beneficial actions of
PPARβ/δ agonist administration to obese animals are not
completely elucidated and, as the nuclear receptor is broadly
expressed, it is likely that these actions are involving several
tissues. However, during the last past years, several experi-
mental evidences coming from both cell culture and in vivo
studies have indicated that PPARβ/δ plays a central role in
the regulation of lipid metabolism and adaptive development
in skeletal muscle and that responses of this tissue could ex-
plain some of the antidiabetic and lipid-lowering actions of
PPARβ/δ agonists in obese animals.

3. PPARβ/δ: REGULATORY ROLES IN MUSCLE
METABOLISM AND PHYSIOLOGY

PPARβ/δ is several-fold more abundant than the other PPAR
isotypes in rodent and human muscles [25]. Moreover, we
have shown that long-term fasting [26] and endurance train-
ing [27], two physiological situations characterized by an in-
crease in muscle fatty acid catabolism, increased PPARβ/δ
mRNA and protein contents in mouse skeletal muscle. A sim-
ilar PPARβ/δ upregulation was observed in human muscle
after either long-term or short-term moderate exercise train-
ing [28–30].

Skeletal muscle accounts for about 40% of the body mass
and, in this tissue, energy expenditure, insulin sensitivity, and
fuel preference are highly affected by muscle work and my-
ofiber composition [31, 32]. Depending upon their phys-
iological roles, the different muscles contain variable per-
centages of specific myofibers that differ in both contrac-
tile and metabolic properties. Type 2b myofibers express fast
isoforms of contractile proteins and synthesize ATP mainly
from anaerobic glycolysis. Type 2a myofibers express fast
contractile proteins, but contain more mitochondria, and are
able to synthesize ATP from oxidation of glucose and fatty
acids. Type 1 myofibers also have an oxidative metabolism
and express the slow isoforms of contractile proteins. For
instance, soleus muscle, which is implicated in endurance
works, contains almost exclusively type 1 and type 2a ox-
idative myofibers, while the white gastrocnemius contains a
majority of type 2b glycolytic myofibers and is implicated in
short-term and intense exercise. Importantly, the myofiber
composition of a given muscle is not fixed and is modified
in some physiological or pathological situations. Endurance
training promotes a fiber-type transition in human and ro-
dents. In human muscle, moderate exercise induces a transi-
tion from type 2b to type 2a phenotype [33], while a more in-
tense exercise is required for a transition toward type 1 phe-
notype [34]. Voluntary exercise increases type 2a myofiber

percentage in several mouse muscles with or without hy-
perplasia, that is, increment in total myofiber number [35].
Sedentary life and type 2 diabetes lead to the opposite phe-
notype with a reduction of oxidative phenotype of various
muscles [36, 37].

3.1. PPARβ/δ regulates fatty acid burning
in skeletal muscle

Muoio et al. reported that exposure of differentiated hu-
man or rat L6 myotubes to a highly selective PPARβ/δ ag-
onist or to a specific PPARα agonist equally increased fatty
acid oxidation and induced expression of several lipid reg-
ulatory genes, such as uncoupling protein 3 (UCP3), pyru-
vate dehydrogenase kinase 4 (PDK4), and carnitine palmi-
toyltransferase 1 (CPT1). These observations suggested a re-
dundancy in the regulatory functions of both PPAR isotypes
on fatty acid metabolism in cultured myotubes [38]. To di-
rectly establish the implication of PPARβ/δ in the control
of lipid metabolism in muscle cells, we conducted gain-of-
function and loss-of-function studies by overexpressing ei-
ther native or dominant negative forms of the nuclear recep-
tor in C2C12 myogenic cells. We showed that exposure of
differentiated C2C12 myotubes to 2-bromopalmitate, a non-
metabolized fatty acid, or to GW0742, a specific PPARβ/δ
agonist, upregulated expression of genes implicated in fatty
acid uptake, handling, and metabolism, such as Fatty Acid
Translocase (FAT/CD36), heart-Fatty Acid Binding Protein
(h-FABP), and CPT1. Furthermore, the direct implication of
PPARβ/δ in these regulations was established by the demon-
stration that the responses were, respectively, enhanced in
PPARβ/δ-overexpressing cells and almost completely abol-
ished in cells expressing the dominant negative form of
PPARβ/δ [26]. A microarray expression profiling study con-
firmed these findings and showed that in L6 myotubes, ac-
tivation of PPARβ/δ upregulated expression of a large panel
of genes that control fatty acid transport, β-oxidation, mi-
tochondrial respiration, and energy uncoupling [22]. Inter-
estingly, Dressel et al. demonstrated that the various PPAR
isotypes regulated different metabolic pathways in differen-
tiated C2C12 cells. They reported that PPARβ/δ controlled
fatty acid catabolism, while PPARα was involved in the con-
trol of fructose uptake and glycogen metabolism, and PPARγ
controlled expression of genes implicated in glucose uptake
and lipid synthesis [39].

Next to these data obtained with cultured myotubes, it
was reported that administration of PPARβ/δ agonist up-
regulated expression of several genes implicated in lipid
metabolism and fatty acid catabolism and reduced lipid con-
tent in mouse skeletal muscle [22].

The demonstration that PPARβ/δ agonists induced fatty
acid burning in muscle, explains, at least partly, the benefi-
cial effects of such treatment in obese animals, as it is well
established that fatty acid catabolism is reduced in muscles
from diabetic and obese animals and that lipid deposition
is leading to insulin resistance, especially in muscle tissues
[1, 36, 37]. Moreover, the generation of transgenic mod-
els for a muscle-specific overexpression of PPARβ/δ revealed
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another important and interesting function of the nuclear re-
ceptor in muscle physiology that could be very important for
the understanding of the mechanisms implicated in the ben-
eficial effects of PPARβ/δ activation.

3.2. Roles of PPARβ/δ in lipid metabolism and
adaptive responses of skeletal muscle

To further investigate the roles of PPARβ/δ in muscle physi-
ology, we have generated an animal model allowing a skeletal
muscle-specific overexpression of the nuclear receptor [27].
In such an animal model, the PPARβ/δ protein content was
increased by 4- to 6-fold early after birth in all types of
myofibers, that is, oxidative and glycolytic, fast- and slow-
twitch. Histological analysis revealed that the number of type
2a myofibers, that is, oxidative fast twitch, was increased in
muscles from PPARβ/δ-overexpressing animals when com-
pared to their control littermates. In tibialis anterior muscle
and, to a lesser extent, in soleus muscle, this remodeling was
due to an increase in total myofiber number, with a specific
increase of type 2a myofibers, while in other muscles, such
as plantaris and EDL, the increase in type 2a myofiber num-
ber was only due to conversion of type 2b to type 2a my-
ofibers. These observations were confirmed by the demon-
stration that PPARβ/δ overexpression led to increased ex-
pression of genes implicated in fatty acid catabolism, such
as citrate synthase, h-FABP, and UCP-2.

Another group investigated the effects of muscle-specific
expression of a constitutively active PPARβ/δ (VP16-PP-
ARβ/δ) mutant form. Such animals displayed a more pro-
nounced phenotype characterized by an increase of slow-
twitch myofiber number in all types of muscles, including
predominantly fast-twitch muscles [40]. The discrepancy be-
tween the two animal models could be due to the fact that
the VP16-PPARβ/δ has a strongest transcriptional activity
and upregulates expression of genes that are not affected by
overexpression of the wild type PPARβ/δ. For instance, PGC-
1, which plays a crucial role in conversion of fast-twitch to
slow-twitch myofibers [41], is upregulated in muscles from
VP16-PPARβ/δ mice [40] but is unchanged in muscles from
PPARβ/δ-overexpressing animals [27]. However, it appeared
that overexpression of either native or constitutively active
PPARβ/δ forms has beneficial metabolic effects in mice by
reducing adiposity, lowering lipid contents in several organs,
and increasing insulin responsiveness [27, 40].

Collectively, these findings strongly suggested that over-
expression and/or activation of PPARβ/δ mimics the actions
of physical exercise on muscle remodeling and metabolism,
at least in mouse. Several experimental evidences favor the
hypothesis that PPARβ/δ plays a central role in adaptive re-
sponse of skeletal muscle to endurance exercise. Daily mod-
erate swimming exercise promoted PPARβ/δ upregulation
in mouse skeletal muscle [27]. This increased expression re-
quires several weeks of training, while it has been reported
that in human muscle, a similar change in PPARβ/δ mRNA
abundance takes place after shorter exercise period [28].
Moreover, VP16-PPARβ/δ mice display increased resistance

to fatigue and running performance than their control lit-
termates [40]. The molecular mechanisms that lead to the
increased expression of PPARβ/δ in skeletal muscle during
endurance training remain to be elucidated. Similarly, the
molecular and cellular events that link the expression and ac-
tivation levels of PPARβ/δ to myoblast proliferation and ox-
idative fiber typing remain to be characterized. However, it
can be proposed that upregulation of the nuclear receptor is
one of the first events leading to changes in the oxidative fiber
number, while activation of PPARβ/δ, by natural or synthetic
ligands, controls the degree of conversion of fast-twitch to
slow-twitch phenotype.

4. CONCLUSIONS

During the few past years, the knowledge of physiological
functions of PPARβ/δ has considerably increased and it is
now established that specific agonists of the nuclear recep-
tor may have therapeutic usefulness in metabolic syndrome.
The actions of PPARβ/δ in skeletal muscle, that is, oxidative
myofiber remodeling and increase of fatty acid burning ca-
pacity, may explain the beneficial effects of specific agonists
on obesity and insulin resistance by limiting substrate avail-
ability for lipid synthesis and accumulation in adipose tis-
sue and other insulin sensitive tissues. The muscle remodel-
ing induced by PPARβ/δ activation may also affect the en-
docrine functions of skeletal muscle. It is now established
that physical exercise is increasing fatty acid burning, but it is
also changing the secretion level of muscle cytokines, called
myokines, that control metabolic responses of other tissues,
including adipose tissue [42]. Further studies are required
to investigate the regulatory functions of PPARβ/δ activa-
tion on myokine production. Future work is also needed to
clarify the roles of PPARβ/δ in other tissues that express the
nuclear receptor at high levels, such as heart, intestine and
brain, in order to prevent any side effects of PPARβ/δ activa-
tion.

Very importantly, level of experimental evidence is still
restrained to animal models and a direct extrapolation of
data obtained with rodent or primate models to the human
context is risky as there are great differences in metabolic reg-
ulations between species. Clinical trials have been initiated
and will provide important data regarding efficiency, toler-
ance, and safety in human for some PPARβ/δ agonists. The
outcome of such clinical trials is eagerly awaited to confirm
the regulatory roles of PPARβ/δ in human muscle physiology
and metabolism.
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CURRENT KNOWLEDGE OF THE BIOLOGY OF
MITOCHONDRIAL UNCOUPLING PROTEINS

Uncoupling proteins (UCPs) are mitochondrial transporters
present in the inner mitochondrial membrane. The first
member of the family, UCP1, is expressed in brown adipo-
cytes and it confers on brown adipose tissue its thermogenic
capacity. UCP1 confers to the mitochondrial inner mem-
brane an enhanced conductivity to protons, thus resulting
in the uncoupling of the respiratory chain and heat produc-
tion. This action of UCP1 in brown adipose tissue consti-
tutes the main molecular basis for nonshivering thermogene-
sis in rodents in response to cold exposure and diet. The ther-
mogenic activity of brown fat is mainly regulated by nore-
pinephrine released from the sympathetic nervous system
innervating the tissue, acting through β-adrenergic, cAMP-
dependent pathways. Accumulating pieces of evidence over
more than two decades have indicated that energy expendi-
ture processes elicited by UCP1 are involved in the control of
energy balance, and that UCP1 activity in brown adipose tis-
sue may provide the basis for diet-induced thermogenesis. In
fact, obesity models in rodents are in most cases associated
with low levels and activity of UCP1 in brown fat. Less clear
is the role of UCP1 in human obesity, taking into account
the residual amounts of brown adipocytes in adult humans.
However, sensitive methodologies based on RT-PCR have re-

vealed that remnant UCP1-expressing cells are widespread
among the white adipose depots of human adults. Further-
more, genetic evidence of the association of UCP1 gene poly-
morphisms with disturbances of body weight in humans
keeps the debate on the physiological role of UCP1 in adults
ongoing [1]. The discovery in 1997 of two proteins highly
similar to UCP1, named UCP2 and UCP3, with a high level
of expression in humans, suggested the possibility that the
role of UCP1 in the control of energy expenditure was played
in humans by these two novel proteins. A decade later, the
precise roles of UCP2 and UCP3 remain a matter of debate
[2–4]. Like UCP1, UCP2 and UCP3 lower the mitochondrial
membrane protomotive potential, but it is unclear whether
dissipation of metabolic energy as heat is their primary bi-
ological function. However, their capacity to protect against
obesity has been demonstrated, at least for UCP3, in experi-
mental settings based on transgenic mice overexpressing the
protein in muscle [5]. The specific involvement of UCP2 and
UCP3 in the control of reactive oxygen species production or
in fatty acid oxidation has been proposed. In any case, genetic
approaches in humans have highlighted the involvement of
both proteins in metabolic regulation and in associated dis-
turbances such as diabetes and obesity [6].

The transcriptional control of gene expression of UCP1,
UCP3, and, to a minor extent, of UCP2 determines the levels
of the corresponding proteins in tissues and cells. Research in
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recent years has identified peroxisome proliferator-activated
receptors (PPARs) as pivotal actors in the control of tran-
scription of the UCP genes. As well as providing a basis for
insight into the regulation of transcription of UCP genes in
response to physiological ligands of PPARs, an understand-
ing of the precise mechanisms and the PPAR subtypes in-
volved in this regulation would provide the possibility of
the development of pharmacological approaches to modu-
late the levels of UCPs, given the availability of drugs act-
ing selectively on PPAR subtypes, such as fibrates and thia-
zolidinediones.

PPARS IN THE CONTROL OF THE UCP1 GENE,
BROWN ADIPOCYTE DIFFERENTIATION, AND
ENERGY EXPENDITURE

The UCP1 gene is a target of dual regulation by
PPARγ and PPARα in brown adipose tissue

Brown adipose tissue and white adipose tissue have dis-
tinct metabolic functions. In contrast to the role of white
adipose tissue as a site of energy storage, brown fat dissi-
pates metabolic energy as heat, thus promoting energy ex-
penditure. Whereas large amounts of white adipose tissue
are associated with obesity, the development of high levels
as well as high activity of brown adipose tissue is usually as-
sociated with a reduction in body weight. However, brown
adipocytes and white adipocytes share multiple metabolic
features and gene expression patterns, such as those related
to lipid storage. They also share key transcriptional factors
that mediate their differentiation process; namely, PPARγ
and CCAAT-enhancer binding-protein α (C/EBPα). In fact,
all three PPARs are expressed in brown fat [7], and their rela-
tive roles in regulating brown fat thermogenesis and in UCP1
gene expression will be discussed.

PPARγ is highly expressed both in brown and white
adipocytes. Activation of PPARγ induces brown and white
adipocytes differentiation by regulating the expression of
genes involved in adipogenesis and lipid storage, whereas
PPARγ-null cells cannot differentiate into adipocytes [8].
Mice that specifically lack PPARγ in adipose tissues have re-
duced adiposity and compromised survival of mature brown
and white adipocytes [9, 10]. Furthermore, the transcription
factor C/EBPα, which is necessary for white adipose tissue
development in mice [11], also has a critical role in brown
adipocyte differentiation during perinatal development, al-
though later on C/EBPβ and C/EBPδ can functionally re-
place C/EBPα [12]. C/EBPα (and also C/EBPβ and C/EBPδ)
function synergistically with PPARγ to regulate genes ex-
pressed in both brown and white adipocytes [13], but also
the brown fat-specific UCP1 gene [14–16]. In fact, the tran-
scription of the UCP1 gene is tightly regulated during brown
adipocyte differentiation and in response to thermogenic
activation. The 5�-flanking regions of the rat, mouse, and
human UCP1 genes share a common genomic structure: a
proximal regulatory region and an upstream enhancer lo-
cated at �2 kb for review, see [17]. The proximal regula-
tory promoter contains C/EBP-regulated sites and the main
cAMP-regulatory element [14, 18, 19]. The UCP1 gene dis-

tal enhancer includes a complex organization of nuclear re-
ceptor binding sites which mediate the transcriptional activa-
tion of the UCP1 gene by retinoids, thyroid hormones, PPAR
agonists, and also cAMP, probably through induction of the
PPAR coactivator-1α (PGC-1α) [18, 20–25].

PGC-1α was first identified as a PPARγ-interacting pro-
tein displaying preferential expression in mature brown
adipocytes rather than white adipocytes [26]. The expres-
sion of PGC-1α is highly induced in brown fat in response
to thermogenic activation via cAMP-signaling pathways
[15, 26]. PGC-1α has been proposed to be essential for brown
adipocyte differentiation and induction of the UCP1 gene
[26]. As previously mentioned, UCP1 is uniquely present in
brown adipocytes, where it is highly expressed as it may ac-
count for up to 8% of the mitochondrial protein (and mi-
tochondrial protein represents 50% of total protein). Brown
adipocytes, unlike white adipocytes, also possess powerful
fatty acid oxidation machinery as evidenced by the abun-
dance of mitochondria, a high level of expression of PPARα
and a high activity of fatty acid oxidation pathways. PGC-
1α can activate all of these key components of the thermo-
genic program through coactivation of PPARγ and PPARα
(see below), or of transcription factors such as nuclear res-
piratory factor-1 [24, 26, 27]. In this way, forced expression
of PGC-1α in white adipocytes induces mitochondrial bio-
genesis and expression of UCP1 [26–28]. In contrast, PGC-
1β, another coactivator highly similar to PGC-1α, is only in-
volved in controlling mitochondrial biogenesis together with
PGC-1α [29]. Furthermore, loss of PGC-1α does not alter “in
vitro” brown adipocyte differentiation but completely blunts
the thermogenic induction via cAMP of the UCP1 gene and
other thermogenic and mitochondrial genes [29].

Thiazolidinediones, drugs specifically activating PPARγ,
have an overall effect of promoting adipogenesis, but have
also been reported to induce mitochondrial biogenesis [30]
besides their direct effect upon UCP1 transcription via
PPARγ activation (see above). This induction of “brown
fat-like” features by thiazolidinediones entails direct upreg-
ulation of transcription of the PGC1α gene by PPARγ in
adipocytes [31]. This induction of PGC1α is amplified by an
autoregulatory loop mediated by the coactivation of PPARγ
action on PGC1α gene transcription by PGC1α itself [31],
similarly to PGC1α coactivation with PPARγ in the promot-
ers of other genes such as UCP1 [24].

In summary, the available data point to a function of
PGC1α in orchestrating the regulation of mitochondrial bio-
genesis and UCP1 gene induction during brown adipocyte
differentiation. Regarding UCP1 gene transcription, coacti-
vation with PPARγ is probably involved in mediating this
effect of PGC-1α. However, the thermogenic activation of
mature brown adipocytes results in a negative regulation of
PPARγ, thus suggesting that PPARγ may not be essential
for UCP1 gene expression in already differentiated brown
adipocytes recently reviewed in [32].

Since PPARα is preferentially expressed in brown
adipocytes as compared to white adipocytes, it can be ex-
pected that it is mainly through PPARα that the UCP1 gene
is induced in mature brown adipocytes. Agonists of either
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PPARγ or PPARα can induce UCP1 gene expression both
in brown fat “in vivo” and in brown adipocytes “in vitro”
[24, 33, 34]. Furthermore, the PPAR-response element of the
UCP1 gene enhancer can bind either PPARγ or PPARα [24].
PGC-1α also coactivates PPARα-dependent regulation of the
UCP1 gene [24]. Although basal expression of UCP1 mRNA
in brown fat from PPARα-null mice is not altered [35], there
is an impaired activation of UCP1 gene expression in PPARα-
null mice in several physiological situations associated with
cold stress (our unpublished observations). Furthermore, ge-
netic analyses revealed that PPARα gene expression is associ-
ated with UCP1 gene induction [36].

Likewise, PGC1α can cooperate with PPARα in the tran-
scriptional control of genes for fatty acid catabolism in
brown fat. Activation of brown fat thermogenesis, which
is mediated by cAMP-dependent pathways, rapidly induces
lipolysis of the stored triglycerides. Released fatty acids, in
addition to being the major substrate for thermogenesis and
the inducers of UCP1 uncoupling activity through direct in-
teraction with the UCP1 protein in the inner mitochondrial
membrane [37], may also act as PPAR-activators. Thus, the
PGC-1α/PPARα interaction can coordinately regulate gene
expression required for active thermogenesis, including fatty
acid oxidation, in mature brown adipocytes.

Whether PPARδ, the third PPAR subtype, can also play
a direct role in the regulation of UCP1 gene expression has
not been clearly elucidated. Transgenic mice overexpressing
an active form of PPARδ in adipose tissues displayed reduced
accumulation of triglycerides both in white fat and brown
fat [38]. However, only the size of white depots was reduced.
UCP1 and genes involved in fatty acid catabolism were mod-
erately induced in brown fat and highly induced in white
fat in these mice. However, neither induction of the endoge-
nous UCP1 gene in primary murine brown adipocytes by the
PPARδ-specific GW501516 ligand nor PPARδ-dependent
regulation of the UCP1 gene promoter has been observed in
brown adipocytes in culture (our unpublished observations).

Rexinoid-dependent UCP1 gene regulation in
brown adipose tissue

Both white and brown adipose tissues contain retinoic acid
receptor (RAR) and retinoid X receptor (RXR) subtypes
with distinct relative abundances. Retinoic- and rexinoid-
dependent pathways of regulation in adipose tissues have
previously been extensively reviewed [39, 40].

Retinoic acid acting via RAR has long been recognized
as a potent inhibitor of the differentiation of preadipocytes
into white and brown adipocytes [41, 42]. However,
when retinoic acid acts upon already differentiated brown
adipocytes, it dramatically increases UCP1 gene expression
through a direct transcriptional effect (see below) [21]. The
action of retinoic acid in promoting UCP1 gene expression
has been confirmed “in vivo” by pharmacological treatment
and by vitamin A supplementation of the diet [43, 44]. How-
ever, the biological significance of this powerful retinoic acid-
dependent regulation of the UCP1 gene in response to RAR
activation remains unknown.

Retinoic acid stimulates UCP1 gene transcription
through a complex “retinoid-responsive region” in the dis-
tal enhancers of the rat or human UCP1 genes [21, 23]. Both
RAR- and RXR-binding sites in the enhancer contribute to
the retinoic acid effects [45]. Induction of UCP1 gene expres-
sion by retinoic acid does not require PGC1α [29]. The UCP1
gene is a direct target of specific RXR activators through
RXR-containing heterodimers that bind to the enhancer re-
gion of the UCP1 gene [45]. Phytanic acid (3, 7, 11, 15-
tetramethylhexadecanoic acid), which is a derivative of the
phytol side chain of chlorophyll, has been reported to be a
natural ligand of RXR subtypes [46], but also to be a di-
rect activator of PPARα [47]. Phytanic acid induces UCP1
gene expression through the RXR-binding sites in the UCP1
gene enhancer [48].This may be closely related to thermo-
genic activation, as phytanic acid accumulates in the brown
adipose tissue fat stores and is released as a free acid when
lipolysis is active in the tissue owing to thermogenic stim-
uli. In these conditions, phytanic acid can act as a signaling
molecule linking lipolysis with enhanced synthesis of UCP1
protein to favor thermogenesis [49].

In summary, as depicted in Figure 1, the expression of
the UCP1 gene is directly regulated by PPARs in association
with adipogenic differentiation (via PPARγ) and in coordi-
nation with induction of gene expression for the fatty acid
oxidation required for active thermogenesis (via PPARα).
Whether these PPAR/rexinoid-dependent pathways can af-
fect energy expenditure in adult humans remains to be de-
termined. Although the amounts of UCP1-expressing brown
adipocytes are low in adult humans, UCP1 gene expression
can be reactivated in several conditions such as high exposure
to catecholamines released by pheochromocytomas [50], or
chronic treatment with antiretroviral drugs [51]. Future re-
search will be required to determine whether PPAR agonists
and/or retinoids cause similar activation, considering that
they are powerful activators of human UCP1 gene transcrip-
tion “in vitro” [23].

PPARα AND PPARδ CONTROL UCP3 GENE
EXPRESSION IN SKELETAL MUSCLE
AND HEART

Free fatty acids are major inducers of UCP3 gene
expression in skeletal muscle and heart

Initial studies on the regulation of UCP3 gene expression
in skeletal muscle, its main site of expression, revealed that
transcript levels of UCP3 were dramatically influenced by
the availability of free fatty acids to the tissue both in ro-
dents and humans. This explained the rise in UCP3 mRNA
in muscle after starvation, an observation initially considered
as a paradox at the time when UCP3 was expected to have a
role similar to UCP1 in the promotion of energy expenditure
[52]. Today, we know that UCP3 mRNA levels are system-
atically upregulated in association with any physiological or
experimental rise in circulating free fatty acids, either when
they originate from lipolysis in white fat (starvation or exer-
cise) or from the diet (high-fat diet) [53–55]. The increase
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Figure 1: Schematic representation of the regulation of UCP1 gene expression by ligand-dependent activation of PPARα and PPARγ, and
coactivation by PGC-1α. The diagram shows the PPAR response element in the rat UCP1 gene enhancer (24). Major features of the transcrip-
tional regulation of the mouse and human UCP1 genes appear to be similar (16, 23). During brown adipocyte differentiation, adipogenic
signals activate transcription of the UCP1 gene through PPARγ and coactivation by PGC-1α, in concert with overall induction of adipocyte
differentiation towards the brown fat lineage. In response to thermogenic simuli on mature brown adipocytes, activation of PPARα by
lipolysis-derived fatty acids contributes to the coordination of UCP1 gene transcription (thermogenesis) with the lipid oxidation pathways
providing metabolic fuel for oxidation.

in free fatty acids due to the initiation of milk (a fat-rich
diet) intake also causes a dramatic rise in UCP3 mRNA af-
ter birth [56]. The opposite situation also occurs: a drop in
free fatty acid levels such as that occurring in lactating dams
is associated with a decrease in UCP3 transcript in muscle
[57]. Studies in humans confirmed the regulation of UCP3
mRNA expression by fatty acids in human skeletal muscle
and the heart [58, 59].

Several studies have indicated that favoring the intracel-
lular presence of free fatty acids stimulates UCP3 gene ex-
pression. Thus, overexpression of lipoprotein lipase in mus-
cle leads to a rise in UCP3 mRNA, surely due to the en-
hancement in local free fatty acid availability via hydrolysis
of triglycerides [60]. Moreover, when intracellular fatty acid
oxidation is blocked by the use of etomoxir, an inhibitor of
carnitine palmitoyl transferase-1, UCP3 transcript levels rise
also [61].

PPARα and PPARδ, mediators of the fatty acid-
dependent control of UCP3 transcription in
skeletal muscle and heart

Multiple lines of evidence have shown that PPARα plays a
major role in the induction of the UCP3 gene in response to
fatty acids. Acute treatment of mice pups with the specific
activator of PPARα Wy 14643 mimics the postnatal skele-

tal muscle UCP3 gene induction caused by fatty acids com-
ing from milk [56]. A single injection of this drug to adult
lactating mice also induces UCP3 mRNA expression [57].
Moreover, PPARα-null mice show reduced levels of UCP3
gene expression and impaired response to starvation in the
heart [62–64]. This does not occur in skeletal muscle in
adult PPARα-null mice, possibly due to compensatory up-
regulation of the UCP3 gene by PPARδ (see below). How-
ever, PPARα-null mice neonates display lowered UCP3 gene
expression both in skeletal muscle and in the heart [65]. On
the other hand, transcriptomic analysis of muscle or heart
from transgenic mice which overexpress PPARα specifically
in these tissues revealed that UCP3 mRNA is among the most
intensely induced gene transcripts [66, 67]. This occurs in
concert with induction of many other genes involved in fatty
acid oxidation. Thus, the UCP3 gene appears to be part of
the cluster of PPARα-regulated, fatty acid catabolism-related
genes in the muscle and heart. Regardless of the information
provided by experimental approaches directly addressing the
issue of the biological function of UCP3, these observations
strongly suggest that UCP3 function is likely to be related to
fatty acid metabolism in these tissues.

Despite all these lines of evidence, reports on the effects
of chronic treatment with fibrates, which are potential acti-
vators of PPARα in muscle, have led to variable results; from
unchanged expression of the UCP3 gene using Wy 14643
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[33] to upregulation using bezafibrate [68]. The reasons for
this variability in response to chronic treatment as opposed
to the systematic upregulation observed in acute, single-
injection treatment with fibrates are unclear. Perhaps the hy-
polipidemic consequences of chronic fibrate treatment, in-
cluding reductions in the levels of circulating fatty acids,
may counteract the direct positive effects of the drugs on the
UCP3 gene.

Studies in cell culture have been also less conclusive in
relation to the role of PPARα in the control of UCP3 gene ex-
pression. Myogenic cells in culture express very low levels of
UCP3 relative to muscle “in vivo” [69] and, when they were
exposed to fibrates, PPARδ-dependent activation appears to
have a more powerful effect on UCP3 gene induction than
does PPARα activation [70, 71]. However, the significance of
these observations for “in vivo” regulation of the UCP3 gene
is unclear because myogenic cell lines such as C2C12 or L6
show abnormally reduced expression of PPARα relative to
that in skeletal muscle. Thus, a low sensitivity of the UCP3
gene (and other PPARα-target genes) to PPARα activators is
anticipated in such cell systems [71, 72].

The capacity of PPARδ to activate UCP3 in muscle and
the heart has been demonstrated also using “in vivo” ap-
proaches. Similar to PPARα overexpressing mouse models,
overexpression of PPARδ in muscle obtained via transgenic
mice revealed that UCP3 is among the genes most sensitive to
induction [73, 74]. Moreover, a mouse model of targeted dis-
ruption of PPARδ specifically in the heart revealed a reduc-
tion in UCP3 levels [75]. The recent availability of drugs act-
ing specifically on PPARδ confirmed “in vivo” and “in vitro”
the sensitivity of the UCP3 gene to activation via PPARδ.
Thus, chronic treatment of mice with a PPARδ activator in-
duces UCP3 gene expression in concert with other genes of
lipid metabolism [76, 77]. Therefore, the dual regulation of
the UCP3 gene by PPARα and PPARδ in muscle and heart
is shared by many genes involved in fatty acid oxidation and
again suggests the involvement of UCP3 in biological func-
tions related to fatty acid catabolism.

Most of the above conclusions arising from studies on
experimental animals or human volunteers have been con-

firmed by studies directly addressing the transcriptional con-
trol of the human and mouse UCP3 gene promoter in
muscle cells. Both PPARα and PPARδ activate the UCP3
gene promoter and mediate transcriptional responsiveness
to fatty acids and to drugs specifically activating both PPAR
subtypes. This occurs due to the presence of a PPAR-
responsive element in the proximal region of the UCP3 pro-
moter [65, 78]. Moreover, RXR activators (rexinoids) activate
UCP3 gene transcription via ligand-dependent activation of
the RXR moiety of the PPARα/RXR or PPARδ/RXR het-
erodimers binding to the promoter. Interestingly, PPAR-
dependent activation of the UCP3 gene requires MyoD,
which acts as a transcription factor permissive for basal and
PPAR-dependent regulation of the UCP3 gene in muscle
cells. Coactivators such as p300 mediate this functional re-
lationship between MyoD and PPAR-dependent regulation
of the UCP3 gene [78].

The control of UCP3 gene transcription by PPAR/RXR
heterodimers, which retain the capacity for ligand-depend-
ent activation of the RXR moiety [78], explains the sensitiv-
ity of UCP3 gene expression to 9-cis retinoic acid in myo-
genic cells [69] and to dietary vitamin A supplementation
or acute retinoic acid-treatment [79]. However, it should be
taken into account that RAR-dependent pathways of regula-
tion are also active on the UCP3 gene promoter [69]. On the
other hand, although RXR has been proposed to be able to
mediate transcriptional regulation through binding itself to
fatty acids, UCP3 gene promoter studies appeared to exclude
the possibility that RXR plays this role at the UCP3 gene
[65].

Moreover, dozens of reports in recent years have indi-
cated a positive association between a C to T polymorphism
in the human UCP3 gene promoter and body weight distur-
bances or insulin resistance [80]. This C to T change has been
reported to modulate the relative levels of UCP3 transcripts
in muscle from Pima Indians [81]. UCP3 promoter analysis
revealed that the site of this polymorphism is adjacent to the
PPARα/δ-responsive element (see Figure 2), although no di-
rect effects on promoter activity dependent on the presence
of C or T have been demonstrated to date [78].
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On the other hand, the potential role of PPARγ in the
control of UCP3 in the muscle or heart is unclear. Con-
tradictory results have been reported on the action of thi-
azolidinediones on UCP3 gene expression in myogenic cells,
from inhibition [82] to stimulation [83]. Treatment with thi-
azolidinediones “in vivo” also led to variable effects depend-
ing on the type of thiazolidinedione or the length of treat-
ment [33, 57, 84, 85]. Mice with a muscle-specific PPARγ
deletion show unaltered UCP3 gene expression [86]. In these
mice, treatment with rosiglitazone or troglitazone leads to
a reduction in UCP3 mRNA levels whatever the genotype,
thus indicating that the effects of thiazolidinediones on the
UCP3 gene are likely to be PPARγ-independent [86]. This is
in agreement with UCP3 gene promoter studies indicating a
lack of sensitivity to PPARγ at least in the context of myo-
genic cells [65, 78].

In summary, PPARα and PPARδ are major regulators of
UCP3 gene expression in skeletal muscle and the heart, as
they appear to mediate the powerful physiological regulation
of these genes by fatty acids. The physiological role of UCP3
in relation to fatty acids is unclear. However, the available
data indicate that, when the muscle or heart is challenged by
an overload of fatty acids, UCP3 may act to favor fatty acid
metabolism in such a way that minimizes toxicity and mi-
tochondrial production of reactive oxygen species. Pharma-
cological activation of PPARα and PPARδ via fibrates may
then favor these physiological functions in muscle. Type 2
diabetes, and ultimately obesity or metabolic syndrome, may
be related to the appearance of insulin resistance in muscle
as a consequence of defective handling of fatty acids. The ac-
tion of PPARs on the control of UCP3 gene expression may
represent a potential tool to prevent the negative effects of
high exposure of muscle to fatty acids, although further re-
search will be required to more firmly establish this possibil-
ity.

FATTY ACIDS AND PPARS IN THE CONTROL OF
UCP2 GENE EXPRESSION IN SKELETAL
MUSCLE AND HEART

The expression of the UCP2 gene shares with UCP3 being
stimulated by fatty acids in skeletal muscle and heart, as
well as being a target of PPARα and PPARδ-dependent ac-
tivation in these tissues. However, several evidences indicate
that fatty acid-dependent activation of UCP2 gene transcrip-
tion is more complex, and involves also PPARα and PPARδ-
independent mechanisms. The relative roles of these PPAR-
independent mechanisms may be different depending on the
tissue in which UCP2 is expressed, and, for instance, they
are especially relevant in heart or other tissues such as the
liver (see below). Direct effects of PPARδ activators on UCP2
mRNA expression have been demonstrated in human my-
otubes [87], and direct analysis of regulation of the UCP2
gene promoter in muscle cells indicated that PPARγ and their
ligands induce promoter activity. However, no direct binding
of PPARγ could be detected, thus raising the possibility of an
indirect effect [88].

PPARS IN THE CONTROL OF UCP3 AND UCP2
GENE EXPRESSION IN ADIPOSE TISSUES

As previously mentioned, UCP3 is highly expressed in brown
adipose tissue and to a very minor extent in white fat,
whereas UCP2 is expressed in both types of adipose tissue.
As in the muscle or heart, drugs activating PPARα or PPARδ
induce UCP3 gene expression in brown fat, both as a result
of acute, single-dose treatment, and after chronic treatment
[33, 34].

The high expression of PPARγ in adipose tissues, in con-
trast with that in muscle, together with the sensitivity of the
UCP3 and UCP2 genes to the PPARα and PPARδ subtypes
raised the question of the capacity of PPARγ activation to af-
fect UCP3 and UCP2 gene expression in adipose cells. The ef-
fects of chronic treatment with rosiglitazone, a thiazolidine-
dione capable of activating PPARγ, have been reported to in-
volve a robust induction [89], a moderate increase [90] or
even no change [33] in UCP3 mRNA levels in white adi-
pose tissue. The reasons for these discrepancies are unclear
and different doses or rodent species and strains used may
be the basis of the different findings. It should be noted that,
as mentioned for UCP1, any treatment of mice or cells driv-
ing the white fat phenotype into a brown fat-like phenotype
or generally promoting brown fat differentiation may result
in increased UCP3 gene expression in white adipose depots.
This UCP3 mRNA induction in white adipose depots could
be just one more symptom of the acquisition of “brown fat-
like” features, considering the plasticity of adipose depots in
rodents. Rosiglitazone treatment “in vivo” may exert these
overall effects and its action on UCP3 gene expression may
depend on the extent of alterations in the brown versus white
pattern of gene expression.

Concerning UCP2, chronic thiazolidinedione treatment
in rodents has also been reported to increase [33] or to not
affect [90] UCP2 gene expression in white fat, whereas in-
creased expression of UCP2 mRNA has been observed in
subcutaneous adipose tissue from human patients treated
with rosiglitazone [91]. A moderate induction of UCP2
mRNA has also been reported in cell cultures of white adipo-
cytes [92]. In the context of white adipogenic cell lines,
PPARγ and their ligands induce UCP2 promoter activity in
the absence of direct binding and via E-box elements in the
proximal region of the promoter [88]. In brown adipocytes,
rosiglitazone as well as activators of PPAR common to the
PPARα and PPARδ subtypes induce UCP2 mRNA expres-
sion. However, 9-cis retinoic acid and selective activators of
RXR were the most powerful in inducing UCP2 mRNA ex-
pression, most probably due to their capacity to activate the
dimers of RXR with PPARs or with other permissive nuclear
receptors [93].

On the other hand, adipose tissues contain large amounts
of endogenous triglycerides, which are capable of resulting in
the local generation of free fatty acids after lipolysis. PPAR
receptors can provide a mechanism for responsiveness of
UCP2 and UCP3 expression to intracellularly derived fatty
acids. Thus, a cross-talk between adrenergic regulation of
adipose tissue lipolysis and PPAR mechanisms of induction
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of gene expression of UCP2 and UCP3 may occur as men-
tioned above for UCP1, especially in response to noradren-
ergic stimulus in brown adipocytes.

ROLE OF PPARS IN THE CONTROL OF UCP2
GENE EXPRESSION IN PANCREATIC β-CELLS

Studies in UCP2-null mice have revealed that UCP2 exerts
substantial negative control over glucose-stimulated insulin
secretion [94]. Thus, UCP2 expression may play an impor-
tant role in the pathogenesis of diabetes. UCP2 expression is
stimulated by high glucose and/or high free fatty acid levels
both “in vivo” and “in vitro”, as well as being increased in
animal models of type 2 diabetes. On the other hand, a ge-
netic deficiency of UCP2 improves β-cell function in animal
models as well as in “in vitro” models of glucotoxicity and
lipotoxicity in β-cells reviewed in [95].

It has been demonstrated that exposure to fatty acids in-
creases transcription of the UCP2 gene in human and rodent
cells representative of adipocytes and myocytes (see above),
as well as in pancreatic β-cell-derived cell lines (INS-1 cells).
An enhancer region has been identified between �86 to �44
of the mouse UCP2 gene. This enhancer contains Sp1 ele-
ments, sterol regulatory element (SRE), and double E-box
elements all clustered together and is responsible for basal
and fatty acid-stimulated transcription. The response to fatty
acids appears to be mediated by sterol regulatory element
binding proteins (SREBPs) binding to the SRE [96]. This en-
hancer is not conserved in the human UCP2 promoter but
two E-box motifs at �911 to �906 and �743 to �738 have
been identified as being responsible for the SREBP activa-
tion of human UCP2 gene transcription in INS-1E cells [97].
However, despite the important pathophysiological implica-
tions, the mechanisms by which chronic exposure to fatty
acids increases UCP2 expression in pancreatic β-cells have
not been completely characterized, and in addition to SREBP
proteins, PPAR receptors and the G protein-coupled receptor
GPR40 could be implicated.

All PPAR subtypes are expressed in pancreatic β-cells
[98]. Although their roles in β-cell function remain poorly
understood, several lines of evidence suggest that PPARα
may be implicated in the modulation of insulin secretion:
(i) fatty acids stimulate the expression of PPARα and its tar-
get genes in islets [98]; (ii) clofibrate treatment or PPARα
overexpression in INS-1cells induce UCP2 expression, in-
crease fatty acid oxidation, and decrease basal and glucose-
stimulated insulin secretion [99]; (iii) in wild-type mice,
starvation increases islet PPARα and UCP2 expression, which
may contribute to decreased insulin secretion, whereas fasted
PPARα null-mice display increased plasma insulin levels
and enhanced glucose-induced insulin secretion [100]. Thus,
pancreatic PPARα signaling appears to be significant “in
vivo” and, when PPARα is activated due to elevated fatty acid
levels, as in obesity, it may contribute to glucose intolerance
and β-cell dysfunction.

Contradictory data have been reported on the effects of
PPARγ on UCP2 expression in β-cells. It has been described
that overexpression of PPARγ causes upregulation of UCP2

expression and suppresses glucose-stimulated insulin secre-
tion [101]. In contrast, the increase in UCP2 expression in-
duced by chronic exposure of pancreatic islets to palmitate
is prevented by addition of rosiglitazone, and this treatment
also normalizes insulin secretion [102]. No direct binding of
PPARγ to the enhancer in the mouse UCP2 gene has been
observed. Thus, the effects on UCP2 expression may be pro-
duced by indirect mechanisms [88].

GPR40 has been recently identified as a G protein-
coupled receptor selectively expressed in β-cells and activated
by fatty acids. GPR40-null mice develop neither hyperin-
sulinemia nor glucose intolerance when challenged with a
chronic high-fat diet. In contrast, transgenic mice overex-
pressing GPR40 in β-cells are glucose intolerant and show
impaired glucose-stimulated insulin secretion. In addition,
in pancreatic islets of these mice, the mRNA levels of PPARα,
SREBP1c, and UCP2 are increased. Thus GPR40 may play
a key role in the development of diabetes and could be im-
plicated in the upregulation of PPARα signaling in insulin-
resistant conditions [103].

PPARS AND UCP GENE EXPRESSION IN THE LIVER

The liver is the organ in which expression of UCPs is the low-
est, in basal conditions. Only minor expression of UCP2 can
be detected in the adult liver, and it is mainly due to high
expression in Kupffer cells [104]. However, in situations of
metabolic stress, UCP2 expression is induced in the liver, and
enhanced expression appears mainly in hepatocytes [105].

Increased UCP2 mRNA expression in the liver has been
reported in response to starvation, but also in obese, leptin-
deficient conditions, and in rodents treated with a high-fat
diet [35, 106, 107]. However, the increase in UCP2 expression
is not necessarily related to obesity and insulin resistance,
as a high fish-oil diet, which does not result in significant
weight gain, is more effective in increasing UCP2 levels than
is a high safflower oil-based diet [108]. Thus, it has been sug-
gested that fatty acids might be key factors determining the
control of UCP2 expression in the liver, regardless of whether
they are associated with high lipolysis in situations of starva-
tion or the opposite, high fatty acid levels as in obesity. PPAR
signaling is a candidate for mediation of this regulation. In
fact, PPARα expression increases in the liver during fasting
[35] and in several models of murine obesity [106]. Chronic
treatment of rodents with PPARα agonists such as fenofi-
brate or Wy 14643 increases hepatic UCP2 mRNA expression
[105–108]. UCP2 mRNA levels are also upregulated in cul-
tured hepatocytes in response to polyunsaturated fatty acids,
Wy 14643 or fenofibrate [105, 109]. However, there is some
data suggesting the existence of signaling mechanisms other
than through PPARα. For instance, the increase in liver UCP2
expression induced by starvation is preserved in PPARα-null
animals [35]. It has been suggested that PPARδ may con-
tribute to the regulation of UCP2 gene expression in PPARα-
deficient mice [110]. Regulation via PPARγ must be also con-
sidered as UCP2 is induced by the PPARγ activator troglita-
zone in cultured hepatocytes. However, the PPARα activa-
tor Wy 14643 was a more powerful inducer of UCP2 gene
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expression in hepatic cells [109]. Despite the very low ex-
pression of PPARγ in the liver under basal conditions, it is
increased in obesity, in insulin resistance, and after a high-
fat diet [106, 107]. PPARγ is highly expressed in liver from
PPARα null-mice fed a high-fat diet, and this is associated
with an induction of UCP2 gene expression [107]. Moreover,
adenoviral-induced overexpression of PPARγ in the liver of
PPARα null-mice causes a dramatic increase in UCP2 mRNA
levels [107]. Thus, the available data suggests a major role
for PPARα in the regulation of UCP2 expression in the liver
whereas, in some particular pathophysiological situations,
additional pathways may be involved; mainly PPARδ and
PPARγ as well as possibly other transcription factors.

Among UCP gene regulation in the liver, most attention
has been focused in UCP2, as other UCP genes are silent
in this tissue. However, it has been described that chronic
fenofibrate administration to mice or rats induces “de novo”
UCP3 expression in the liver [108, 111]. Recently, it has been
demonstrated that the appearance of UCP3 transcripts is ac-
companied by the presence of the UCP3 protein in the mi-
tochondrial fraction. In fact, genes involved in fatty acid oxi-
dation and preferentially expressed in muscle, such as carni-
tine palmitoyl-transferase I-b, are also induced in the liver
as a consequence of fenofibrate treatment [112]. Interest-
ingly, although this treatment also upregulates UCP2 mRNA
levels, UCP2 protein was not detectable, most likely due to
the presence of an inhibitory post-translational mechanism.
Thus, in the absence of UCP2 protein, the uncoupling effects
detected in liver mitochondria after fenofibrate treatment
are presumably attributable to UCP3 [112]. The results of
chronic fenofibrate treatment stress the importance of post-
translational mechanisms of regulation of UCP2 gene ex-
pression in the liver, in agreement with previous reports in
other systems [113].

CONCLUSIONS AND PERSPECTIVES

Intensive research efforts over recent decades have estab-
lished that PPARs are major controllers of UCPs gene ex-
pression. Different PPAR subtypes are preferentially involved
in the control of each UCP gene depending on the UCP
gene or the main tissue of expression. The control of UCPs
genes by PPAR subtypes either provides tissue-specific reg-
ulation of UCPs gene transcription, as seen in UCP1 con-
trol by PPARγ, or regulates the responsiveness of UCPs genes
to metabolic challenges, as seen in the control of the UCP3
gene by PPARα and PPARδ in the muscle and heart. The pre-
cise identification of mechanisms or PPAR subtypes involved
in the control of UCP genes may be of utmost relevance in
the foreseeable pharmacological approaches aimed at influ-
encing metabolic disturbances involving skeletal muscle (ie,
UCP3 gene control) or at modulating pancreatic insulin se-
cretion (ie, UCP2 control in the pancreas). This research can
be expected to have a high impact in the near future in rela-
tion to obesity and metabolic syndrome. Other issues poorly
explored to date, as for instance the role of PPAR-dependent
regulation of UCP2 gene expression in macrophages, cells ex-
pressing high levels of UCP2 [114] and highly sensitive to

PPARs [115], would be important to further establish the
mechanisms of PPAR action in inflammatory processes, in-
cluding the chronic inflammation present in obesity. A new
transgenic mouse model with a specific deletion of PPARγ in
macrophages has already been developed [116] which may
be useful in exploring the role of PPARγ in this cell type. We
should expect much new data in the next years on the role of
PPAR subtypes in obesity and metabolic syndrome, and on
the role of disturbances in PPAR-mediated control of UCPs
gene expression in these pathologies.
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1. INTRODUCTION

The nuclear receptor (NR) family of transcription factors
(also referred to as the steroid/thyroid hormone receptor su-
perfamily) is quite large with approximately 150 proteins.
This large superfamily may be categorized into three sub-
groups: classic hormone receptors such as the glucocorti-
coid, estrogen, retinoic acid, thyroid hormone, and vita-
min D receptors; “sensor” receptors such as the peroxisome
proliferator-activated receptors (PPARs), the liver X receptor
(LXR), the farnesol X receptor (FXR), and the retinoid X re-
ceptor (RXR); and orphan receptors such as apolipoprotein A-
I regulatory protein-1 (ARP-1) and chicken ovalbumin up-
stream promoter transcription factor (COUP-TF). In gen-
eral, these categories describe characteristics of ligand bind-
ing to these receptors. Ligands specific for the orphan recep-
tors, if any exist at all, have not been identified to date. Clas-
sic hormone receptors bind specific ligands with high affin-
ity. On the other hand, a broad range of lipophilic molecules
is thought to bind to the “sensor” receptors, generally with
broader specificity and lower affinity as compared to hor-
mones that bind to the classical hormone receptors. The ma-
jority of the members of this family regulates transcription

of target genes by binding as homodimers or heterodimers
to specific DNA sequences, called hormone response ele-
ments (HREs) or nuclear receptor responsive elements (NR-
REs). For the classic hormone receptors and the sensor re-
ceptors, ligand binding induces (or stabilizes) DNA binding
and modulation of target gene transcription [1].

RXR is considered “promiscuous” because it forms het-
erodimers with several other family members that can be fur-
ther classified as permissive or nonpermissive binding part-
ners. Heterodimers formed by RXR and permissive binding
partners (PPARs, LXR, and FXR) can be activated by RXR-
specific ligands or by ligands specific for the binding part-
ner. Heterodimers formed by RXR and nonpermissive part-
ners (vitamin D and thyroid hormone receptors) can only be
activated by ligands specific for the partner, but not by lig-
ands specific for RXR [1]. However, recent evidence suggests
that the concept of NR “permissivity” may require reexami-
nation. For example, RXR has been considered a silent part-
ner in the RXR:TR heterodimer, yet recent data indicate that
this is not always true and the ability of RXR to influence
the activity of the heterodimer may depend on factors such
as tissue specificity, the cellular environment, or the ability
of various RXR ligands to recruit coactivator or corepressor
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complexes to the region of the NRRE [2–4]. On the other
hand, the activity of the RXR:FXR heterodimer, previously
considered permissive, has recently been shown to be antag-
onized by ligand binding to RXR. These findings have led
to the term “conditionally permissive” in describing NR het-
erodimers containing RXR [5].

Recent reviews have highlighted the important role of
transcription and various transcription factor families, in-
cluding the NRs, in the regulation of intermediary me-
tabolism [1, 6]. Shulman and Mangelsdorf [7] recently re-
viewed literature demonstrating that the metabolic syn-
drome could be treated by altering the activity of NR het-
erodimers containing RXR and partners PPAR, LXR, FXR,
and TR by using ligands specific for PPAR, LXR, FXR, and
TR. The aim of our review, on the other hand, is to sum-
marize available data suggesting that the metabolic syn-
drome could potentially be treated by altering the activity
of RXR homo- and heterodimers with rexinoids, a class of
compounds that bind selectively to RXR. We begin with an
overview of the metabolic syndrome, its strong association
with obesity and type 2 diabetes, and its prevalence. We then
focus on the metabolic effects and potential therapeutic use
of RXR-selective ligands. The last section discusses the util-
ity and safety of these compounds for the treatment of the
metabolic syndrome.

2. THE METABOLIC SYNDROME

The metabolic syndrome (also called metabolic syndrome
X, syndrome X, insulin resistance syndrome, insulin resis-
tance/hyperinsulinemia syndrome, or metabolic cardiovas-
cular syndrome) has been extensively reviewed (see [8–11]
and references therein). Briefly, insulin resistance is associ-
ated with a cluster of metabolic abnormalities that increases
the risk for type 2 diabetes, cardiovascular and renal dis-
eases, as well as some forms of cancer [8]. This cluster of
metabolic abnormalities is strongly associated with obesity,
predominantly visceral (abdominal) obesity, and physical
inactivity and includes the following: some degree of im-
paired glucose homeostasis, atherogenic dyslipidemia, hy-
pertension, an enhanced procoagulant state, and increased
expression of inflammatory markers. The relationship be-
tween obesity, insulin resistance, and cardiovascular disease,
recently reviewed by Reaven et al. [9] and Grundy [10], is
complicated, exemplified by the fact that not all overweight
or obese individuals develop insulin resistance and its associ-
ated metabolic abnormalities. However, there is little doubt
that the increasing prevalence of overweight and obesity is
a fundamental contributor to the rising prevalence of the
metabolic syndrome (insulin resistance) and type 2 diabetes
[12–14].

In a recent review, Reaven [8] differentiated the terms
“insulin resistance syndrome” and “metabolic syndrome.”
The insulin resistance syndrome, according to Reaven, is a
term used to describe a cluster of metabolic abnormalities
and related outcomes that occur more commonly in insulin-
resistant/hyperinsulinemic individuals, and is not meant to
identify a specific clinical entity, nor does it refer to a specific

clinical diagnosis. On the other hand, the term “metabolic
syndrome” is more often considered a diagnostic tool use-
ful in the clinic for identifying individuals, presumably in-
dividuals who are insulin-resistant, who are at increased risk
for cardiovascular disease and other associated outcomes. In-
deed, in an effort to standardize the diagnostic criteria for the
metabolic syndrome, definitions have recently been put forth
by multiple national and international organizations: WHO
[15, 16], ATP III [17], ACE [18], IDF [19]. The definitions are
summarized in Table 1, and their utility and limitations have
been compared elsewhere [20]. The clinical measures used
in the definitions of the “metabolic syndrome” are typically
tests that are feasible and realistic for routine clinical practice.
Using the ATP III criteria, the prevalence of the metabolic
syndrome has continued to increase among US adults from
28.0% as reported in the NHANES III (1988–1994) to 31.9%
in the NHANES 1999-2000 [21]. Most importantly, a re-
cent 2004 analysis revealed that the prevalence of metabolic
syndrome in US children and adolescents reached 38.7% in
moderately obese children and 49.7% in severely obese chil-
dren [22]. These data are sobering in light of the preva-
lence of metabolic syndrome reported in adolescents from
NHANES III (1988–1994), 6.8% among overweight adoles-
cents and 28.7% among obese adolescents [23].

Although the definitions for the clinical diagnosis of the
metabolic syndrome continue to evolve, researchers and clin-
icians agree on the fundamental concept of the insulin resis-
tance/metabolic syndrome as a cluster of metabolic derange-
ments that increase risk for type 2 diabetes, cardiovascular
disease, renal disease, and other associated outcomes.

3. THE RETINOID-X-RECEPTOR

The NR family of transcription factors has been extensively
reviewed [1]. Briefly, there are 3 RXR isotypes: RXRα, RXRβ,
and RXRγ. Each isotype is encoded by a distinct gene, and
each gene is capable of generating at least 2 distinct tran-
scripts due to alternative promoter utilization and alterna-
tive splicing. The isotypes exhibit different patterns of tissue-
specific expression. RXRα is expressed in liver, kidney, spleen,
placenta, and the epidermis; RXRβ is expressed ubiquitously;
and RXRγ is expressed in skeletal muscle and cardiac muscle,
the anterior pituitary, and to a lesser extent in brain. Impor-
tantly, the pattern of tissue-specific expression varies widely
during development. The homology of the isotypes suggests
that these receptors regulate common target sequences and
respond to common ligands [24, 25].

Consistent with other members of the NR family, each
of the RXR isotypes has a modular domain structure [1, 24–
26]. The most highly conserved region, region C, is the DNA-
binding domain containing 2 zinc finger motifs, the hallmark
characteristic of members of this transcription factor fam-
ily. Region E, the second most conserved region, contains
the ligand binding domain (LBD), the primary dimerization
domain, and the ligand-dependent transcriptional activa-
tion function (AF-2). Furthermore, the LBD is the region of
the receptor that binds transcriptional corepressor or coac-
tivator complexes that mediate the effect of the receptor on



J. A. Pinaire and A. Reifel-Miller 3

Table 1: Comparison of definitions of the metabolic syndrome.

Metabolic parameter WHO [15, 16] ATP III [17] ACE‡ [18] IDF [19]

Elevated TG (mg/dL) ≥ 150 ≥ 150 ≥ 150
≥ 150 or treatment
for elevated TG

Low HDL-C∗ (mg/dL)
< 39 (female)
< 35 (male)

< 50 (female)
< 40 (male)

< 50 (female)
< 40 (male)

< 50 (female) < 40 (male) or
treatment for low HDL-C

Elevated blood pressure
(mm Hg)

≥ 140/90 ≥ 130/85 ≥ 130/85
≥ 130/85 or treatment for
previously diagnosed HTN

Elevated fasting
glucose (mg/dL)

— ≥ 110
110–125 ≥ 100 or previously

diagnosed diabetes

Elevated 2-hour post-
challenge glucose (mg/dL)

— — > 140 —

Waist circumference∗

(cm)
—

> 88 (female)
> 102 (male)

— —

Waist-to-hip ratio∗
> 0.85 (female)
> 0.90 (male)

— — —

High BMI > 30 kg/m2 —

Obesity is included in a list
of factors that increase the
likelihood of insulin
resistance∗∗

—

Microalbuminuria
≥ 20 μg/min or
albumin-to-creatinine
ratio ≥ 30 mg/g

— — —

Definition

Diabetes, impaired
fasting glucose, impaired
glucose tolerance, or
insulin resistance plus 2
or more of the above

Three or more of
the above

Risk factors∗∗ plus two or
more of the above

Central obesity
(ethnic-specific cut points)
≥ 94 cm (female) ≥ 80 cm
(male) plus two or more of
the above

Table modified from [12, 21]. Abbreviations: WHO, World Health Organization; ATP III, National Cholesterol Education Program Adult
Treatment Panel III; ACE, American College of Endocrinology; IDF, International Diabetes Federation; HTN, hypertension.
‡ ACE uses term “insulin resistance syndrome”
∗Gender-specific parameters
∗∗Risk factors include overweight (BMI > 25 kg/m2 or waist circumference > 40 inches for men and > 35 inches for women), sedentary
lifestyle, age > 40 years, non-Caucasian, family history of type 2 diabetes, hypertension, or cardiovascular disease, and personal history of
polycystic ovarian syndrome, gestational diabetes, acanthosis nigricans, or nonalcoholic steatohepatitis.

transcription. The N-terminal A/B region contains a ligand-
independent transcriptional activation function (AF-1). The
D region is the hinge domain, allowing the DNA binding
domain and the LBD to rotate. RXR homodimers and het-
erodimers bind to DNA targets comprised of 2 consensus
hexamer motifs, or half sites, such as PuG(G/T)TCA(X), sep-
arated by a short spacer. The arrangement of these half sites
and the length of the spacing between them determine the
specificity of the response elements for RXR homo- or het-
erodimers [1, 24–26].

RXR has been shown to have diverse physiological func-
tions using RXR knockout (KO) mouse models (reviewed in
[24, 25]). Loss of RXRα results in much more severe pheno-
type than the loss of either RXRβ or RXRγ. Loss of RXRα
function in the mouse germ line results in embryonic lethal-
ity (E13.5–16.5) due to defects of the cardiac ventricles and
placenta, as well as ocular abnormalities. Additional func-
tions of RXRα have been identified when the receptor has
been selectively deleted from specific tissues in mature an-
imals. Loss of RXRα function in adipose tissue results in

altered preadipocyte differentiation and resistance to obe-
sity, though this is thought to be attributable to the ab-
sence of functional RXRα/PPARγ heterodimers in adipose
tissue. Loss of RXRα function in skin results in multiple
phenotypic characteristics such as alopecia, hair follicle de-
generation, and dermal cysts, and although some of these
phenotypic characteristics are similar to the loss of func-
tion of the vitamin D receptor (VDR−/−), there are ab-
normalities in epidermal proliferation and differentiation
in the RXRα−/− model that are not accounted for in the
VDR−/− model. Loss of RXRα in the liver perturbs multi-
ple metabolic pathways mediated by LXRα, PPARα, CARβ,
PXR, and FXR. Interestingly, many, but not all, of the de-
fects in lipid metabolism in liver-specific RXRα−/−mice are
similar to those in LXR−/−mice, suggesting that RXRα:LXR
plays an important role in hepatic lipid metabolism. The
phenotype of RXRα−/− in liver also shows similarities to
PPARα−/−mice, suggesting that the phenotype in each is at-
tributable to a loss of functional RXRα:PPARα heterodimers.
Furthermore, when RXRα is absent in the liver of adult mice,
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the regenerative capacity of hepatocytes is impaired, and the
hepatocytes have a shorter lifespan compared to wild-type
animals. Absence of RXRα in prostate produces a marked al-
teration in the profile of secretory proteins as well as preneo-
plastic lesions (reviewed in [24, 25]).

Loss of either RXRβ or RXRγ in the mouse germ line is
not embryonic lethal. Approximately 50% of RXRβ−/−mice
die before or at birth, but the animals that do survive appear
to be normal except that the males are sterile. RXRγ−/−mice
develop normally and appear similar to wild-type animals,
except they have higher serum T4 and TSH levels and higher
metabolic rates compared to wild-type animals (reviewed in
[24, 25]).

Because RXR has been shown to play a role in diverse
physiological processes including cell proliferation, differen-
tiation, and apoptosis and metabolism, RXR isotypes have
been referred to as “master regulators” [24, 25]. Therefore,
compounds that alter the activity of RXR also have the po-
tential to alter multiple physiological and metabolic path-
ways, with the potential of both beneficial and deleterious
effects. Indeed, in animal models of insulin resistance and di-
abetes, rexinoids have been shown to have beneficial glucose-
lowering, insulin-sensitizing, and antiobesity effects, while at
the same time raising triglyceride (TG) levels and suppress-
ing the thyroid hormone axis, side effects that have limited
the development of these compounds as therapeutic agents
for the treatment of type 2 diabetes and insulin resistance. In
the following sections we review the metabolic effects of four
different rexinoids, one of which is a selective RXR modula-
tor.

4. EFFICACY OF REXINOIDS AS
THERAPEUTIC AGENTS

4.1. LGD1069 (Bexarotene; Targretin, Ligand
Pharmaceuticals Inc., Calif, USA)

LGD1069 was the first compound found to be a potent and
highly specific ligand for RXR [27]. LGD1069 has poor bind-
ing affinity for RAR isoforms α, β, or γ (Kd >1000 nM for
all isoforms). On the other hand, LGD1069 binds with high
affinity to RXR α, β, and γ: Kd values are 14± 3, 21± 4, and
29 ± 7 nM, respectively, see [28]. LGD1069 is used clinically
for the treatment of cutaneous T-cell lymphoma, though its
use for treating other cancers is currently being investigated
[29]. LGD1069 has been shown to lower glucose and insulin
levels in the ob/ob mouse to degrees similar to rosiglitazone
(ROSI) [30]. At 53 days of age, the average fasting glucose
and insulin concentrations in ob/ob mice are 262 mg/dL and
12–18 ng/ml, respectively. Over the course of 2 weeks, this
hyperglycemia and hyperinsulinemia continues to worsen.
Treatment of 53-day old female ob/ob mice with LGD1069
resulted in a 45% reduction of fasting plasma glucose (55%
reduction with ROSI) and a 30% reduction of fasting plasma
insulin (15% reduction with ROSI) [30]. Most of the pub-
lished data regarding LGD1069 describes effects on lipids and
TG, and that data is reviewed in following sections.

4.2. LG100268

As a selective ligand for RXR, LG100268 (LG268) has poor
binding affinity for RAR isoforms α, β, or γ (Ki >1000 nM
for all isoforms). On the other hand, LG268 binds with high
affinity to RXR α, β, and γ: Ki values are 3.2, 6.2, and 9.7 nM,
respectively, see [31].

4.2.1. Effects on glucose and insulin resistance

LG268 has also been shown to lower glucose and insulin
levels in the ob/ob mouse. Treatment of 53-day old female
ob/ob mice with LG268 for 2 weeks resulted in a 48% reduc-
tion of fasting plasma glucose (55% reduction with ROSI)
and a 59% reduction of fasting plasma insulin (15% reduc-
tion with ROSI) [30]. A glucose/insulin tolerance test showed
significant reductions of both the area under the glucose
curve and the area under the insulin curve with LG268, and
insulin resistance was reduced approximately 75% [30].

By the age of 16 weeks, the C57BL/KsJ strain of db/db
mice demonstrates a number of characteristics of progressed
type 2 diabetes and pancreatic β-cell dysfunction; compared
to 6-week old animals, serum insulin levels are nearly 10-
fold lower and serum glucose levels and glycohemoglobin are
nearly doubled. Serum glucose, glycohemoglobin, and fib-
rinogen, commonly elevated in insulin resistance, were re-
duced similarly by ROSI and LG268, and insulin content
in pancreatic islets increased significantly with both com-
pounds. The effects of ROSI and LG268 on body and or-
gan weights were compared. Between weeks 14 and 16, mean
body weight change in vehicle-, ROSI-, and LG268-treated
animals was −2.7, +3.2, and +0.5 grams, respectively. Un-
like ROSI, LG268 did not induce adipose tissue hypertrophy.
Furthermore, LG268 produced several effects on the liver not
observed with ROSI: hepatomegaly, increased peroxisome
number, fatty infiltration, and induced expression of mi-
crosomal lauric acid hydroxylase. Therefore, compared with
ROSI, LG268 had very similar effects on glucose-lowering,
pancreatic insulin content, and serum fibrinogen levels, but
distinctly different effects on body weight and liver, effects
likely mediated via the RXR:PPARα pathway [32].

To further distinguish the mechanism of rexinoids as
glucose-lowering and insulin sensitizing compounds from
that of TZDs, Ahuja et al. examined the effect of LG268 on
mRNA levels of three TZD-inducible genes shown to con-
tain a PPRE for the RXR:PPARγ heterodimer: mitochondrial
carnitine palmitoyl transferase (MCPT), steroyl coenzyme A
desaturase 1 (SCD1), and fatty acid translocase (FAT). Mes-
sage levels were compared in adipose tissue, skeletal muscle,
and liver. To summarize, both compounds induced mRNA of
all three genes: ROSI induced message levels in adipose tis-
sue and LG268 induced the mRNAs in liver. The compounds
had similar actions in skeletal muscle. Similar to what was re-
ported by Lenhard et al. [32], ROSI and LG268 have similar
effects on glucose-lowering, though their mechanisms may
be quite distinct. The authors concluded that rexinoids do
not function as simple “TZD mimetics” in vivo, as previ-
ously suggested, and though the RXR:PPAR heterodimer has
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been shown to be permissive using in vitro transfection ex-
periments with synthetic reporter constructs, rexinoids have
a pharmacological profile distinct from TZDs [33].

To further investigate how rexinoids and TZDs differ in
mediating their glucose-lowering and insulin-sensitizing ef-
fects, Shen et al. compared the effects of ROSI and LG268
on insulin signaling in muscle of db/db mice [34]. As re-
ported by the other studies, ROSI and LG268 had similar ef-
fects on glucose-lowering. However, ROSI and LG268 were
demonstrated to have distinctly different effects on compo-
nents of the insulin signaling pathway in muscle. In quadri-
cep, neither compound had any effect on insulin receptor
mRNA or protein levels, or on insulin receptor tyrosine
phosphorylation. However, while ROSI increased expression
(mRNA and protein) of c-Cbl-associated protein (CAP),
LG268 induced insulin-stimulated tyrosine phosphorylation
of the insulin receptor substrate-1 (IRS-1). In extensor dig-
itorum longus (EDL) muscle, ROSI induced both basal and
insulin-stimulated tyrosine phosphorylation of C-Cbl, while
LG268 induced insulin-stimulated Akt phosphorylation. In
addition, LG268 suppressed IRS-1 Ser307 phosphorylation,
which has been implicated in insulin resistance. Taken to-
gether, these data provided clear evidence that TZDs and rex-
inoids exert their effects through different mechanisms. In
muscle, TZDs mediated their effects through the CAP/c-Cbl
pathway, and rexinoids exerted their effects through the IRS-
1/Akt pathway, suggesting that LG268 does not mediate its
effects in muscle via binding to the RXR:PPARγ heterodimer.
Although LXR ligands have effects similar to rexinoids, the
authors point out that this too is unlikely because LXR lig-
ands had no effect on Akt phosphorylation in these animals.
Therefore, the authors speculate that LG268 may mediate
its effects in muscle through PPARα or PPARδ, or possibly
through the RXR:RXR homodimer [34].

4.2.2. Effects on obesity

Three studies using the Zucker fatty rat model have demon-
strated antiobesity effects of rexinoids [35–37]. Emilsson et
al. compared the effects of ROSI and LG268 on food con-
sumption, body weight, and the expression of uncoupling
protein (UCP) isoforms UCP-1, UCP-2, and UCP-3 [37].
ROSI significantly increased food consumption, but had no
significant effect on body weight change. In contrast, LG268
significantly decreased food consumption and body weight.
UCP-1 mRNA in brown adipose tissue (BAT) was signifi-
cantly induced by LG268, but not by ROSI. Neither ROSI nor
LG268 had any effect on UCP-2 mRNA in BAT, white adipose
tissue (WAT), muscle, or brain. UCP-3 mRNA was induced
by ROSI and LG268 in BAT and WAT, but in muscle only
ROSI induced UCP-3. Thus, in the Zucker fatty rat, rexinoids
have antiobesity effects, whereas TZDs do not. Furthermore,
the authors speculated that LG268 may promote thermogen-
esis due to the upregulation of UCP-1 in BAT [37].

To further investigate the mechanisms underlying the an-
tiobesity effects of rexinoids, Ogilvie et al. [36] evaluated
body weight and cumulative food consumption over 42 days
in female Zucker fatty rats treated with ROSI or LG268.

LG268 significantly reduced body weight and cumulative
food consumption whereas ROSI increased both body weight
and consumed food. Body composition analysis revealed that
ROSI increased fat mass, but LG268 reduced fat mass in both
fatty and lean animals. Neither compound had an effect on
lean body mass. The effects of ROSI and LG268 on adipogen-
esis and apoptosis in subcutaneous and mesenteric (ovarian)
fat were compared. In ovarian fat, there was no difference
between ROSI and LG268 in their effects on apoptosis and
adipogenesis. In contrast, in subcutaneous fat, LG268 more
strongly induced apoptosis and was a weaker inducer of adi-
pogenesis compared with ROSI, suggesting that the LG268-
mediated reduction of fat mass was at least in part due to
increased apoptosis in subcutaneous adipose tissue. To deter-
mine whether decreased food consumption and body weight
observed with LG268 treatment was due to adverse toxico-
logical effects, dynamic feeding behavior before, during, and
after treatment with LG268 was examined. The authors hy-
pothesized that if LG268 had adverse toxicological effects, the
animals would forgo meals (decreased meal frequency); on
the other hand, if LG268 truly had antiobesity properties,
the animals would become satiated after consuming less food
(decreased food consumption). Indeed, LG268 was associ-
ated with decreased meal size. Finally, because RXR is present
in hypothalamic satiety centers, the authors tested whether
LG268 acts centrally in the brain. Injection of LG268 directly
into the cerebral ventricles produced reductions of cumula-
tive body weight gain and daily food consumption similar to
that observed with oral administration of LG268, suggesting
that LG268 mediated its antiobesty effects through the cen-
tral nervous system. Most surprising was the observation that
the TG-raising effect of LG268 (discussed in greater detail be-
low) was abolished with ICV administration. These observa-
tions led the authors to conclude that LG268 not only reg-
ulates feeding behavior and body weight in a manner com-
pletely distinct from TZDs, through the central nervous sys-
tem, but that the antiobesity action of rexinoids may be sep-
arable from its effects on TG [36].

4.3. AGN194204

As a selective ligand for RXR, AGN194204 has poor binding
affinity for RAR isoforms α, β, or γ (Kd > 30 K nM for all
isoforms). On the other hand, AGN194204 binds with high
affinity to RXR α, β, and γ: Kd values are 0.4, 3.6, and 3.8 nM,
respectively, see [38].

4.3.1. Effects on glucose and insulin resistance

Li et al. [39] examined the metabolic effects of AGN194204
in female Zucker diabetic fatty rats (ZFF rats). After being
fed a high-fat diet (48% fat and 16% protein) for 3-4 weeks,
these animals were treated with troglitazone (TROG) or
AGN194204. AGN194204 and TROG had very similar effects
on lowering serum glucose and insulin. A hyperinsulinemic-
euglycemic clamp indicated that the insulin-sensitizing ef-
fects of AGN194204 occurred predominantly in the liver,
while TROG exerted its insulin-sensitizing effect in the liver
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Table 2: Summary of the effects of RXR-specific ligands on glucose, insulin resistance, and obesity.

RXR ligand
Effects on glucose
[references]

Effects on insulin or
insulin resistance
[references]

Effects on body weight
[references]

Effects on insulin signalling [references]

LGD1069 ↓ [30] ↓ [30] No change [30]

LG100268 ↓ [30, 32–34, 40, 41] No change [32]
↓ [30, 33–36, 40]

No change [30, 32, 34]
↓ [35–37, 40]

IRS-1/Akt pathway and decreased
IRS-1 Ser307 phosphorylation in
muscle [34]

AGN194204 ↓ [39] ↓ [39]
No change [42];
↑ [39]

↑ IRS-2 protein expression before and
after insulin treatment; increase in
insulin-stimulated Akt phophorylation in
liver [39]

LG101506 ↓ [40] ↓ [40] No change [40]

and in peripheral tissues. The effects of AGN194204 and
TROG on components of the insulin signaling pathway
in liver and skeletal muscle were compared. In liver,
AGN194204 increased IRS-2 protein levels before and af-
ter treatment with insulin, and increased insulin-stimulated
Akt phosphorylation following insulin treatment. In skele-
tal muscle, TROG stimulated Akt phosphorylation and pro-
duced a small but consistent increase in IRS-1 protein before
and after insulin treatment. These results are consistent with
liver being the primary target of insulin-sensitizing effect of
AGN194204, and with skeletal muscle being an important
target of the insulin-sensitizing effects of TROG.

4.4. LG101506

LG101506 (LG1506) has poor binding affinity for RAR iso-
forms α, β, or γ: Ki values are 2746 ± 395, 3516 ± 420, and
> 10 000 nM, respectively. On the other hand, LG1506 binds
with high affinity to RXR α, β, and γ: Ki values are 3.0± 0.8,
9.0± 1.7, and 11.0± 3.6, respectively, see [40].

4.4.1. Effects on glucose and insulin resistance

Unlike other RXR-selective ligands, LG1506 binding to the
RXR receptor induces a conformation that results in selective
activation of RXR:PPARγ, RXR:PPARα, and RXR:PPARδ,
but not RXR:RAR, RXR:LXR, or RXR:FXR heterodimers
[40]. The glucose-lowering and insulin-sensitizing effects of
LG1506 were comparable to those of LG268 and ROSI in the
female Zucker fa/fa rat. However, when administered as a sin-
gle agent, LG1506 had no significant effect on body weight,
while, as reported previously, body weight was increased with
ROSI and decreased by LG268. When coadministered, how-
ever, LG1506 completely blocked the weight gain observed
with ROSI.

4.5. Summary of the effects of rexinoids on glucose,
insulin resistance, and obesity

The effects of RXR-specific ligands on glucose, insulin re-
sistance, and obesity are summarized in Table 2. Review
of the literature describing the antidiabetic effects of rexi-
noids shows that RXR-selective ligands do not mediate their

glucose-lowering and insulin-sensitizing effects by merely
“mimicking” the effects of TZDs. Initially thought to syner-
gize the actions of TZDs through binding to the RXR compo-
nent of the RXR:PPARγ heterodimer, recent evidence clearly
demonstrates that these two classes of compounds mediate
their actions via distinct mechanisms. Both Shen et al. [34]
and Li et al. [39] have demonstrated that rexinoids and TZDs
act through distinct pathways of insulin signaling. In addi-
tion, while both rexinoids and TZDs remodel adipose tissue,
rexinoids have antiobesity properties whereas TZDs have the
opposite effect. Futhermore, Ogilvie et al. [36] have demon-
strated that the rexinoid LG268 mediates its antiobesity ef-
fects through the central nervous system. While the rexinoid
LG1506 was shown to be weight-neutral when administered
as a single agent in the Zucker fa/fa rat model [40], it com-
pletely blocked weight gain when coadministered with ROSI.
Therefore, compared to TZDs, glucose-lowering, insulin-
sensitizing agents currently used for the treatment of insulin
resistance and type 2 diabetes, the rexinoids, with further de-
velopment, may eventually offer the advantage of promoting
weight loss, though being weight-neutral would be an advan-
tage over TZDs. Furthermore, if rexinoids were to be used in
combination with TZDs, this may offer even greater efficacy
and limit the weight gain characteristic of TZDs.

5. SAFETY OF REXINOIDS AS THERAPEUTIC AGENTS

5.1. Elevation of triglyceride levels

Plasma triglyceride levels are maintained at normal levels in
fasted animals due to the established equilibrium between
the rate of hepatic secretion of very low density lipoproteins
(VLDL) versus the rate of VLDL clearance. VLDL particles
are cleared by lipoprotein lipase (LPL) activity present in the
tissue vascular beds and hepatic lipase present in the liver
[43].

Hypertriglyceridemia was initially seen in patients receiv-
ing retinoic acid isomers that are known to activate both
RARs and RXRs. Administration of RAR-specific retinoids
results in hypertriglyceridemia in rodents [44] and in hu-
mans [45]. Similarly, patients in a phase I clinical trial for ad-
vanced cancer treated with the RXR-selective agonist LG1069
experienced elevated triglyceride levels [46, 47].
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5.2. LGD1069

Recent studies have investigated the physiological and mo-
lecular bases of the hypertriglyceridemia associated with
LGD1069 treatment [41, 48, 49]. Treatment of ZDF rats with
a broad range of LGD1069 doses (0.3, 1, 3, 10, or 30 mg/kg)
for 14 days produced a nearly linear dose-dependent in-
crease in serum TG levels, with no change in total choles-
terol levels. Lipoprotein profile analysis revealed no signifi-
cant change in the IDL or LDL fractions with LGD1069 treat-
ment, and no significant change in the HDL fraction, though
HDL particles were less heterogeneous and more bulky rela-
tive to control. However, LG1069 significantly increased the
VLDL fraction. The authors investigated whether LG1069 re-
duced VLDL clearance by affecting lipoprotein lipase (LPL).
LPL activity was potently suppressed by LG1069 in heart and
skeletal muscle, with skeletal muscle being the most sensi-
tive. Importantly, this suppression of LPL activity in skele-
tal muscle and cardiac tissue did not correspond to reduced
LPL mRNA levels, as LG1069 had no effects on LPL mRNA
levels in either tissue. On the other hand, LG1069 had no ef-
fect on LPL mRNA or activity in adipose tissue. The authors
proposed that the hypertriglyceridemia observed in LG1069-
treated animals was due to elevated VLDL caused by a pri-
mary defect in LPL-dependent catabolism. Furthermore, the
authors speculated that skeletal muscle in particular may be
an important rexinoid target tissue [41].

In contrast, when Ouamrane et al. [48] treated male
C57BL/6J mice with LGD1069 or fenofibrate, no effect of
LGD1069 on serum TG levels was observed. As expected,
fenofibrate decreased serum TG approximately 50%, and
no change in serum cholesterol was observed with ei-
ther treatment. When this experiment was repeated using
age-matched male PPARα-deficient mice (C57BL/6J back-
ground), LG1069 increased serum TG levels approximately
3-fold and the TG-lowering effect of fenofibrate was abol-
ished. To further examine the involvement of PPARα in the
effects of LGD1069, the ability of LGD1069 to induced hep-
atomegaly was examined, as was the ability of LGD1069 to
induce mRNA of genes known to be responsive to peroxi-
some proliferators (PPs): CYP4A (cytochrome P450 4A) and
PDK4 (pyruvate dehydrogenase kinase 4). In wild-type an-
imals, LG1069 and fenofibrate induced CYP4A mRNA and
hepatomegaly. In PPARα-deficient animals, the ability of fen-
fibrate to induce hepatomegaly was lost while the ability of
LG1069 to induce hepatomegaly remained intact, though
both fenofibrate and LG1069 failed to induce CYP4A in liver.
In wild-type animals, LG1069 induced PDK4 mRNA in both
heart and kidney, whereas LGD1069 induced PDK4 mRNA
only in the heart tissue of PPARα-deficient animals. These
observations led the authors to propose that rexinoids such
as LGD1069 mediate their physiological effects through both
PPARα-dependent pathways (induction of CYP4A mRNA in
liver and PDK4 mRNA in kidney) and PPARα-independent
pathways (hepatomegaly and induction of PDK4 mRNA in
cardiac tissue). Still, the exact mechanism explaining why
LGD1069 increased serum TG by 3-fold in the PPARα-
deficient animals and not at all in the wild-type animals

remained unclear. The authors speculated that two separate
pathways may account for the effects of LGD1069 on serum
TG in this animal model: a PPARα-independent pathway
may account for the TG-raising effect of LGD1069, while
a PPARα-dependent pathway would decrease serum TG via
activation of the RXR:PPARα heterodimer. Thus, TG levels
in the wild-type animal would reflect the relative activity of
both pathways [48].

Although LGD1069 elevates serum TG in ZDF rats, very
recent data demonstrate that LGD1069 inhibits atheroscle-
rosis progression in the apolipoprotein E2 knockin (Apo E2-
KI) mouse model [49]. Compared with the Apo E knock-
out (KO) model, which is characterized by isolated hyper-
cholesterolemia, the Apo E2-KI mouse model develops a
mixed dyslipidemia (elevated TG and hypercholesterolemia)
more commonly found in humans. Female Apo E2-KI mice
(C57BL6 background) were fed a Western-style diet (0.2%
cholesterol and 21% fat) supplemented with or without
LG1069 (0.018% wt/wt) for 11 weeks. Oil-Red-O staining
of atherosclerotic lesions in the aorta demonstrated that
LGD1069 treatment significantly reduced lesion area, though
LGD1069 increased plasma TG concentrations over 50%. TG
was associated with the VLDL fraction and LGD1069 pro-
duced a significant reduction of plasma total cholesterol that
correspondeds to a reduction in non-HDL-C (IDL and LDL
cholesterol). LGD1069 significantly decreased plasma Apo
B, though no change in liver Apo B mRNA was observed.
Furthermore, LGD1069 significantly induced LDL receptor
mRNA in liver (approximately 2-fold). LGD1069 was also
shown to significantly decrease intestinal cholesterol absorp-
tion, as evidenced by reduced mRNA levels of Niemann-Pick
C1-Like1 (NPC1L1) and CD13, genes recently identified as
critical components of the intestinal cholesterol absorption
machinery, and ABCA1 in both duodenum and jejunum.
LGD1069 also significantly increased ABCA1 and ABCG1
mRNA levels in the aortic sinus. Peritoneal macrophages
obtained from control Apo E2-KI mice showed signifi-
cant lipid accumulation; however, LGD1069 treatment pre-
vented lipid accumulation in vivo and significantly enhanced
Apo AI- and HDL-mediated cholesterol efflux from these
macrophages in vitro. Although the mechanism(s) through
which LGD1069 exerts these effects remains unclear, the au-
thors suggest that the RXR:LXR pathway may play an impor-
tant role, but emphasize that LGD1069 may selectively oper-
ate through RXR:LXR in a tissue-specific and gene-specific
manners. In contrast to the ZDF rat model [41], these results
suggest that LGD1069-mediated hypertriglyceridemia in the
Apo E2-KI mouse model is countered by a decrease in non-
HDL cholesterol (IDL and HDL), a corresponding increase
in hepatic LDL receptor mRNA, decreased intestinal choles-
terol absorption, and increased Apo A- and HDL-dependent
cholesterol efflux [49].

5.3. LG100268

Studies of the effects of LG268 on TG are difficult to interpret
due to conflicting results. Studies using db/db mice showed
that LG268 lowers TG [30, 32, 34, 50] while a study using
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ZDF rats showed that LG268 increases TG [41]. Mukherjee
demonstrated that gemfibrozil and LG268, as single agents,
significantly reduced plasma TG, while coadministration
produced an additive reduction. Similarly, genfibrozil and
LG268 each increased plasma HDL-C levels, while coadmin-
istration produced an additive increase. The authors con-
cluded that the RXR:PPARα heterodimer was the common
target of genfibrozil and LG268 in TG-lowering and HDL-
raising [50]. In a separate study, Mukherjee et al. [30] sug-
gested that the RXR:PPARγ heterodimer was the common
target of ROSI and LG269 in TG-lowering. ROSI and LG268,
as single agents, significantly reduced serum TG, though
coadministration produced an additive decrease [30]. In
contrast, Lenhard et al. reported that although ROSI and
LG268 displayed similar effects on reducing serum glucose
and glycohemoglobin in db/db mice with progressed pan-
creatic β-cell dysfunction, LG268 lowered TG, but not as po-
tently as ROSI [32]. This suggested that the TG-lowering ef-
fects of LG268 in these animals were not mediated by the
RXR:PPARγ heterodimer [32]. To further investigate these
discrepant results, Davies et al. [41] treated ZDF rats with
either ROSI or LG100268 for 14 days. ROSI maximally de-
creased serum TG levels at day 3, while LG268 steadily in-
creased TG levels throughout the treatment period. When a
single dose of LG268 was administered to nonobese, non-
diabetic Sprague Dawley rats, after a lag period of 60 min-
utes, serum TG rose rapidly and remained elevated for ap-
proximately 6 hours before returning to normal by 24 hours.
The LG268-mediated TG increase was abolished by pretreat-
ment with actinomycin D. Post-heparin plasma LPL activ-
ity was significantly decreased 3 hours after administration
of the single LG268 dose. To further characterize the effect
of LG268 on LPL activity, C2C12 differentiated mouse my-
ocytes were stably transfected with an LPL expression vector.
In vitro LPL activity was potently suppressed by LG268 and
this suppression was abolished by cotreatment with actino-
mycin D. Furthermore, in vitro LPL activity was not sup-
pressed by WY14,643 or ROSI, suggesting that LG268 me-
diates these effects via pathways distinct from PPARα and
PPARγ [41].

5.4. AGN194204

The rexinoid AGN194204 significantly increased serum TG
concentrations while TROG decreased TG in female Zucker
diabetic fatty rats (ZFF) [39]. A time course examining the
effect of AGN194204 on serum TG demonstrated that TG
levels are induced by AGN194204 approximately 3-fold after
only 1 day of treatment and remain elevated at that level un-
til day 3. By day 7, serum TG levels have begun to decrease
to levels less than 2-fold control. Liver TG content increases
less than 2-fold with AGN194204, and those levels remain
stable throughout a 7-day treatment period. Affymetrix gene
chips were utilized to gain further insight into the metabolic
actions of AGN194204. Mice were treated with vehicle or
AGN194204 and total liver RNA hybridized to the chip. As
described in detail in [39], the data were analyzed using a
web-based expression analysis program. To summarize, two

gene expression networks were found to be significantly al-
tered in response to treatment with AGN194204. One net-
work centered on the increased expression of SREBP-1c and
genes such as FAS, ACO, 3-keto-CoA thiolase, and FABP; the
second network consisted of genes containing G-protein sub-
units coupled to the glucagon receptor as well as to FoxA.
Glucagon receptor mRNA levels in liver did not change in
response to either AGN194204 or TROG treatment, how-
ever, FoxA2 and FoxA3 mRNA levels were significantly re-
duced in liver following treatment with AGN194204. Based
on these findings, the authors speculated that at least one
mechanism explaining AGN194204-mediated hypertriglyc-
eridemia (in addition to the possibility of AGN194204 acti-
vating the RXR:LXR heterodimer) could be the AGN194204-
mediated increase of IRS-2 and decrease of FoxA2 in liver.
FoxA2 increases the expression of fatty acid oxidizing en-
zymes in the liver, and insulin inhibits FA oxidation in part by
sequestering FoxA2 in the cytoplasm. Therefore, AGN194204
treatment would ultimately inhibit fatty acid oxidation and
increase SREBP-1c and other enzymes involved in de novo
TG synthesis.

5.5. LG101506

Compared with LG268, which potently induced TG in
nonobese, nondiabetic Sprague Dawley rats, LG1506 had no
effect on TG levels [40]. TG levels were significantly ele-
vated 2 hours after administration of a single dose of LG268,
whereas TG levels were similar to control 2 hours after treat-
ment with LG1506. In Zucker fa/fa rats, similar results were
observed in that levels that were potently induced by LG268
over a 14-day treatment period, and TG levels were increased,
though not significantly, by treatment with LG1506. Interest-
ingly, the greatest effect of LG1506 on TG levels was observed
at a lower dose of 3 mg/kg, and this effect was most evident
on day 7. This curious observation was further investigated
in lean and obese Zucker rats treated with 1, 3, or 30 mg/kg
LG1506 for 7 days. Indeed, low doses (1 and 3 mg/kg) of
LG1506 induced TG by day 3 in both lean and obese ani-
mals with maximal elevations at day 7, while TG levels after
treatment with higher doses of LG1506 (30 mg/kg) remained
similar to control levels for the duration of the treatment pe-
riod. These findings led the authors to speculate that LG1506
may affect multiple pathways that regulate TG metabolism:
pathways that increase TG levels at low doses of LG1506 and
pathways that oppose the TG-raising effects at higher doses
of LG1506. The authors add that the complexity of the effects
of LG1506 on TG requires further investigation before agents
such as LG1506 can be used for the treatment of insulin resis-
tance and type 2 diabetes, however, progress has been made
in developing RXR-selective agonists that maintain glucose-
lowering properties with the potential to minimize unwanted
side effects.

5.6. Suppression of the thyroid hormone axis

Regulation of thyroid hormone levels is the result of a com-
plex interaction involving the hypothalamic-pituitary-thy-
roid axis. Thyroid-stimulating hormone (TSH), also known
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Table 3: Summary of the effects of RXR-specific ligands on hypertriglyceridemia and suppression of the thyroid hormone axis.

RXR ligand Effects on triglycerides [references] Effects on thyroid hormone axis [references]

LGD1069

No change in PPARα WT mice;
↑ in PPARα−/−mice [48]
↓ [50]
↑ [41, 49]
Human data: ↑ ( [46, 47, 51]; reviewed in [29])

Human data: ↓ ([47, 51, 52]; reviewed in [29])

LG100268

No change [44]
↓ [30, 32, 34, 50]
↑ [36, 40, 41]
Note that [36] shows increased TG with oral
administration but not with
intracerebroventricular administration

↓ [36, 40, 53, 54]
Note that [36] shows thyroid hormone axis
suppression with oral administration but not with
intracerebroventricular administration.
References [53, 54] investigate the mechanism of
suppression of thyroid hormone axis by rexinoids

AGN194204 ↑ [39, 42] ↓ [42]

LG101506

No change in Sprague Dawley rats; ↑ at low
doses and no change at higher doses in
Zucker rats, with effects most evident on day
7 of a 14-day treatment period [40]

No change in either Sprague Dawley or Zucker
rats [40]

as thyrotropin, is a glycoprotein hormone that stimulates de-
velopment of the thyroid gland and also its secretory activity.
Thyrotropin-releasing hormone (TRH) is produced by the
hypothalamus and triggers TSH release from the anterior pi-
tuitary. TSH release is inhibited by negative feedback exerted
by rising blood levels of thyroid hormone acting on both the
pituitary and the hypothalamus. Thyroid hormone is actu-
ally two active iodine-containing hormones, thyroxine (T4)
and triiodothyronine (T3). Thyroxine is the major hormone
secreted by the thyroid gland, with the majority of T3 formed
at the target tissue by conversion of T4 to T3 [55].

The relationship between alterations in thyroid hormone
levels and retinoid administration has been known for many
years. In 1947, Simkins described the use of high doses of vi-
tamin A (retinol) for the treatment of hyperthyroidism [56].
Through extensive conversion in vivo, retinol is modified to
retinaldehyde, all-trans retinoic acid, and finally 13-cis and 9-
cis retinoic acid, which are known to activate genes through
the RAR and RXR pathways. Many years later, central hy-
pothyroidism with significant suppression of serum TSH lev-
els was noted in patients with refractory or persistent early-
stage cutaneous T-cell lymphoma following treatment with
the synthetic RXR-selective retinoid LG1069 [51, 52].

The mechanism for RXR-induced thyroid hormone al-
terations was investigated in preclinical studies using the
RXR-selective ligands, LG268 and AGN194204. After a sin-
gle administration of LG268 to Sprague Dawley rats, a rapid
and statistically significant decrease in TSH levels was seen
acutely, 0.5 to 1 hour after treatment. In contrast, total T3
and T4 levels declined more gradually reaching statistical
significance 24 hours after compound administration. Fur-
ther studies investigating the mechanism for TSH suppres-
sion showed that neither TSHb mRNA nor TSH protein
levels were altered; however, LG100268 treatment reduced
TRH-stimulated TSH secretion by 54% [53]. Similar findings
were seen with another high affinity RXR-selective ligand,
AGN194204. When administrated to female Zucker rats and

nondiabetic littermates, AGN194204 decreased TSH levels by
70–80%, which was followed by a decrease in T3 and T4 lev-
els. In diabetic mice, AGN194204 caused a time-dependent
decrease in TSH levels after one day of treatment proceeding
the fall in T4 levels that was significant at three days after the
initiation of treatment [42]. More recent studies with LG268
in mice and using a thyrotrope-derived cell line showed that
rexinoids directly suppress TSH secretion, TSHβ mRNA lev-
els, and promoter activity, but no direct effect on hypotha-
lamic TRH levels was seen. These studies also demonstrated
that any of the RXR isotypes (α,β, or γ) can mediate TSH
suppression by rexinoids, but the RXRγ isotype is most effi-
cient at mediating this response [54].

5.7. Summary of the effects of rexinoids on
hypertriglyceridemia and suppression of
the thyroid hormone axis

The effects of RXR-specific ligands on hypertriglyceridemia
and suppression of the thyroid hormone axis are summa-
rized in Table 3. By reviewing the literature investigating
the effects of rexinoids on lipids, particularly hypertriglyc-
eridemia, it is clear that these compounds have diverse and
complex effects; furthermore, the ability of rexinoids to
lower or raise TG levels may depend on a number of fac-
tors, including species and strain of the animal model used
and the characteristics of the individual ligand. For exam-
ple, LG1069 increased TG in the ZDF rat [41], had no ef-
fect on TG levels in the C57BL/6J mouse [48], and in-
creased TG levels significantly in the apoE2-KI mouse model
[49]. Interestingly, using the apoE2-KI model, Lalloyerc et
al. demonstrated that LG1609 significantly inhibited the pro-
gression of atherosclerosis despite TG levels being increased
over 50% [49]. In addition to LG1069 significantly reducing
atherosclerotic lesion area in the apoE2-KI model, the rex-
inoid also resulted in a number of additional beneficial ef-
fects on lipid metabolism: significant reduction of non-HDL
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cholesterol, reduction of plasma apoB levels, induction of
hepatic LDL receptors, reduced intestinal cholesterol absorp-
tion, and enhanced apoAI- and HDL-mediated cholesterol
efflux. These findings prompted a rather controversial spec-
ulation by the authors: perhaps elevated TG, long thought to
be an independent risk factor for cardiovascular disease, may
not increase the risk for cardiovascular disease when asso-
ciated with a concomitant decrease in non-HDL cholesterol.
LG268 was shown to consistently lower TG in the db/db mice
model and increase TG in ZDF rat [30, 32, 34, 41, 50]. Li
et al. showed that AGN194204 increased TG levels in ZFF
rats [39], and speculated on the mechanism of AGN194204-
mediated hypertriglyceridemia by using data obtained from
Affymetrix gene chip analysis. Finally, Leibowitz et al. pro-
vided data on LG1506, a selective RXR modulator that pref-
erentially activates RXR heterodimers with PPARα, PPARγ,
and PPARδ [40]. LG1506 was shown to increase TG at low
doses while having no effect on TG levels at higher doses that
are efficacious for the antidiabetic effects of LG1506.

Suppression of the thyroid hormone axis has been ob-
served in patients receiving LG1609 for the treatment of cuta-
neous T-cell lymphoma [51, 52]. The mechanism of LG268-
mediated hypothyroidism was investigated in the rat [53]
and mouse [54]. Sharma et al. [54] report that LG268 ex-
erts multiple effects on the hypothalamic-pituitary-thyroid
axis, and Ogilvie et al. [36] demonstrated that hypertriglyc-
eridemia and suppression of the HPT axis are separable from
effects on body weight and food intake. Whether adminis-
tered orally or ICV, LG268 reduced food intake and body
weight; on the other hand, LG268 only increased TG lev-
els and suppressed total T4 levels when administered orally.
Macchia et al. [42] demonstrated that AGN194204 caused
central hypothyroidism independently of TR, the main me-
diator of hormone-induced TSH suppression. Finally, Lei-
bowitz et al. [40] showed that suppression of the HPT
axis could be minimized with the selective RXR modulator,
LG1506.

6. FUTURE DIRECTIONS

The number of individuals with obesity and type 2 diabetes
is growing at epidemic rates, reaching younger populations
and expanding into newly emerging industrialized nations.
RXR-specific ligands have potent glucose-lowering, insulin-
sensitizing, and antiobesity effects in animal models of obe-
sity, insulin resistance, and type 2 diabetes. As the mecha-
nisms underlying the adverse side effects of the RXR ago-
nists become better understood, the potential to enhance the
beneficial effects and minimize (or even abolish) the nega-
tive side effects of RXR ligands may be feasible. By eliminat-
ing the alterations in the thyroid hormone axis and mod-
ifying the triglyceride liabilities, the selective RXR modu-
lator approach in the example of LG101506 is promising.
More extensive studies are clearly needed, but the global epi-
demic of obesity and type 2 diabetes highlights the opportu-
nity to further explore the therapeutic potential of retinoid
X receptor modulators for the treatment of the metabolic
syndrome.
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1. INTRODUCTION

Peroxisome proliferator-activated receptors (PPARs) are a
subfamily of structurally similar members of the nuclear
hormone receptor superfamily [1]. However, unlike classi-
cal nuclear hormone receptors, PPARs do not bind their lig-
ands with high affinity, but possess a relatively low bind-
ing affinity for unsaturated fatty acids and a broad range
of compounds that includes eicosanoids and their metabo-
lites (notably prostaglandin PGJ2 and leukotriene LTB4) and
synthetic ligands such as fibrates (a drug for treatment of
hyperlipidemia) and thiazolidinediones (TZDs, antidiabetic
drugs). Thus, these receptors are considered to be nutri-
ent sensors that regulate lipid and glucose metabolism in
adipocytes and other metabolically active tissues. PPARs have
also been shown to be involved in a diverse array of non-
metabolic functions including inflammation, tissue repair,
atherosclerosis, and cancer [2–4].

PPARγ is the most highly characterized member of this
subfamily and its regulation by nuclear receptor cofactors
will be the focus of this review. Two major splice variants
have been found; PPARγ1 is expressed in adipocytes, skele-
tal muscle, liver and heart tissue, while PPARγ2 is almost
exclusively found in adipose tissue [5]. Although PPARγ2
may be more adipogenic than PPARγ1 [6, 7], both isoforms

are thought to be essential regulators of adipogenesis [8–
10]. A common model for adipogenesis 3T3-L1 cell dif-
ferentiation into adipocytes is mediated by PPARγ2 [11].
This model has been used extensively to define the rela-
tionship between PPARγ and its cofactors. In addition to
adipogenesis, PPARγ has been shown to play a role in in-
sulin sensitivity, atherosclerosis, inflammation, and cancer
[12, 13].

1.1. Overview of cofactors involved in transcriptional
regulation of PPARγ

PPAR transactivation is induced by ligand-dependent and in-
dependent mechanisms. Ligand-dependent transactivation
is induced by ligand binding to the C-terminal activation
function (AF-2) domain [14]. The role of transcriptional co-
factors in ligand-independent transactivation is poorly un-
derstood and outside of the scope of this review. PPARs form
heterodimers with the retinoid X receptor (RXR) and bind
to PPAR response elements (PPREs) in enhancer sites of reg-
ulated genes [15]. In the absence of ligand, nuclear recep-
tor corepressors bind to these heterodimers and recruit hi-
stone deactylases (HDACs) to repress transcription. Ligand
binding induces a conformational change in the receptor
dimer which excludes corepressors from the complex [16].
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Ligand binding also increases PPAR’s affinity for a number of
coactivators, whose binding facilitates chromatin remodeling
by histone modification and nucleosome mobilization, lead-
ing to the recruitment of the basal transcription machinery
to PPAR target genes [17–19]. The short motif LXXLL, where
L is leucine and X is any amino acid, is necessary for many
coactivators to bind to nuclear receptors [20]. This “NR box”
is found in the majority of nuclear receptor coactivators and
binds to a hydrophobic pocket in the nuclear receptor bind-
ing domain [21].

Cofactors that have been shown to interact directly with
PPARγ to initiate its transactivation include members of the
p160 family of coactivators, which includes SRC-1/NCoA1,
TIF2/GRIP1/NCoA2/SRC-2, and pCIP/ACTR/AIB1/SRC-3
[22]. While having weak histone acetyltransferase (HAT) ac-
tivities, the C-terminal activation domains of p160 proteins
appear to primarily serve as foundations upon which coac-
tivator complexes are assembled. The p160 family of coac-
tivators contains functional activation domains that recruit
factors such as cAMP responsive element binding protein
(CREB) binding protein (CBP)/p300 via activation domain 1
(AD1). The CBP/p300 complex possesses promiscuous HAT
activity, which aids in remodeling chromatin to allow tran-
scriptional activation [23].

The prominent ATP-dependent chromatin remodeling
complex SWI/SNF includes components such as BAF250,
BAF57, BAF60a, and BRG1 [24]. The SWI/SNF complex is
thought to be targeted to nuclear receptor target genes upon
ligand induction by interaction with receptors, coactivators,
or the general transcription machinery [23]. This complex
has also been implicated in chromatin remodeling leading to
activation of the PPARγ promoter, thus regulating its expres-
sion and adipogenesis [25, 26].

The thyroid receptor associated protein (TRAP)/vitamin
D receptor interacting proteins (DRIP)/Mediator complex
contains subunits which interact with a variety of transcrip-
tion factors and serve as a bridge between the basal tran-
scriptional machinery and DNA-bound nuclear receptor co-
factors [27, 28]. The TRAP complex interacts with PPARγ
in a ligand-dependent fashion. This complex acts more di-
rectly on the general transcription machinery, as is evi-
dent by its ability to transactivate transcription on naked
DNA templates [29]. Furthermore, the TRAP complex in-
teracts with nuclear receptors through PPAR binding protein
(PBP)/TRAP220/DRIP205 [30]. Thus, TRAP220 is a critical
component of this complex and is required for transcrip-
tional activation of PPARγ [31].

The PPAR-gamma coactivator-1α(PGC-1α) is a unique
PPAR coactivator, which serves as a scaffolding protein to in-
tegrate a variety of coactivator [32]. Upon docking to PPARγ,
PGC-1α recruits HATs such as CBP/p300 and steroid recep-
tor coactivator 1 (SRC-1) to remodel chromatin and initi-
ate transcription [32, 33]. However, interaction of PGC-1α
and HAT proteins is not sufficient to activate gene tran-
scription; the C-terminal domain of PGC-1α also interacts
with the TRAP complex through direct association with
PBP/TRAP220 to induce transcription (Wallberg et al. [33]).
PGC-1α has several RNA recognition motifs (RRM), which

function in the coupling of transcription to mRNA splicing
[34]. The modes of regulation of PPARγ by PGC-1α have
been reviewed [35, 36].

Although much is known about the mechanisms by
which PPARγ recruits coactivators to initiate transcription,
considerably less has been demonstrated with regard to tran-
scriptional repression by corepressors. Both NCoR (nuclear
receptor corepressor protein) [37] and SMRT (silencing me-
diator of retinoid and thyroid hormone receptors) [38] di-
rectly interact with PPARγ in vitro [39–41]. It may be noted
that PPARγ does not appear to be a strong repressor, how-
ever, increasing evidence suggests that NCoR and SMRT do
repress PPARγ-modulated gene expression during adipoge-
nesis [42, 43].

The exchange of cofactors may be facilitated by nu-
clear corepressor exchange factors (NCoEx), namely, trans-
ducin β-like 1 (TBL1) and the related protein TBLR1 [44].
TBL1 and TBLR1 are components of the NCoR corepres-
sor complex [45]. However, they activate PPARγ-dependent
transcription in response to rosiglitazone. Moreover, em-
bryonic stem cells with a TBL1 deletion fail to differentiate
into adipocytes [46] suggesting that TBL1 is necessary for
PPARγ activation. The mechanism of TBL1/TBLR1 activa-
tion of PPARγ remains elusive, but is probably linked to the
proteasome-dependent degradation of corepressors [46].

1.2. Physiological functions of cofactors in
adipogenesis

The molecular modes of regulation of nuclear receptor sig-
naling by cofactors have been extensively reviewed [16, 17,
23, 47–49]. Herein we focus on the recent advances in under-
standing the physiological functions of cofactors in PPARγ-
modulated processes, in particular, adipogenesis and energy
metabolism. The diversified functions of PPARγ cofactors are
studied in cell-based system and/or mice models, which are
summarized in Table 1.

2. COACTIVATORS

2.1. PGC-1α a master regulator of adaptive
thermogenesis in brown adipose tissue

The thermogenic effect of PPARγ in brown adipose tissue
(BAT) is mediated by PGC-1α, which is induced by cold and
highly expressed in BAT [35, 36]. PGC-1α regulates the ac-
tion of PPARγ on adaptive thermogenesis and fatty acid ox-
idation by interacting with the PPARγ/RXRα heterodimer.
This interaction stimulates expression of uncoupling protein
1 (UCP-1), which is responsible for uncoupling β-oxidation
from ATP synthesis in oxidative phosphorylation, ultimately
resulting in the loss of energy as heat [32].

PGC-1α is unique in that, in addition to its ligand-
dependent binding to the PPARγ ligand-binding domain
(LBD), it can also bind to the DNA-binding domain (DBD)
and the hinge region of nuclear receptors in a ligand-
independent fashion [59]. The ligand-independent binding
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Table 1: Loss-of-function studies on PPARγ cofactors in adipogenesis and energy metabolism

PPARγ cofactor
Phenotype in the absence of the cofactor

Cell-based studies Mouse studies

Brg1, hBrm (SWI/SNF components)

Blocked adipogenesis (Salma et al. [25])

—

Reduced presence of Pol II and GTFs
on the promoter (Salma et al. [25])

Decreased PPARγ transcription
(Salma et al. [25])

TIF2 Increased lipolysis (Picard et al. [50])

Enhanced adaptive thermogenesis (Picard et al. [50])
Protection against obesity (Picard et al. [50])
Increased insulin-sensitivity (Picard et al. [50])
Improved metabolic profile. Increased lipolysis
(Picard et al. [50])
Decreased presence of PPARγ

SRC-1 —

Predisposition to obesity (Picard et al. [50])

Reduced energy expenditure (Picard et al. [50])

Reduced fatty acid oxidation in brown adipose
tissue (Picard et al. [50])
Decreased energy expenditure, attenuated fatty
acid oxidation (Picard et al. [50])

SRC-1/pCIP double knockout

Abrogated preadipocyte differentiation
(Wang et al. [51]) Diminished lipid storage in brown fat; increased

caloric intake on both chow and high-fat diet due
to increased leptin levels; resistance to
diet-induced obesity; increased basal metabolic
rate and energy expenditure (Wang et al.[51])

Reduced expression of PPARγ-target
genes, including UCP-1, due to
corepressor recruitment and decreased
PPARγ recognition of PPREs
(Wang et al. [51])

PGC-1α

Impaired induction of thermogenic
genes in BAT (Uldry et al. [52]) Reduced mitochFondrial function (Lin et al. [53])
Decreased number and impaired
function of mitochondria
(Uldry et al.[52])

Resistance to obesity and hyperactivity (Lin et al.
[53])

TRAP220/DRIP205/PBP
Defective PPARγ-stimulated
adipogenesis (Ge et al. [31])

Defective vascular development similar to that
seen in PPARγ-null mice (Barak et al. [54];
Zhu et al. [55])

PRIP/NRC/RAP250/TRBP
Decreased PPARγ-mediated
transcriptional activation
(Antonson et al. [56]; Zhu et al. [57])

—

RIP140

Upregulation of genes involved in
energy dissipation (Poweka et al.,
2006)

Increased oxygen consumption and resistance to
high-fat diet-induced obesity (Leonardsson et al.
[58])

Increased PGC-1α expression
(Poweka et al., 2006)

Expression of lipgenic enzymes is decreased.
UCP-1 (involved in energy dissipation in BAT)
expression is increased (Leonardsson et al. [58])

NCoR and SMRT
Increased adipocyte differentiation
(Yu et al. [42])

—

Sirt1 Decreased NCoR levels (Picard et al. [43]) —

of PGC-1α to PPARγ is mediated by the PGC-1α N-terminal
domain and results in the expression of enzymes involved
in the mitochondrial respiratory chain to activate adaptive
thermogenesis [32, 60]. Chromatin immunoprecipitation
(ChIP) analyses revealed that the presence of PGC-1α de-
creases the association of corepressors on a PPRE-containing
gene in the absence of exogenous ligand without altering the

binding of PPARγ, and PGC-1α is sufficient to recruit SRC-1,
p300, and RNA polymerase II to the PPRE-containing gene
in the absence of rosiglitazone [61].

The ectopic expression of PGC-1α in white adipose tis-
sue (WAT) in vitro causes induction of the genes associated
with the brown fat phenotype, such as UCP-1 and compo-
nents of the electron transport chain [62, 63]. The presence
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of UCP-1 in WAT is associated with a more brown-fat like
phenotype, enhanced metabolic rate and insulin sensitivity,
and resistance to obesity [64–66], which could indicate a po-
tential therapeutic role for PGC-1α and UCP-1.

The function of PGC-1α in adaptive energy metabolism
is reinforced in the PGC-1α knockout mouse model [53].
PGC-1α null mice are born with no obvious defects dur-
ing embryonic development but have reduced mitochondrial
function. Intriguingly, null mice are lean and resistant to
diet-induced obesity. The lean phenotype is largely due to hy-
peractivity caused by lesions in the striatal region of the brain
which controls movement [53]. The closely related family
member PGC-1β has been less studied, but it appears to in-
duce mitochondrial biogenesis and fatty acid oxidation in
several cell types [67–69]. Thus, PGC-1β can regulate some
but not all activities of PGC-1α. The most recent PGC-1β
knockdown studies in immortal preadipocyte lines derived
from PGC-1α null mice reveal complementary actions of the
two PGC-1 proteins [52]. Loss of PGC-1α alone severely im-
pairs the induction of thermogenic genes but does not affect
brown fat differentiation (Figure 1). Loss of either PGC-1α
or PGC-1β exhibits a small decrease in the differentiation-
induced mitochondrial biogenesis; however, double knock-
down results in a reduced number of mitochondria and func-
tional defects [52]. This study implicates that PGC-1β plays a
role in brown fat differentiation, and is at least as important
as PGC-1α in this process (Figure 1).

2.2. Effects of the p160 coregulators SRC-1,
TIF2/SRC-2, and p/CIP/SRC-3 on energy
metabolism and homeostasis

Members of the 160 kd protein family of coactivators are
able to interact directly with the AF2 domain of PPARγ to
allow nuclear receptor transactivation function in a ligand-
dependent manner via an α-helical LXXLL motif on p160
protein’s N-terminal domain. Furthermore, CBP/p300 inter-
acts with p160 cofactors and directly with PPARγ, possibly
providing additional stability to the complex through an in-
creased number of contact points [70]. However, although
CBP/p300 binding is required for maximal PPARγ activity in
vitro, minimal data exists showing a requirement for these
cofactors in adipogenesis [71].

Mice deficient in p160 family members exhibit very dif-
ferent phenotypes, providing insights into their physiologi-
cal functions in adipogenesis and energy metabolism [50].
TIF2−/− mice exhibit enhanced adaptive thermogenesis and
protection against obesity, whereas SRC-1−/− mice are pre-
disposed to obesity with accompanying reduced energy ex-
penditure [50]. TIF2−/− mice also show improved metabolic
profiles and increased whole-body insulin sensitivity [50].
TIF2 seems to have a greater influence on the p300/PPARγ
complex than does the SRC-1 complex, which could possi-
bly be attributed to a weaker capacity of SRC-1 to interact
with other coregulators such as p300/CBP and TRAP220, as
these coregulators have been shown to have roles in adipoge-
nesis [31, 71]. An increase in lipolysis is observed in TIF2−/−

cells, indicating a reduced potential for the storage of fatty
acids. Furthermore, a TIF2 dose-dependent attenuation of

the PGC-1α/PPARγ activation complex in the presence of
SRC-1 suggests that TIF2 competes with SRC-1 for the for-
mation of PGC-1α/PPARγ complexes. However, TIF2 does
not significantly enhance PPARγ transactivation mediated by
PGC-1α, and an increase in PGC-1α expression level was ob-
served in BAT of TIF2−/− mice [50]. Thus, TIF2 appears to
be linked to WAT differentiation and fat storage by potenti-
ating PPARγ activity (Figure 1). In contrast, SRC-1−/− mice
displayed increased fat mass and plasma leptin levels. More-
over, the mRNA of UCP-1, PGC1α, and AOX were decreased
in BAT, suggesting that the thermogenic machinery in BAT
is diminished in the absence of SRC-1. Thus, SRC-1 largely
contributes to brown fat differentiation and energy expendi-
ture in brown fat (Figure 1).

A recent study involving p/CIP−/− SRC-1−/− double
knockout (DKO) mice revealed that p/CIP and SRC-1 are
required for induction of genes necessary for adaptive ther-
mogenesis and lipid storage in BAT [51]. These DKO mice
consume more food, both on chow and high fat diets, as a re-
sult of decreased blood leptin levels; however, the DKO mice
are resistant to diet-induced obesity and remain lean when
compared to single knockout and wild type littermates. Fur-
thermore, these mice are more physically active and have in-
creased basal metabolic rates. This phenotype appears to be
the result of failed induction of PPARγ target genes, result-
ing in increased basal metabolism and decreased adipogen-
esis [51]. Although p/CIP single knockout mice do not ex-
hibit a strong phenotype in adipogenesis, p/CIP appears to
potentiate SRC-1-mediated fat storage in BAT and perhaps
adaptive thermogenesis (Figure 1).

2.3. The SWI/SNF chromatin remodeling complex is
required for induction of the PPARγ promoter
and adipogenesis

The mammalian SWI/SNF (mating type switching/sucrose
nonfermenting) family of ATP-dependent chromatin remod-
eling enzymes plays critical roles in the activation of PPARγ
transcription for adipogenesis. The core components of the
complex include either the Brg1 or Brm ATPase and sev-
eral Brg1/Brm-associated factors (BAFs). Although in vitro
analyses of SWI/SNF complexes containing Brg1 or Brm re-
veal similarities in chromatin remodeling [72], differences in
their functions have been observed in vivo. Brg1 knockout
mice are embryonically lethal, and heterozygotes show a pre-
disposition for tumor development [73]. In contrast, Brm
knockout mice and cells show only a slight difference in pro-
liferation from wild type [74].

PBAF, a multisubunit complex containing Brg1 and
BAF180 subunit was shown to activate PPARγ transcrip-
tion in an in vitro chromatin-based system [75]. The neces-
sity of the SWI/SNF chromatin remodeling complex is illus-
trated by experiments revealing that Pol II and general tran-
scription factors are dissociated from the PPARγ promoter
when cells are transfected with dominant negative compo-
nents of the SWI/SNF complex [25]. This suggests that func-
tion of the SWI/SNF complex is essential to formation of the
preinitiation complex (PIC) on the PPARγ2 promoter and
subsequent transcription initiation. Expression of dominant
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Figure 1: Putative functions of PPARγ cofactors in white adipose- and brown adipose-modulated lipid and energy metabolism. Positive
regulators are highlighted in red. Preadipocytes can be differentiated into white adipocytes via transcriptional regulation of PPARγ by coac-
tivators CBP and TRAP220, or differentiated into brown adipocytes via transactivation by PGC-1β, PGC-1α, and SRC-1. TIF2 plays roles in
lipid storage from white adipocytes, while p/CIP and SRC-1 function to promote lipid storage in brown fat. PGC-1α is not only involved in
adaptive thermogenesis but it also promotes the conversion of white adipocytes into brown adipocytes. SRC-1 is the only member of p160
proteins that show clear function in energy expenditure.

negative Brg1 or hBrm leads to blocked induction of the
PPARγ activator and adipogenesis, which was measured both
morphologically and by expression of two adipogenic marker
genes, aP2 and adipsin [25]. Because Brg1 and hBrm are
both crucial members of the SWI/SNF chromatin remod-
eling complex, this evidence suggests that the SWI/SNF en-
zymes are required for the activation of PPARγ and adipoge-
nesis [25].

BAF60c, another component of the SWI/SNF complex,
serves to anchor the SWI/SNF complex to PPARγ. GST pull-
down experiments as well as co-IP confirmed the ability of
BAF60c to interact with PPARγ. Moreover, BAF60c inter-
acts with PPARγ in a ligand-dependent fashion to enhance
the transcriptional activity of the receptor [26]. However,
BAF60c was not shown to affect adipocyte differentiation in
these experiments suggesting that BAF60c is not the only fac-
tor docking SWI/SNF to PPARγ [26].

2.4. TRAP220/DRIP205/PBP is required for
transactivation of PPARγ2 and adipogenesis

The TRAP complex has been implicated as a general trans-
activator of nuclear receptors [76], apparently function-
ing by direct interaction with DNA-bound activators and
RNA polymerase II [30]. Appreciable evidence for the TRAP
complex serving as a coactivator for PPARγ is derived from

an in vitro transcription assay in which purified TRAP com-
plex significantly enhanced the transcriptional activity of
PPARγ2 on a PPRE-template. GST pull-down assays con-
firmed the ability of the TRAP complex to bind PPARγ2
only in the presence of TRAP220 [31]. Thus, TRAP220, also
known as DRIP205 and PBP [77], anchors the TRAP com-
plex to PPARγ target promoters. A TRAP220−/− mutation
is embryonically lethal at day 11.5, showing defects in vas-
cular development similar to those in PPARγ−/− mice, indi-
cating that TRAP220 function is nonredundant and essen-
tial for development [54, 78]. Studies using immortalized
TRAP220−/− MEFs reveal that TRAP220 acts as a coactivator
for PPARγ2 and is an essential mediator of adipogenesis [31].
TRAP220−/− cells exhibit defective PPARγ2-stimulated adi-
pogenesis and expression of adipogenic marker genes. These
adipogenic defects can be rescued by ectopic expression of
TRAP220 [31]. These data support the model that TRAP220
acts as an anchor in TRAP complex binding, and may also
play a role in binding to the CBP-associated complex.

2.5. Evidence of a megacomplex in
PPAR transactivation

PPAR interacting protein PRIP/NRC/RAP250/TRBP is ubiq-
uitously expressed in adult mice, and binds to PPARγ en-
hancing ligand-dependent transcription [55, 56, 79]. PRIP is
also necessary for embryonic vascular development, as well
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as normal cardiac and neural development, as shown by a
lethal null mutation [56, 57]. Mouse embryonic fibroblasts
isolated from these PRIP null mice exhibited a decreased
capacity for ligand-dependent transcriptional activation of
PPARγ [56, 57]. PRIP interacting protein with methyltrans-
ferase domain (PIMT) was isolated in a yeast two-hybrid
screen using PRIP as bait and enhances PRIP-mediated
PPARγ transactivation [80]. Interestingly, PIMT binds to
CBP/p300 and TRAP220 supporting a model in which the
TRAP complex anchored by TRAP220 is bound to PPAR at
the same time as the CBP/p300-associated complex [81].

The isolation of PPARα-interacting cofactor (PRIC)
complex which enhances the transcription of PPARα further
supports the existence of megacomplex on PPAR-target gene
promoters [82]. Of the 25 polypeptides comprising PRIC
complex, 18 contained one or more LXXLL motifs. Recog-
nized proteins identified in the PRIC complex include SRC-
1, CBP, TRAP220, PRIP, PIMT, TRAP100, and PGC-1, sug-
gesting that CBP-associated complex and TRAP220 bound
basal transcription factors may be bound simultaneously.
PRIC285, a novel member of the PRIC complex renamed
PPAR DNA-binding domain interacting protein (PDIP-1),
was shown to bind to the DBD of PPARγ in a yeast two-
hybrid assay. Two splice variants, PDIP-1a and PDIP-1b, were
identified, and both were shown to transactivate all three iso-
types of PPAR and thyroid receptor, whereas PDIP-1a but not
PDIP-1b transactivates estrogen receptor (ER) α and andro-
gen receptor (AR), indicating some receptor specificity [82].

3. COREPRESSORS

3.1. Corepressor RIP140 regulates energy
metabolism but not adipogenesis

RIP140 was originally identified as a corepressor of ligand-
dependent ER function by binding to the AF-2 domain [83].
It was later shown to bind to PPARα in a yeast two-hybrid
screen [84]. Although PPARγ and RXR ligands promote the
interaction of RIP140 with rat PPARγ in solution, RIP140
interaction with PPARγ/RXR heterodimers does not occur
on DNA. This cofactor downregulates the activity of several
nuclear receptors specifically by attenuating transactivation
mediated by SRC-1. For instance, RIP140 competes with the
coactivator SRC-1 for binding to PPARγ [84]. This evidence
is suggestive of a model in which RIP140 indirectly regulates
the activity of PPARγ by competing with coactivators such
as SRC-1. RIP140−/− mice exhibit upregulation of energy
metabolic genes UCP-1 and carnitine O-palmitoyl trans-
ferase I (CPT-I) and increased β-oxidation in adipocytes, al-
beit adipogenesis is unaffected [58]. This data suggests that
a highly specific set of PPARγ mediated functions is modu-
lated by RIP140 repression while other PPARγ functions such
as adipogenesis remain unaltered.

3.2. Transcriptional corepressors for PPARγ:
NCoR and SMRT

NCoR and SMRT function to recruit HDAC (histone dea-
cetylase) complexes, which covalently modify nucleosomes
to compact DNA and repress transcription [47]. Binding of

NCoR and SMRT to NRs is mediated by the corepressor nu-
clear receptor box (CoRNR) [85]. This motif is very simi-
lar to the NR box with a consensus sequence of hydropho-
bic residues including leucine and isoleucine [86, 87]. The α-
helix that contains the CoRNR box is predicted to be longer
than the helix containing the NR box in coactivators [87],
presenting a possible mechanism for cofactor selection via
the ligand-induced conformational change of the NR. Thus,
conformational change may exclude corepressors from the
AF-2 binding pocket.

Evidence exists suggesting that in the absence of lig-
and, PPARγ recruits the transcriptional corepressors NCoR
and SMRT to downregulate PPARγ-mediated transcrip-
tional activity. Gene silencing of NCoR or SMRT in 3T3-
L1 preadipocytes has been shown to increase adipocyte dif-
ferentiation, a classical PPARγ2 function [42]. Moreover,
treatment with the synthetic PPARγ ligand pioglitazone de-
creases both PPARγ-SMRT and PPARγ-NCoR interactions,
although the PPARγ-SMRT interaction decrease is much
more prominent. Furthermore, in a separate study by Krogs-
dam et al., repression of PPARγ-mediated transcription by
NCoR exists even in the presence of ligand [88]. These stud-
ies underscore the transcriptional repression of PPARγ by
NCoR and SMRT in vivo.

It appears that gene-specific factors may affect the
conformation of PPARγ, further complicating the ligand-
receptor-repressor interaction. One example of this variabil-
ity is the differential activation of glycerol kinase (GyK) and
aP2 transcription. Although both contain PPREs, PPARγ re-
cruits corepressor NCoR to the GyK gene while recruiting
coactivators to the aP2 gene [89]. The addition of TZD re-
sults in the activation of GyK by recruiting PGC-1α and dis-
placing NCoR, while TZD treatment has little effect on tran-
scription of aP2 and does not recruit PGC-1α to the aP2 pro-
moter [89]. These data suggest that gene-specific PPARγ re-
ceptor conformation leads to the recruitment of different co-
factor complexes.

Another corepressor, Sirt1, has also been shown to ef-
fectively inhibit PPARγ-mediated transcription [90]. This
NAD-dependent deacetylase binds to NCoR and SMRT, pre-
senting a model where Sirt1 is recruited to PPARγ via in-
teractions with NCoR and/or SMRT. This was further sup-
ported by loss of Sirt1-mediated repression when NCoR lev-
els were decreased via RNAi [90].

3.3. Summary of coactivators and corepressors
in lipid and energy metabolism

Cellular energy metabolism is maintained through a del-
icate balance between energy intake and energy expendi-
ture. When energy intake exceeds energy expenditure, ex-
cess energy is stored as lipid in WAT. Although BAT also
allows storage of small amount of lipids, it is mainly re-
sponsible for energy dissipation. As PPARγ plays an essential
role in lipid homeostasis, it is not surprising that multiple
PPAR cofactors are involved in lipid and energy metabolism;
namely, processes including adipocyte differentiation, lipid
storage, and adaptive thermogenesis (Figure 1). PPARγ/RXR
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heterodimers are master regulators of preadipocyte differen-
tiation into brown and white adipocytes. Multiple lines of
evidence support the model that CBP/p300 and TRAP220
participate in white adipocyte differentiation, and this pro-
cess is reversibly regulated by corepressors NCoR and SMRT
[31, 42, 71]. On the contrary, differentiation of preadipocytes
into BAT is regulated by a different set of coactivators such as
PGC-1β/PGC-1α and SRC-1 [50, 52]. Conversion of white
adipocyte to brown adipocyte-like cells can be at least par-
tially catalyzed by ectopically expressed PGC-1α [62]. TIF2
plays important functions in the storage of fatty acids in WAT
as evident by the fact that TIF2−/− mice are protected from
obesity and TIF2−/− cells show an increase in lipolysis [50].
Brown adipocytes are enriched in mitochondria and the ma-
jor function is adaptive thermogenesis in rodents. PGC-1α
and SRC-1 are positive regulators of the thermogenic capac-
ity of BAT [50, 52, 53], whereas the corepressor RIP140 ap-
pears to negatively regulate this process [58]. Lipid storage in
brown adipocytes can be regulated by coactivators p/CIP and
SRC-1 [51]. Figure 1 summarizes some of the major players
in lipid and energy homeostasis based on current literature.
It is worthy to note that some cellular processes require more
stringent regulation than others, such that more than one
member of the closely related proteins are simultaneously in-
volved. For example, complementary actions of p/CIP and
SRC-1 in lipid storage of brown adipocytes and two PGC-1
coactivators in brown fat differentiation are absolutely essen-
tial.

3.4. Ligand- and promoter-specific coregulator
recruitment in PPARγ transactivation

A comparison of natural and synthetic PPARγ ligands reveals
a distinct differential recruitment of transcriptional coactiva-
tors. 15d-PGJ2, an endogenous PPARγ ligand, is capable of
inducing interactions between the PPARγ/RXR heterodimer
and SRC-1, TIF2, p/CIP, p300, and TRAP220 [91]. However,
the synthetic PPARγ ligand troglitazone did not induce in-
teraction between the PPARγ/RXR heterodimer and any of
these coactivators. Furthermore, the transactivation function
of PPARγ was shown to be increased by these coactivators
in the presence of 15d-PGJ2 and 9-HODE, but not troglita-
zone. FK614, a non-TZD synthetic PPARγ ligand, and two
TZDs, rosiglitazone and pioglitazone, induce recruitment of
SRC-1, CBP, and PGC-1α when bound to PPARγ. However,
the level to which SRC-1 and CBP are recruited by FK614-
bound PPARγ is altered in comparison to rosiglitazone- and
pioglitazone-bound receptor (Fujimura, 2005) while PGC-
1α showed similar levels of recruitment. These data suggest
specific ligands can differentially define the coactivator com-
plex, and that similar coactivators might have distinct in vivo
functions.

4. CONCLUSIONS

The race to find new nuclear receptor coactivators and core-
pressors has resulted in a rapid increase in the number of

known cofactors accompanied by insufficient knowledge as
to their mechanisms of interaction and transcriptional medi-
ation. Initial investigation has shown that seemingly redun-
dant or promiscuous cofactors have a high amount of con-
text specificity. Gene sequence- and ligand-specific nuclear
receptor conformation appears to affect cofactor complex re-
cruitment. The relative expression levels of coactivators and
corepressors modulate nuclear receptor transactivation. In
the case of PPARγ, there are only a few examples of these
differential conditions thus far. Further investigation of these
interactions may eventually allow for a better comprehension
of context-specific expression profiles. Partial PPARγ ago-
nists, such as FK614, that differentially activate PPARγ tar-
get genes may be effective in treating metabolic disease while
reducing the side effects (e.g., promoting obesity) caused by
current TZD-based treatments. The ability to target unique
expression profiles may also lead to a more widespread ability
to treat illnesses related to nuclear receptor function.

LIST OF ABBREVIATIONS

15dPGJ2: 15-deoxy-Δ 12, 14-prostaglandin J2

9-HODE: OX-LDL, 9-hydroxy-10, 12-octadecadienoic
acid

ACTR: Activator of thyroid and retinoic acid
receptor

AF: Activation function

AIB1: Amplified in breast cancer 1

AR: Androgen receptor

BAF: Brg1/Brm-associated factor

BAT: Brown adipose tissue

CBP: CREB-binding protein

ChIP: Chromatin immunoprecipitation

CoRNR: Corepressor nuclear receptor box

CPT-I: Carnitine O-palmitoyl transferase I

CREB: cAMP-responsive element binding protein

DBD: DNA-binding domain

DKO: Double knockout

DRIP: Vitamin D-interacting protein

EMSA: Electrophoretic mobility shift assay

ER: Estrogen receptor

GRIP: Glucocorticoid receptor interacting protein

GST: Glutathione s-transferase

GyK: Glycerol kinase

HAT: Histone acetyltransferase

HDAC: Histone deacetylase

HMT: Histone methyltransferase

LBD: Ligand binding domain

LTB4: Leukotriene B4

MEF: Mouse embryonic fibroblast

NAD: Nicotinamide adenine dinucleotide
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NCoA: Nuclear coactivator

NCoEx: Nuclear corepressor exchange factors

NCoR: Nuclear corepressor

NR: Nuclear receptor

NRC: Nuclear hormone receptor coregulator

p/CIP: p300/CBP interacting protein

PBP: PPAR binding protein

PDIP: PPAR DNA-binding domain interacting
protein

PGC: PPAR-gamma coactivator

PGJ2: Prostaglandin J2

PIC: Preinitiation complex

PIMT: PRIP interacting protein with
methyltransferase domain

PPAR: Peroxisome proliferator-associated
receptor

PPRE: PPAR-response element

PRIC: PPARα-interacting cofactor

PRIP: PPAR interacting protein

PRMT: Protein arginine methyltransferase

RAP: Receptor-associated protein

RIP140: Receptor interacting protein 140

RRM: RNA-recognition motif

RXR: Retinoid X receptor

Sirt1: Sirtuin 1

SMRT: Silencing mediator of retinoid and
thyroid receptors

SRC: Steroid receptor coactivator

SWI/SNF: Mating type switching/sucrose
nonfermenting

TBL1: Transducin β-like 1

TBLR1: Transducin β-like related 1

TIF: Transcriptional intermediary factor

TRAP: Thyroid receptor-associated protein

TRBP: Thyroid receptor-binding protein

TZD: Thiazolidinedione

UCP-1: Uncoupling protein 1

WAT: White adipose tissue

Wy-14643: (4-Chloro-6-[(2, 3-
dimethylphenyl)amino]-2-pyrimidinyl)
thioacetic acid
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1. INTRODUCTION

PPAR-γ belongs to the nuclear receptor superfamily and
is a member of the NR1C subgroup that includes PPAR-α
and PPAR-δ. These receptors form heterodimers with the
retinoid X receptor (RXR), bind to PPAR response elements
(PPREs) in the regulatory region of target genes, and mod-
ulate their transcription. PPAR-γ is expressed most abun-
dantly in adipose tissue and is a master regulator of adi-
pogenesis. PPAR-γ activation promotes adipocyte differen-
tiation and is associated with induction of lipogenic en-
zymes and glucoregulatory molecules. PPAR-γ ligands in-
clude a surprisingly diverse set of natural ligands [1], such
as prostaglandin PGJ2, linolenic, eicosapentaenoic, doco-
hexaenoic, and arachidonic acids, and synthetic ligands,
such as the thiazolidinediones (TZDs), L-tyrosine-based
compounds, several nonsteroidal anti-inflammatory drugs
(NSAIDs), and a variety of new chemical classes.

The clinical relevance of PPAR-γ is highlighted by the
currently marketed antidiabetic blockbuster drugs, rosiglita-
zone (Avandia), and pioglitazone (Actos). These antidiabetic
drugs of the TZD class behave as potent and selective PPAR-
γ full agonists [2]. In humans, they enhance insulin action,
improve glycemic control with a significant reduction in the

level of glycated haemoglobin (HbA1C), and have variable
effects on serum triglyceride levels in patients with type 2 di-
abetes [3, 4]. Despite their proven efficacy and widespread
use, these drugs possess a number of deleterious side effects,
including significant weight gain and peripheral edema [5].

The weight gain associated with the use of TZDs is due
to multiple interacting factors. Because these agents promote
adipocyte differentiation and lipid storage [6], increased adi-
posity is likely to be a major cause of the observed weight
gain. Several studies have indeed shown that the weight gain
with TZDs is associated with an increase in subcutaneous
adipose tissue and either no change or a concomitant de-
crease in visceral fat (reviewed by Larsen et al.) [7]. Since
about 90% of type 2 diabetics are obese, treatment with
agents that exacerbate obesity is clearly suboptimal. In ad-
dition administration of TZDs is often accompanied by an
increase in plasma volume [8] and therefore fluid retention
is another potential cause of increased body weight.

Edema is a prominent problem in patients taking TZDs
particularly those who are also taking insulin or sulfony-
lureas, and TZD treatment has been linked to an increased
incidence of congestive heart failure [8, 9]. Diabetic macu-
lar edema has also been recently associated with glitazone
use [10]. Because of these serious concerns, several PPAR
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agonists have failed to progress to FDA approval. A num-
ber of glitazars have been terminated in late stage clinical
trials because of serious side effects and/or carcinogenesis-
related issues including Novo Nordisk’s ragaglitazar, Glaxo-
SmithKline’s farglitazar, Merck’s MK-767, Takeda’s TAK559,
and more recently Bristol-Myers Squibb’s muraglitazar (Par-
gluva) and AstraZeneca’s tesaglitazar (Galida). Such a high
attrition rate emphasizes the critical need for the discovery
and characterization of alternative PPAR modulators that
would retain the antidiabetic properties while avoiding the
side effects.

Starting less than 10 years ago, several TZD-like and
non-TZD-like partial PPAR-γ agonists that display insulin-
sensitizing activity associated with lower stimulation of adi-
pogenesis were described, leading to the emergence of the
concept of selective PPAR-γ modulators or SPPARγMs. This
concept is reminiscent of the SERM concept that proposes
that different estrogen receptor ligands can have different ag-
onist or antagonist properties depending on the cell context
and the specific target gene in question [11, 12]. SPPARγMs
bind in distinct manners to the ligand-binding pocket of
the PPAR-γ receptor, leading to differential cofactor displace-
ment and recruitment to the receptor, ultimately resulting in
tissue and promoter-selective gene expression. A compound
identified by the former Glaxo-Welcome, GW0072, one of
the first SPPARγMs described in the literature, helped to un-
ravel the partial agonist binding mode. All small molecule
PPAR-γ full agonists share a common binding mode, in
which the acidic head groups bind with 3 amino acid residues
(Y473, H449, and H323) within the ligand-binding pocket.
These interactions stabilize a charge clamp between the
C-terminal activation function 2(AF-2) helix and a con-
served lysine residue on the surface of the receptor, through
which coactivator proteins are recruited to the receptor [13].
GW0072 was shown to bind to PPAR-γ in a unique manner,
such that it does not directly interact with the AF-2 helix.
Compared to full agonists, the differential binding mode of
GW0072 resulted in a differential biological profile that in-
cluded partial receptor transactivation and reduced ability to
recruit specific cofactors and inhibition of adipocyte differ-
entiation [14–16].

The ability to recruit differentially certain cofactors, that
is, NR coactivators or corepressors to the PPAR receptor, ap-
pears to be the hallmark of the SPPARγMs. This likely re-
sults in a tissue-specific and promoter-selective expression
of a favorable panel of target genes [14, 16–18]. Based on
their in vitro and/or in vivo actions, coactivators have been
grouped into “adverse” or “beneficial” regarding their proad-
ipogenic or insulin-sensitizing effects. Adverse coactivators
include DRIP205/TRAP220 and TIF2. DRIP205/TRAP220-
deficient embryonic fibroblasts lack the ability to undergo
adipogenesis while TIF2 knockout mice are resistant to diet-
induced obesity and are more insulin-sensitive. In contrast,
beneficial co-activators include SRC1, as highlighted by the
phenotype of SRC1-deficient mice which have reduced en-
ergy expenditure and are prone to obesity [12, 19].

Although several PPAR-γ agonists have been classified as
SPPARγMs, the majority of these synthetic ligands remain to

be characterized at the molecular level or need to be evalu-
ated in in vivo preclinical models in terms of weight gain. The
published characteristics of several SPPARγMs have been re-
cently reviewed by others [12, 16, 48, 50] and are summa-
rized in Table 1. This review concentrates on the most re-
cent developments in the SPPARγM arena, including metagl-
idasen/halofenate, PA-082, and the angiotensin receptor an-
tagonists, recently characterized as a new class of selective
PPAR-γ modulators.

2. HALOFENATE AND METAGLIDASEN:
TWO SPPARγM WITH CLINICAL PROOF
OF CONCEPT

Halofenate is a racemic mixture of (−)- and (+)-(2-aceto-
aminoethyl [4-chlorophenyl] [3-trifluoromethylphenoxy]
acetate). It was tested clinically in the 1970’s as a hypolipi-
demic and hypouricemic agent. In addition to triglyceride
and uric acid lowering, significant decreases in fasting plasma
glucose were observed in type 2 diabetics. A recently pub-
lished study demonstrates that halofenate acts as a SPPARγM
[45]. In vivo, halofenate is administered as a prodrug ester,
which is rapidly and completely modified to its mature cir-
culating free acid form, halofenic acid (HA). In vitro, HA
directly binds to PPAR-γ and selectively activates PPAR-γ
with partial agonism in gene reporter assays (maximal ac-
tivity at ∼10–15% of the maximal activity of rosiglitazone).
HA is also capable of fully antagonizing the activity of the
full agonist rosiglitazone. Cofactor recruitment studies re-
veal that HA effectively displaces the corepressors NCoR and
SMRT but is unable to efficiently recruit coactivators (p300,
CBP, and DRIP205/TRAP220). HA also displays weak adi-
pogenic activity in human adipocytes and selectively modu-
lates PPAR-γ responsive genes in 3T3-L1 adipocytes. Com-
pared with rosiglitazone, HA is unable to efficiently induce
genes involved in fatty acid storage and transport, such as
FABP4, CD36, GyK, and PEPCK. In vivo, halofenate pos-
sesses acute antidiabetic properties in diabetic ob/ob mice.
Compared with rosiglitazone, long-term treatment of obese
Zucker (fa/fa) rats with halofenate has comparable insulin
sensitization efficacy in the absence of body weight increases.
Overall, these in vitro and preclinical data support the con-
cept of halofenate as a novel SPPARγM.

Metaglidasen (formerly MBX-102) is the (−) enantiomer
of halofenate which is currently in Phase II clinical de-
velopment as an oral glucose-lowering agent for the treat-
ment of type 2 diabetes. In vitro and in vivo preclinical
studies revealed that metaglidasen, like halofenate, behaves
as a SPPARγM with antidiabetic and hypolipidemic activ-
ity in multiple diabetic and insulin-resistant rodent models
[46]. Compared to full PPAR-γ agonists, metaglidasen acts
as a partial PPAR-γ agonist/antagonist that interacts with
PPAR-γ in a distinct manner. The key amino acid, Tyr473,
required for the binding between full agonists to human
PPAR-γ is not required for metaglidasen activity. Metagli-
dasen also shows the lack of ability or weak ability to recruit
coactivators, including CBP, DRIP205/TRAP220, and p300.
Consistently, when compared to rosiglitazone, metaglidasen
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Table 1: Investigational SPPARγM ligands for the treatment of type 2 diabetes.

Compound
Transcriptional
activity
(% full agonist)

Adipogenesis
(versus full
agonists)

Body weight gain
(versus full agonist)

Cofactors recruitment
capacity
(versus full agonists)

Development
stage Refs.

GW0072 ∼20–40% Partial No data

Decreased
(CBP, SRC1, TIF2, SCR3)

Preclinical [14, 15]Similar (PGC1-α)

Lack of recruitment
(NCoR, SMRT)

FMOC-L-Leucine ∼40–100% Partial None in a week

Decreased (p300, PGC1-α)

Preclinical [14, 20]Lack of recruitment
(CBP, TIF2, SCR3)

Inconsistent data for SRC1

nTZDpa ∼25% Partial Decreased No data Preclinical [21]

L-764406 ∼25% Partial No data Decreased (CBP) Preclinical [22]

YM440 ∼10–80% (CV-1) Minimal None Similar (p300, SRC1) Phase II
discontinued [23–25]

100% (hepG2)

DRF-2593
(balaglitazone) ∼78% Partial Moderate No data Phase II [26–28]

MCC555
(netoglitazone) ∼50–100% Similar None Decreased (CBP, SRC1) Phase II [29–31]

Similar (SMRT)

CLX-0921 100% Partial None in 9 days
Recruit CBP (no data in
comparison with full
agonists)

Preclinical
discontinued

[32]

Compound 24
(benzoyl-2-methyl
indole)

21% Partial Minimal No data Preclinical [33]

Compound 12
(N-benzyl-indole) 24% Minimal No data No data Preclinical [34]

Compound 5 (aryl
indole-2-carboxylic
acid)

31% No data Minimal
in 11 days No data Preclinical [35]

FK-614 ∼65% Similar Similar
Decreased (CBP, SRC1)

Preclinical [36–39]Similar (PBP, PRIP,
PGC1-α, NCoR, SMRT)

KR-62980 ∼30% None to partial Decreased
Decreased
(AIB-1, SRC1, TRAP220) Preclinincal [40]

Similar (TIF2, p300)

Telmisartan (ARBs) ∼30% Partial Decreased
Decreased (NcoR release)

Marketed [41–44]Similar (DRIP205)

Lack of recruitment (TIF2)

PA-082 ∼40% Partial No data
Decreased
(SRC1, TIF2, SCR3) Preclinical [14]

Similar (PGC1-α)

Halofenate/
metaglidasen ∼10–15% Partial Decreased

Decreased
(CBP, P300, TRAP220) Phase II

(metaglidasen) [45–47]

Similar (NCoR, SMRT)

AMG-131 Cell type Minimal No data Decreased (DRIP205) Phase II
[48, 49]

T-131 dependent Increased association (NCoR) discontinued
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shows moderate ability to promote adipogenesis and dis-
plays largely attenuated induction of PPAR-γ target genes
involved in fatty acid uptake, synthesis, and storage in pri-
mary human adipocytes and mouse 3T3-L1 adipocytes. In
vivo, metaglidasen lowers plasma glucose levels in multiple
diabetic rodent models (db/db mice and ZDF rats) to com-
parable levels seen with full agonists without causing sig-
nificant body weight gain, heart weight [46, 47], or plasma
volume expansion (unpublished data), a parameter believed
to contribute to edema. These observations further support
the SPPARγM concept, confirming the feasibility to separate
efficacy and side effects such as edema and weight gain. With
respect to edema, thiazolidinediones have been recently re-
ported to expand body fluid volume through PPAR-γ stim-
ulation of ENaC-mediated renal salt absorption [51, 52].
Determining if metaglidasen lacks the ability to stimulate
increased amiloride-sensitive Na(+) absorption would there-
fore be important. Consistent with the preclinical findings
reported above, in insulin-treated type 2 diabetic patients,
metaglidasen appears to have comparable efficacy to the mar-
keted TZDs Actos (pioglitazone) and Avandia (rosiglitazone)
while avoiding the limiting side effects of weight gain and
edema [53]. These results position metaglidasen as an opti-
mized SPPARγM with an improved safety profile in compar-
ison to these TZDs.

3. A NOVEL PROMISING CLASS OF SPPARγM: PA-082,
A KEY TO UNDERSTANDING THE DISSOCIATION
BETWEEN WEIGHT GAIN AND INSULIN
SENSITIZATION?

Researchers from Roche have recently described an isoquino-
line derivative PA-082 that behaves as a novel partial agonist
of the PPAR-γ receptor [14]. In cell-based reporter assays,
PA-082 was capable of transactivating PPAR-γ to about 40%
of the level achieved with rosiglitazone. Interestingly this par-
tial agonism was mirrored in its ability to cause partial re-
cruitment of some but not all coactivators to PPAR-γ. Using
a FRET-based in vitro system, the authors demonstrated that
PA-082 elicited a partial recruitment of an LXXLL peptide
derived from SRC1, TIF2, and SRC3 to the PPAR-γ ligand-
binding domain but full recruitment of the LXXLL peptide
derived from PGC1-α. Importantly this selective recruitment
of PGC1-α was also observed with the structurally unrelated
partial agonists GW0072 and FMOC-L-Leu but not with full
agonists that recruited all peptides equally. Preferential re-
cruitment of PGC1-α might therefore be a universal hall-
mark of partial agonists. When compared to the full ago-
nist rosiglitazone, PA-082 prevented triglyceride accumula-
tion during de novo adipogenesis of C3H10T1/2 cells and
was also able to antagonize rosiglitazone-induced lipid ac-
cumulation. In spite of the partial PPAR-γ agonism, PA-082
enhanced insulin-stimulated glucose uptake in adipocytes
as well as rosiglitazone suggesting that PA-082 may act to
improve whole body glucose disposal without increasing
adipose mass. An interesting difference between rosiglita-
zone and PA-082 was revealed by the observation that in
adipocytes PA-082 was more effective than rosiglitazone in

preventing insulin resistance induced by TNFα. The crystal
structure of PA-082 bound to PPAR LBD complexed with
LXXLL peptide from SRC1 was also solved. Not surprisingly
for a partial agonist, PA-082 did not interact with helix 12,
its binding occurring in a part of the binding pocket formed
by helices 3, 5, and 7, a site almost identical to that occupied
by GW0072 [15]. No preclinical in vivo data are currently
available for this compound.

4. ANGIOTENSIN RECEPTOR ANTAGONISTS: A NOVEL
APPROACH TO ADDRESS THE MULTIFACTORIAL
COMPONENTS OF THE METABOLIC SYNDROME?

Recently, angiotensin receptor blockers (ARBs) were re-
ported to have selective PPAR-γ modulating activity [41–
43, 54, 55]. Among the commercially available ARBs, struc-
turally unique telmisartan appears to be the most potent
in terms of PPAR-γ activation when tested at concentra-
tions typically achieved in plasma with conventional oral
dosing. A growing body of data indicates that telmisartan
is a SPPARγM. In cell-based gene reporter assays, telmis-
artan behaves as a partial agonist of PPAR-γ, giving ∼30%
of the maximal PPAR-γ activation by full agonist rosiglita-
zone [41]. Molecular modeling of telmisartan in the PPAR-
γ ligand-binding domain reveals a different binding mode
between telmisartan and rosiglitazone. Specifically, the su-
perimposition of telmisartan on the cocrystal structure of
rosiglitazone and PPAR-γ showed that telmisartan, like other
partial agonists including GW0072 and nTZDpa [15, 21],
does not appear to make direct contact with the activation
function helix (AF-2). Interaction with the AF-2 helix has
been shown to be responsible for receptor stabilization and
activation by full agonists of PPAR-γ [13]. The lack of inter-
action of telmisartan with the AF-2 helix likely explains its
inability to fully activate the receptor. This differential bind-
ing of telmisartan to PPAR-γ produced a distinct conforma-
tional change compared with rosiglitazone as assessed using
a protease protection assay [42]. This in turn results in se-
lective cofactor binding, with the absence of TIF2 recruit-
ment and an attenuated release of the nuclear receptor core-
pressor NCoR compared with rosiglitazone as assessed by
GST pulldown and FRET assays. Differential gene expression
profiles by telmisartan versus rosiglitazone were also seen in
adipocytes. Compared with rosiglitazone, telmisartan treat-
ment resulted in attenuated induction of genes involved in
FA transport and TG storage, including GyK and CD36. Al-
though telmisartan was able to induce adipocyte differen-
tiation [41, 56], the induction was relatively modest com-
pared with full agonists. This is consistent with previous re-
ports showing that other partial agonists of PPAR-γ are rel-
atively weak stimulators, or even inhibitors, of adipogenesis
[15, 21, 29]. These in vitro data suggest that telmisartan has
the potential to lead to less weight gain than the full ago-
nists. This was recently confirmed in vivo. Experiments us-
ing diet-induced obese mouse models showed that telmisar-
tan improved insulin sensitivity without causing weight gain
[42, 44]. In one study, 10 weeks of telmisartan treatment sig-
nificantly reduced fasting plasma insulin and glucose levels
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and improved glucose tolerance and insulin sensitivity. In
terms of body weight gain and body fat content, compared
with mice treated with vehicle or pioglitazone, mice treated
with telmisartan had significantly less weight gain and de-
creased body fat content in absence of change in food in-
take [42]. Similar results were reported in a second study
of telmisartan treatment for 14 days in diet-induced obese
mice. While improving the hyperglycemia, hyperinsulinemia
and hypertriglyceridemia, telmisartan treatment attenuated
the diet-induced weight gain and decreased the weight of vis-
ceral adipose tissue without affecting food intake. Further-
more, telmisartan treatment was also accompanied with in-
creased adiponectin mRNA in visceral white adipose tissue
and the serum adiponectin level, reduced the serum level
of resistin, increased UCP1 mRNA in brown adipose tis-
sue, and increased oxygen consumption [44]. This suggests
that telmisartan treatment may prevent the development of
obesity and related metabolic disorders by altering the levels
of adiponectin, resistin, and uncoupling protein 1 in these
mice. Telmisartan represents a new class of SPPARγM with in
vivo preclinical evidence of maintaining insulin sensitization
efficacy while lacking of or preventing weight gain. Although
it is unclear yet how much of the efficacy seen is contributed
by the attenuated body weight gain and decreased fat mass,
preclinical results indicate that telmisartan may be used for
treatment of metabolic syndrome and prevention of obesity
including visceral obesity.

Whether telmisartan has clinical efficacy in terms of in-
sulin sensitization remains an open question. Several re-
cent studies support the view that telmisartan exerts bene-
ficial effects on lipid and glucose metabolism that involves
more than its ability to block the angiotensin II receptor. In
an open label post-marketing surveillance study, telmisartan
treatment of patients with diabetes (40–80 mg/day in 3642
patients for 6 months) reduced serum glucose and TG com-
pared with baseline [57]. In a randomized, parallel-group
study with 40 patients, telmisartan treatment (80 mg/day
for 3 months) reduced fasting plasma glucose, insulin resis-
tance (HOMA-IR), and glycated hemoglobin compared with
baseline, whereas losartan treatment had no significant ef-
fect on any of these parameters [58]. Others angiotensinogen
receptor antagonists including losartan, eprosartan, valsar-
tan, and candesartan have also been investigated. In a ran-
domized double-blind, placebo-controlled study with 119
patients, telmisartan treatment (40 mg/day for 12 months),
but not eprosartan treatment, reduced plasma total choles-
terol, LDL cholesterol, and TG compared with placebo. No
change in BMI or glucose metabolism was observed in any
group [59]. In a recent study in which valsartan or can-
desartan were replaced with telmisartan in hypertensive pa-
tient with diabetes, the switch to telmisartan was associ-
ated with significant reductions in plasma insulin, serum TG,
serum CRP levels, as well as increases in serum adiponectin
[60]. Telmisartan also reduced serum insulin levels and
improved insulin sensitivity as assessed by the homeosta-
sis model in hypertensive nondiabetic patients [61]. Over-
all, compared with full PPAR-γ agonists, the magnitude of
the sensitizing effect observed with telmisartan appeared

weaker. In terms of adverse effects, no peripheral edema or
fluid retention was observed. So far no comprehensive clin-
ical study has evaluated the effects of telmisartan on body
weight or adiposity and therefore this remains to be clari-
fied.

5. SUMMARY AND FUTURE DIRECTIONS

The in vitro/in vivo data originating from several newly de-
scribed SPPARγMs validate the SPPARγM concept in term of
differential receptor binding, selective cofactor recruitment,
and subsequent selective gene expression regulation. The in-
ability to recruit adipogenic cofactors (such as TIF2), the at-
tenuated adipogenic gene expression profile, and the attenu-
ated adipocyte differentiation activity of these SPPARγMs are
consistent with their lack of weight gain in preclinical mod-
els. It is still unclear if the ability to recruit energy expendi-
ture prone cofactor PGC1-α is a common characteristic of
SPPARγMs. Nevertheless, the recruitment of PGC1-α may
provide a partial explanation in term of their ability to in-
crease UCP1 levels, energy expenditure, and for their an-
tiobesity effects. At this point, the predictive value of inter-
actions between PPAR-γ and other coactivators remains un-
certain and additional studies using various SPPARγMs are
needed to further our understanding of these complex inter-
actions. The key questions are does the optimal SPPARγM
already exist? If not, what would the ideal profile of such
an optimal SPPARγM be? And can we rationally design pre-
clinical strategies to identify it? There is no doubt that com-
parison of the differential cofactor recruitment and selective
gene expression regulation by various SPPARγMs will gen-
erate a wealth of information that will further our mech-
anistic understanding of SPPARγM biology. Recent clinical
data obtained with metaglidasen confirm that SPPARγMs
can maintain efficacy while lacking the typical side effects
such as edema and weight gain, supporting the concept that
the SPPARγM represents the next generation of insulin sen-
sitizers.
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Activation of peroxisome proliferator-activated receptor (PPAR) α, δ, and γ subtypes increases expression of genes involved in
fatty acid transport and oxidation and alters adiposity in animal models of obesity and type-2 diabetes. PPARpan agonists which
activate all three receptor subtypes have antidiabetic activity in animal models without the weight gain associated with selective
PPARγ agonists. Herein we report the effects of selective PPAR agonists (GW9578, a PPARα agonist, GW0742, a PPARδ agonist,
GW7845, a PPARγ agonist), combination of PPARα and δ agonists, and PPARpan (PPARα/γ/δ) activators (GW4148 or GW9135)
on body weight (BW), body composition, food consumption, fatty acid oxidation, and serum chemistry of diet-induced obese
AKR/J mice. PPARα or PPARδ agonist treatment induced a slight decrease in fat mass (FM) while a PPARγ agonist increased BW
and FM commensurate with increased food consumption. The reduction in BW and food intake after cotreatment with PPARα and
δ agonists appeared to be synergistic. GW4148, a PPARpan agonist, induced a significant and sustained reduction in BW and FM
similar to an efficacious dose of rimonabant, an antiobesity compound. GW9135, a PPARpan agonist with weak activity at PPARδ,
induced weight loss initially followed by rebound weight gain reaching vehicle control levels by the end of the experiment. We
conclude that PPARα and PPARδ activations are critical to effective weight loss induction. These results suggest that the PPARpan
compounds may be expected to maintain the beneficial insulin sensitization effects of a PPARγ agonist while either maintaining
weight or producing weight loss.

Copyright © 2007 W. Wallace Harrington et al. This is an open access article distributed under the Creative Commons Attribution
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1. INTRODUCTION

Obesity has risen to epidemic proportions world wide and
is one the most visible, yet often neglected,of public health
issues. It is now prevalent in virtually all age and socio-
economic groups in both developed and developing nations
[1]. Obesity is a complex, multifactorial condition produced
by genetic, social, and psychological factors,the most signifi-
cant being high-fat diet and sedentary life style. The health
consequences of obesity range from increased risk of pre-
mature death to serious chronic conditions such as type 2
diabetes, dyslipidemia, atherosclerosis, hypertension, cardio-
vascular diseases, stroke, and certain forms of cancer [2–5].
Agents that reduce obesity through reductions in food intake
or increased energy expenditure could serve as therapeutic
options for the prevention of obesity and its comorbidities
[6–8].

Peroxisome proliferator-activated receptors (PPARs) are
ligand-activated transcription factors that belong to the su-
perfamily of nuclear receptors [9]. Three subtypes, des-
ignated PPARα (NR1C1), PPARδ (NR1C2), and PPARγ
(NR1C3) have been identified whose endogenous ligands in-
clude fatty acids and fatty acid metabolites. PPARs form het-
erodimers with retinoid X receptors (RXRs) and bind to the
hexanucleotidic PPAR responsive element (PPRE), thereby
regulating the expression of target genes involved in lipid and
carbohydrate metabolism.

PPARs are found in species ranging from Xenopus to hu-
mans [9] with each receptor having a distinct tissue expres-
sion profile. PPARα is expressed mainly in the liver, heart,
and muscle. The discovery that fibrates are hypolipidemic
agents which activate PPARα suggested that this receptor
may play a role in lipid metabolism [9, 10]. Indeed, activation
of PPARα has been shown to upregulate genes involved in
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hepatic lipid and lipoprotein metabolism and fatty acid oxi-
dation in skeletal muscle. In addition, these agents decrease
adiposity in animal models of obesity and type-2 diabetes
mellitus (T2DM). For example, fenofibrate has been shown
to reduce food intake, body weight, and adiposity in sev-
eral mouse models and obesity-prone rats [11, 12]. PPARδ
has a broad pattern of distribution and is expressed in many
tissues, including muscle and kidney [13]. Recent work has
suggested that PPARδ is involved in overall energy regula-
tion and fatty acid oxidation in the muscle. Activation of
PPARδ has also been shown to increase high-density lipopro-
tein cholesterol (HDL-c) in diabetic db/db mice and obese
rhesus monkeys [14]. Studies by Wang et al. [15] suggest that
overexpression of PPARδ in adipose tissue protects against
diet-induced obesity in mice and treatment with a PPARδ
selective agonist reduces weight gain without effects on food
intake in fat-fed mice [16].

The discovery that glitazones activate PPARγ receptor has
elucidated the role of this receptor in lipid transport and stor-
age and carbohydrate metabolism [17]. PPARγ is expressed
predominantly in white and brown adipose tissue and is im-
portant in the regulation and control of adipocyte develop-
ment and function [18]. Treatment with PPARγ agonists en-
hances the action of insulin and reduces serum glucose in
subjects with T2DM, however, substantial body weight gain
also occurs that is comprised of both fat mass and fluid vol-
ume [19–22]

PPARpan agonists can activate all three PPAR receptor
subtypes and exert a variety of effects on multiple tissues si-
multaneously. This class of compounds has been shown to
have antidiabetic efficacy in several animal models of T2DM
[23]. These compounds also affect lipoprotein composition
and reduce atherosclerotic plaque formation without the
weight gain associated with PPARγ agonists suggesting their
utility in treatment of metabolic syndrome [24, 25].

A number of studies have described the effect of individ-
ual PPAR agonists in a variety of animal models or exper-
imental paradigms [14, 26–28]. This study provides a sys-
tematic four-week evaluation of potent and selective agonists
of the three PPAR isoforms, the combination of PPARα and
δ agonists and PPARpan agonists in a single chronic model
of diet-induced obesity. We report the effects of these agents
on body weight, body composition, fatty acid oxidation, and
clinical chemistry in obesity-prone AKR/J mice.

2. METHODS

2.1. In vitro potency and selectivity

2.1.1. Assessment of PPAR activation using GAL4
transient transfection assay

The functional potency of selected ligands was evaluated us-
ing a transient transfection assay in CV-1 cells. The ligand
binding domains for murine PPARα, PPARδ, and PPARγ
were fused to the yeast transcription factor GAL4 DNA bind-
ing domain as a chimera. CV-1 cells were propagated and
transiently transfected with expression vectors for the re-
spective PPAR chimera as previously described [29, 30]. Test

compounds were compared to reference comparators that
give maximum responses in this assay. Compounds which
produced an activation of at 70% or greater, compared to a
positive control, were considered full agonists.

2.1.2. Ex vivo quantification of PPAR-induced
fatty acid oxidation

Fatty acid oxidation (FAO) was determined by 14C-labeled
CO2 capture from tissue homogenates using a method mod-
ified from Dohm et al. [31]. Following treatment with either
vehicle or a PPAR agonist, livers from fed mice were sur-
gically removed and a section excised from the same lobe.
The tissue was immediately weighed, minced with scissors
and placed in tubes (Falcon #2063) on ice. Cold SET buffer
(250 mM Sucrose, 1 mM EDTA, 10 mM Tris, pH 7.4) was
added at a ratio of 10 mL SET:1 gram of tissue and the tissue
homogenized on ice for 15 sec using a hand-held homoge-
nizer (Polytron PT1200; Kinematica AG). The homogenates
remained on ice until assayed.

The labeled reaction buffer was prepared by first dry-
ing 14C-oleic acid (0.5 μCi/reaction; PerkinElmer #NEC-317)
under nitrogen. The dried fraction is re-suspended in unla-
beled oleic acid such that the final concentration of oleic acid
in the reaction buffer was 0.2 mM. BSA was added slowly
while mixing to a final concentration of 0.5% and the mix-
ture was incubated at 37◦C for 15 minutes. The labeled cock-
tail was then added to the reaction buffer to give a produce
concentration of 100 mM sucrose, 10 mM Tris pH 7.4, 4 mM
ATP, 0.05 mM Coenzyme A, 0.1 mM malic acid, 1 mM mag-
nesium chloride, 80 mM potassium chloride, 5 mM potas-
sium phosphate, 0.2 mM EDTA, and 2 mM L-carnitine, as
described previously [32, 33].

Oxidation reactions were performed in tubes (Falcon
#352059) fitted with a stopper top (KONTES Glass Co.,
#882310-0000), center well (KONTES # 882320-0000), and
filter (Socorex #322.02) soaked with 175 μL of 1N NaOH.
100 μL of homogenate was dispensed into each tube and the
reactions initiated by adding 400 μL of reaction buffer. The
tubes were quickly capped and incubated with gentle shak-
ing for 60 minutes in a 37◦C water bath. After incubation,
the filters were removed, from the tubes, placed in 7 mL of
scintillant, and counted for 2 minutes (PerkinElmer Tri-Carb
3100TR). The oxidative activity of each compound was cal-
culated as nmole CO2 captured/gram tissue/hour and re-
ported as fold change relative to vehicle control.

2.2. In vivo animal studies

All procedures were performed in compliance with the An-
imal Welfare Act, USDA regulations and approved by the
GlaxoSmithKline Institutional Animal Care and Use Com-
mittee. Animals were housed at 72◦F and 50% relative hu-
midity with a 12-hour light and dark cycle.

2.2.1. Compounds

All compounds evaluated were synthesized by the Medicinal
Chemistry Department at GlaxoSmithKline, Inc., and were
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determined to be >90% pure by HPLC and/or NMR analy-
sis [34]. Dosing solutions of GW7845, GW0742, GW9578,
GW4148, and GW9135 were prepared as a suspension in
a vehicle of 0.5% methylcellulose and 0.1% Tween 80 and
dosed at 10 mL/kg. Doses of each PPAR ligand were chosen
from results of previous in-house efficacy studies.

2.2.2. Effect of PPAR agonists on body weight,
body mass, and food consumption

The effects of monotherapy with selective PPAR agonists,
combination therapy with PPARα and PPARδ, and treat-
ment with PPARpan agonists were evaluated in four ex-
periments in diet-induced obese (DIO) AKR/J mouse. The
AKR/J mouse is a polyoma-susceptible strain originally uti-
lized to study accelerated tumor development [35]. This
strain becomes obese and hyperinsulemic when fed a high
fat diet [36–39]. Age-matched, male AKR/J mice were al-
lowed ad libitum access to Research Diet D12331 (Research
Diet, Brunswick, NJ) at the Jackson Laboratories (Bar Har-
bor, ME) beginning at 6 weeks of age. The diet has an energy
density of 5.56 kcal/g (58% kcal from fat; 26% kcal from car-
bohydrates, and 16% kcal from protein). The animals were
allowed to become obese, achieving BW >40 grams before
shipping to GlaxoSmithKline laboratory animal facility at
13 weeks of age. The mice were housed 4 per cage in stan-
dard shoebox cages and were fed the high fat diet until they
reached approximately 50 grams. Age-matched lean control
animals obtained from Jackson Laboratories were fed a diet
of normal chow (3.04 kcal/g energy density, 12% kcal from
fat, LabDiet 5001, St. Louis, MO) and used for comparison.

At the beginning of each study, the animals were weighed
and body composition obtained using an EchoMRI-100
quantitative magnetic resonance (qMR, EchoMRI, Houston,
TX) whole body composition analyzer [40, 41]. Mice were
sorted into groups (n =8–10/group) such that BW and body
mass (% lean and fat mass) were not significantly different
at the beginning of the study. 16 lean control mice on stan-
dard chow were used as reference. All mice were dosed orally
with vehicle (0.5% methylcellulose and 0.1% Tween 80, 10
mL/kg) for six days prior to the beginning of dosing for ac-
climation to handling and treatment before drug treatment
was initiated.

In each experiment, BW of each animal was measured
and recorded three times weekly throughout the treatment
period. Body mass was obtained weekly on days 0, 7, 13, 20,
and 27 of treatment. The effects of selective PPARα, δ, and γ
agonists on food consumption were also assessed. Food con-
sumption is expressed as total energy consumed (kcal) over
a 24-period and as cumulative consumption over the course
of the experiment.

The fat content of Research Diets D12331 chow results
in pellets that crumbles making it difficult to quantify food
consumption thus, Research Diets D12451 chow (4.7 kcal/g
(45% kcal from fat, 35% kcal from carbohydrates and 20%
kcal from protein)) was used in studies where food consump-
tion was determined as these pellets are more solid. The an-
imals were transitioned two weeks before compound dosing

from Research Diets D12331 chow to Research Diets D12451
chow. Previous experiments (data not presented) have shown
that animals fed this diet maintain the same BW and fat mass
level as observed at the time of transition.

On the final day of each experiment, a terminal blood
sample (800–1000 μL) was obtained via cardiac puncture
under isoflurane anesthesia. Whole blood was placed in a
Terumo Capiject blood collection tube (Terumo Medical
Corp., Elkton, Md, USA), allowed to sit at room tempera-
ture for 20 minutes then centrifuged to obtain serum. Serum
levels of glucose, triglycerides, glycerol, nonesterified fatty
acids, total cholesterol, the high-density lipoprotein choles-
terol, and β-hydroxybutyrate were determined in all mice us-
ing an Olympus AU640 clinical chemistry immuno-analyzer
(Olympus America Inc., Melville, NY, USA). In addition,
liver weights were obtained following the terminal blood
sample on the final day of the study and samples were used
to determine liver fatty acid oxidation activity.

3. EXPERIMENTAL DESIGN

Experiment 1 was designed to study the effects of a selective
PPARα agonist and PPARδ agonist as mono and combina-
tion therapy. 48 mice were sorted into 6 groups and blocked
such that initial BW and body composition were not differ-
ent between groups. Three groups of animals (n = 8) were
dosed with Vehicle, the PPARα agonist (GW9578, 1 mg/kg),
or the PPARδ agonist (GW0742, 30 mg/kg) for 4 weeks. Two
additional groups of mice were dosed for the first 14 days
with either a PPARα agonist or a PPARδ agonist alone. At
day 15, the PPARδ agonist was added to the treatment regi-
men of animals dosed with PPARα, and the PPARα agonist
was added to the dosing material of animals previously dosed
with PPARδ alone. The sixth group was dosed with both the
PPARα and PPARδ agonists for the entire 28-day period. BW
and food consumption were assessed 3 times per week and
body composition was measured weekly.

In Experiment 2, 32 mice were sorted into 4 groups (n =
8/group) and dosed with vehicle and a selective PPARγ ago-
nist (GW7845, 3 mg/kg) for 28 days. Rimonabant (RIM, 10
or 30mg/kg, q.d.), a CB1 receptor antagonist, was used as a
positive control for weight loss. As in Experiment 1, BW and
food consumption were determined 3 times per week and
body composition was measured weekly.

In Experiment 3, three groups of mice (n = 9) were
dosed for 28 days with vehicle or GW4148 (3 or 10 mg/kg),
a PPARpan agonist that potently activates all three receptor
subtypes. In Experiment 4, five groups of mice (n = 8) were
dosed for 28 days with vehicle or GW9135 (3 or 10 mg/kg),
a PPARpan agonist that has a different profile of PPARα, δ,
and γ activation from GW4148.

4. DATA ANALYSIS

All data are expressed as mean ± standard error of the mean.
Weight loss experiments were analyzed using Analysis of Co-
variance (ANCOVA) with repeated measures followed by
Dunnett’s post hoc test. Comparison of serum chemistry
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Table 1: Activation of murine PPAR receptors by PPAR agonists in cell-based transactivation assays. Compounds were assayed for agonist
activity using the PPAR-GAL4 transactivation assay using an SPAP reporter transiently transfected in CV-1 cells as described in [25]. Data
are mean ± SE of four or more independent experiments. The EC50 value was defined as the concentration of test compound that produced
50± 10% of the maximal reporter activity.

Murine receptor activation (nM)

mPPARα %Max mPPARδ %Max mPPARγ %Max

GW9578 8.1 95 2344.2 76 2818.4 96

GW0742 8810.5 55 28.2 73 10000.0 67

GW7845 10770.9 30 10000.0 12 1.2 247

GW4148 41.8 114 9.4 134 37.3 88

GW9135 13.4 240 676.2 99 96.8 160

values, food consumption and fat and lean mass changes be-
tween start and end of studies was analyzed by two-way anal-
ysis of variance with repeated measures model (ANOVA) fol-
lowed by Dunnett’s post hoc test. Values were considered to
be significant when a value of P < .05 was achieved.

5. RESULTS

5.1. Assessment of PPAR activation using GAL4
transient transfection assay

Each compound evaluated in vivo was characterized with re-
gard to activation of the three PPAR subtypes [36] as shown
in Table 1. These compounds are full agonists of their respec-
tive receptors. GW9578 is a potent agonist of murine PPARα
receptors with an EC50of 8 nM and more than a 250-fold se-
lectivity over PPARγ and PPARδ [34]. GW0742 is a potent
and selective PPARδ agonist, (EC50 = 28 nM) having a 300-
fold selectivity over PPARα and PPARγ [26]. GW7845 is a
potent and selective PPARγ agonist with an EC50 of 1.2 nM
and >1000-fold selectivity over the other murine PPAR sub-
types [27]. Both PPARpan agonists used in this study activate
all of the PPAR subtypes, however, GW4148 and GW9135
have different potency profiles. GW4148 is nearly equipotent
at murine PPARα/δ/γ (EC50 < 100 nM), while GW9135 is
most potent at the PPARα receptor with significant activity
on PPARγ and weak potency at PPARδ.

5.2. In vivo studies

Experiment 1. Effect of mono- and combination therapy of
PPARα and PPARδ Agonists in Obese AKR/J Mice

The first experiment was designed to compare the effects of
selective PPARα (GW9578, 1 mg/kg) and PPARδ (GW0742,
30 mg/kg) agonists, and the combination of the two agents,
on BW, fat mass (FM), lean mass (LM), and food con-
sumption. Data are shown in Figure 1, Figure 2, and Table 2.
Vehicle-treated mice weighed approximately 50 grams at ini-
tiation of the study and BW did not change during the study.
While there was an initial weight loss trend, neither com-
pound induced a sustained decrease in BW after 28 days of
dosing (see Figure 1(a)).

On day 0, FM and LM (see Table 2) comprised 21.8 ±
1.6% (7.2±0.6 grams) and 63.1±1.3% (20.8±0.4 grams) of

total body weight, respectively, in lean mice. The remaining
mass of each animal is composed of bone, free water (as cel-
lular, interstitial and, blood volumes), and the contents of the
gastrointestinal tract and bladder. In the DIO vehicle group,
FM was nearly twice that of the lean mice (16.1± 1.4 grams;
39.5% of BW), but LM was similar (21.2± 0.2 grams; 53.1%
of BW). FM and LM did not change in the DIO or lean vehi-
cle groups in any of the experiments.

In spite of the fact that neither agent produced a signif-
icant decrease in BW, there was a slight decrease in FM af-
ter treatment with either the PPARα or PPARδ agonist while
LM was unaffected (see Table 2, Experiment 1). Both agents
produced a statistically significant increase in liver weight
of nearly 1 gram that appears to have counterbalanced the
change in fat mass resulting in unaltered BW.

Both the PPARα and PPARδ agonists affected food con-
sumption. Compared to vehicle-treated animals, the PPARα
agonist reduced food consumption while the PPARδ agonist
produced a small but statistically significant increase in feed-
ing (see Figure 2(a)). The effect of PPARα activation on feed-
ing did not occur until day 10, the same point when weight
loss had reached a plateau and subsequently began to re-
bound.

A second goal of Experiment 1 was to examine the ef-
fects of PPARα and PPARδ in combination on BW, body
mass, and food consumption. Minimal BW changes were ob-
served with the PPARα or PPARδ agonists alone similar to
Figure 1(a). At Day 14, the PPARα agonist was added to the
group dosed with PPARδ alone or vice versa for an addi-
tional 14 days. Both conditions resulted in weight loss (see
Figure 1(b)) greater than observed with either agent alone.
The overall weight loss from either combination was approx-
imately 15% which was commensurate to the decrease in FM.
A third group of mice was dosed with a combination of the
PPARα and PPARδ agonists for the entire 28- day period.
This treatment resulted in a 22% reduction in BW that oc-
curred by 14 days. Both final BW and FM were similar to
that of lean controls.

Addition of the PPARδ agonist to the PPARα agonist
dosing regimen at 14 days did not have a significant effect
on food consumption (see Figure 2(b)). However, adding
PPARα to the dosing regimen of mice receiving the PPARδ
agonist reduced food consumption to the level seen with
PPARα agonist alone. Interestingly, simultaneous dosing
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Figure 1: Effect of treatment with selective PPARα and PPARδ ag-
onists on BW in lean and DIO AKR/J mice. (a) GW9578, a PPARα
agonist (1 mg/kg), GW0742, a PPARδ agonist (30 mg/kg). (b) Filled
triangle: GW9578 dosed for 14 days then combined with GW0742;
filled diamond: GW0742 dosed for 14 days then combined with
GW9578; filled square: GW9578 and GW0742 dosed together for
28 days. The arrow indicates the point at which the sequential com-
bination of PPARα and PPARδ began. Data were analyzed by AN-
COVA with repeated measures followed by Dunnett’s post hoc test.
Values were considered to be significant (∗) when a value of P < .05
was achieved. N = 8–10 animals/group.

from study outset with both the PPARα and PPARδ agonists
reduced feeding to a greater extent then the sequential addi-
tion of the agents.

Experiment 2. Effect of a PPARγ agonist and
rimonabant in obese AKR/J mice

Where Experiment 1focused on the effects of selective PPARα
and PPARδ agonists, Experiment 2 was designed to exam-
ine the effect of GW7845, a selective PPARγ agonist dosed
at 3 mg/kg on BW, FM, LM, and food consumption. RIM, a
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Figure 2: Effect of treatment with selective PPARα and PPARδ ag-
onists on food consumption (kcal) in lean and DIO AKR/J mice.
(a) GW9578, a PPARα agonist (1 mg/kg), GW0742, a PPARδ ag-
onist (30 mg/kg). (b) Filled triangle: GW9578 dosed for 14 days
then combined with GW0742; filled diamond: GW0742 dosed for
14 days then combined with GW9578; filled square: GW9578 and
GW0742 dosed together for 28 days. The arrow indicates the point
at which the sequential combination of PPARα and PPARδ began.
Data were analyzed by ANCOVA with repeated measures followed
by Dunnett’s post hoc test. Values were considered to be significant
(∗) when a value of P < .05 was achieved. N = 8–10 animals/group.

CB-1R antagonist was used as a positive control for weight
loss.

Treatment with RIM at doses of 10 and 30 mg/kg pro-
duced significant, dose-related decreases of BW. At the high-
est dose, RIM reduced BW by 17% within the first 10 days
of treatment (see Figure 3(a)) and the effect was main-
tained over the remainder of the study. RIM also decreased
FM in a dose-dependent manner (see Table 2, Experiment
2). In contrast, the PPARγ agonist produced a steady and
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Table 2: Effect of treatment with PPAR agonists on body weight (BW), body composition (FM and LM), and liver weight (LW). Shown in
the table are body weight (g) and fat and lean mass (g) values of each group. FM and LM were determined using qMR at the final day of
the study (day 28). LW was obtained from terminal collection at the end of the experiment. N = 8 mice/group. Data are expressed as mean
+/− SEM. Doses are in mg/kg. Data were analyzed by two-way ANOVA with repeated measures followed by post hoc t-test. Data achieved
significance when P < .05(∗).

Treatment
BW day 0
(grams)

BW day 28
(grams)

Fat mass
day 28
(grams)

Lean mass
day 28
(grams)

Liver weight
(grams)

Experiment 1 Lean vehicle 36.6± 0.8 37.0± 1.0 8.4± 1.1 23.2± 0.4 1.8± 0.1

DIO vehicle 50.4± 1.3 52.1± 1.8 20.8± 1.3 29.3± 0.7 2.0± 0.2

GW9578 (1) 52.1± 1.1 51.3± 1.6 18.4± 0.9 30.9± 0.8 2.6± 0.1 ∗

GW0742 (30) 51.6± 1.1 50.2± 1.2 18.4± 0.7 ∗ 29.7± 0.7 3.2± 0.1 ∗

GW9578 +
GW4148
(after week 2)

49.0± 0.6 41.3± 1.2 ∗ 10.2± 0.9 ∗ 29.1± 0.5 4.3± 0.2 ∗

GW4148 +
GW9578
(after week 2)

49.5± 1.0 42.7± 0.8 ∗ 11.0± 0.8 ∗ 29.5± 0.9 4.3± 0.1 ∗

GW9578 and
GW4148
4 weeks

50.5± 0.9 39.3± 0.9 ∗ 9.1± 0.4 ∗ 28.4± 0.7 4.9± 0.1 ∗

Experiment 2 DIO vehicle 50.8± 0.4 49.2± 0.5 20.7± 0.8 25.4± 1.0 1.9± 0.1

RIM (10) 50.6± 0.8 44.1± 1.3 ∗ 15.0± 0.9 25.2± 0.8 2.0± 0.1

RIM (30) 51.0± 0.7 41.8± 0.5 ∗ 11.6± 0.3 26.5± 0.5 2.0± 0.1

GW7845 (3) 50.9± 1.2 54.6± 1.7 ∗ 23.5± 1.3 28.7± 0.6 2.0± 0.1

Experiment 3 DIO vehicle 40.8± 1.3 44.9± 1.6 17.6± 1.6 23.5± 0.5 1.9± 0.1

GW4148 (3) 40.8± 1.2 42.0± 0.9 13.5± 0.9 ∗ 23.7± 0.3 2.9± 0.1 ∗

GW4148 (10) 40.7± 1.5 36.6± 0.9 ∗ 10.3± 0.6 ∗ 22.3± 0.5 3.4± 0.1 ∗

Experiment 4 Lean vehicle 33.7± 0.7 34.4± 0.8 8.4± 0.8 22.0± 0.6 1.7± 0.1

DIO vehicle 40.6± 1.9 43.1± 1.6 16.5± 1.1 23.4± 0.6 1.9± 0.1

GW9135 (3) 41.1± 1.8 42.5± 1.9 14.9± 1.5 24.1± 0.3 3.0± 0.2 ∗

GW9135 (10) 41.2± 1.5 40.3± 1.2 12.3± 0.8 ∗ 23.0± 0.4 3.3± 0.1 ∗

consistent increase in BW over the course of the experiment
(see Figure 3(b)). After 28 days, the weight of these animals
had increased by almost 4 grams (8.6 ± 1.4% BW) and the
mice were continuing to gain weight at 4 weeks. The PPARγ
agonist produced a significant increase in FM over the 28
days of the study accounting for much of the weight gain in
these animals.

RIM induced dose-related decreases in food consump-
tion with the greatest suppression observed on day 3 (see
Figure 4(a)). After day 3, food consumption suppression be-
gan to wane, eventually returning to control levels by day 10
and remained at that level for the duration of the study. In
contrast to the effect of RIM, food consumption of animals
dosed with the PPARγ agonist increased 46% after only one
day and remained elevated by more than 20% over the re-
maining treatment period (see Figure 4(b)).

Experiments 3 and 4. Effect of PPARpan agonists
in obese AKR/J mice

Experiments 3 and 4 explore the effects of two PPARpan ago-
nists with different selectivity profiles (see Figure 5, Table 1).
GW4148, a potent activator of all three PPAR receptor sub-
types, was used in Experiment 3. Dosed at 3 mg/kg, GW4148

did not induce weight loss. In contrast, a dose of 10 mg/kg
significantly decreased BW by 18% after 19 days of dosing
(see Figure 5(a)). This change mirrored the effects seen when
PPARα and PPARδ were coadministered in Experiment 1.
GW4148 also produced a significant decrease in FM that was
commensurate with the reduction in BW.

GW9135 is a PPARpan compound with a different pat-
tern of activation than GW9148, being very potent at PPARα
and PPARγ and weaker at PPARδ. Dosing GW9135 at
3 mg/kg had no effect on BW (see Figure 5(b)). Treatment
with 10 mg/kg GW9135 reduced body weight 10% by day
8, however, the mice regained weight after that time and fi-
nal BW was not significantly different from vehicle-treated
animals at day 27 (see Figure 5(b)). This dose of GW9135
significantly reduced FM by 4 grams. Both GW4148 and
GW9135 treatments increased liver weights by approximately
2.5 grams (see Table 2) which counterbalanced the final BW
to some extent.

Effect of PPAR agonists on serum chemistry

Serum chemistry results are shown as group means in
Table 3. None of the PPAR agonists tested in these experi-
ments had a significant effect on blood glucose levels. The
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Figure 3: Effect of treatment with rimonabant or selective PPARγ
agonist on BW. (a) RIM (10 and 30 mg/kg). (b) GW7845, a selective
PPARγ agonist (3 mg/kg). Data were analyzed by ANCOVA with re-
peated measures followed by Dunnett’s post hoc test. Values were
considered to be significant (∗) when the value of P < .05 was
achieved. N = 8–10 animals/group.

PPARα and PPARδ agonists alone significantly reduced cir-
culating insulin (INS) levels. The combination of the two
agents not only reduced insulin but also significantly reduced
triglyceride (TG) and nonesterified fatty acids (NEFAs) and
elevated total cholesterol (CHOL), high-density lipoprotein
cholesterol (HDL-c), and β-Hydroxybutyric acid (βHBA).
The selective PPARγ agonist produced a significant reduc-
tion in circulating INS, TG, and NEFA levels. Both PPARpan
agonists significantly reduced fed glucose, INS, NEFAs, and
TG and increased total CHOL, HDL-c, and βHBA.
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Figure 4: Effect of treatment with rimonabant or selective PPARγ
agonist on food consumption (kcal). (a) RIM (10 and 30 mg/kg).
(b) GW7845, a selective PPARγ agonist (3 mg/kg). Data were ana-
lyzed by ANCOVA with repeated measures followed by Dunnett’s
post hoc test. Values were considered to be significant (∗) when the
value of P < .05 was achieved. N = 8–10 animals/group.

Effect of PPAR agonists on ex vivo fatty acid oxidation

Changes in drug-induced fatty acid oxidation (FAO) were
evaluated in mouse liver extracts from animals treated with
compound for 28 days (see Figure 6). Activation of the
PPARδ agonist produced a 1.9-fold increase in FAO while the
PPARγ agonist and PPARα agonist were not different from
vehicle. The PPARpan agonists elicited responses similar to
the PPARδ agonist and this response most likely reflects the
activity of PPARpan agonists at the PPARδ receptor.
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Table 3: Group means of clinical chemistry results of DIO-AKR mice. Terminal blood samples were obtained at the end of treatment. Serum
levels of analytes were determined using an Olympus AU640 clinical chemistry analyzer and analyzed by a two-way analysis of variance with
repeated measures model (ANOVA) followed by Dunnett’s post hoc test. Values were considered to be significant (∗) when the value of
P < .05 was achieved.

Treatment
Glucose
(mg/dL)

Insulin
(ng/mL)

Triglyceride
(mg/dL)

NEFA
(mEq/L)

Cholesterol
(mg/dL)

HDL-C
(mg/dL)

bHBA
(mg/dL)

Experiment 1 Lean vehicle 211.3± 7.8 1.7± 1.4 194.7± 0.7 0.7± 0.03 89.5± 1.6 57.2± 1.1 2.1± 0.2

DIO vehicle 241.2± 7.4 11.2± 2.1 154.5± 8.1 0.8± 0.02 188.7± 12.5 131.8± 4.5 2.0± 0.2

GW9578 (1) 248.0± 16.6 3.1± 1.6 ∗ 168.3± 15.4 0.9± 0.04 117.1± 4.1 86.6± 2.7 3.2± 1.1

GW0742 (30) 253.3± 8.9 2.2± 1.2 ∗ 174.9± 10.3 0.9± 0.02 171.9± 2.9 118.4± 1.6 3.8± 0.3 ∗

GW9578 +
GW0742 after
week 2

211.5± 14.2 1.9± 0.9 ∗ 97.5± 5.8 ∗ 0.6± 0.02 ∗ 207.5± 4.5 ∗ 131.8± 4.5 7.0± 0.5 ∗

GW4148 +
GW0742 after
week 2

157.4± 2.4 ∗ 2.9± 1.1 ∗ 100.0± 8.9 ∗ 0.6± 0.04 ∗ 210.1± 8.5 ∗ 132.5± 4.7 7.0± 1.4 ∗

GW9578 and
GW0742
4 weeks

199.1± 1.6 ∗ 2.6± 0.8 ∗ 128.1± 9.0 ∗ 0.8± 0.04 234.4± 5.5 ∗ 141.8± 2.3 6.9± 0.8 ∗

Experiment 2 DIO vehicle 225.4± 11.7 10.2± 0.5 152.3± 0.8 0.7± 0.8 114.9± 2.9 81.8± 1.6 1.6± 0.2

RIM (10) 230.1± 16.6 7.2± 2.5 ∗ 181.4± 36.1 0.8± 0.05 147.3± 9.1 ∗ 95.1± 4.6 ∗ 2.5± 0.2 ∗

RIM (30) 215.3± 13.0 3.4± 0.7 ∗ 159.7± 16.1 0.9± 0.02 143.4± 4.0 ∗ 116.9± 2.6 ∗ 1.8± 0.2

GW7845 (3) 222.3± 9.4 2.1± 0.4 ∗ 112.3± 5.7 ∗ 0.6± 0.03 ∗ 106.1± 4.2 65.0± 0.9 ∗ 1.5± 0.1

Experiment 3 DIO vehicle 234.0± 9.4 6.7± 1.9 163.5± 16.2 0.8± 0.07 116.1± 5.9 91.1± 3.7 2.9± 0.2

GW4148 (3) 233.3± 14.6 1.8± 0.3 ∗ 62.6± 4.1 ∗ 0.5± 0.03 ∗ 178.9± 3.7 ∗ 52.9± 0.1 ∗ 5.1± 0.9 ∗

GW4148 (10) 214.0±10.9 ∗ 1.3± 0.3 ∗ 48.4± 3.6 ∗ 0.5± 0.04 ∗ 192.6± 6.8 ∗ 131.1± 3.6 ∗ 6.5± 1.1 ∗

Experiment 4 Lean vehicle 189.5± 8.6 1.2± 0.2 220.5± 14.0 0.7± 0.04 70.0± 1.9 51.7± 1.4 1.6± 0.1

DIO Vehicle 196.0± 11.1 11.2± 2.1 277.6± 25.2 1.5± 0.10 122.8± 4.7 106.0± 2.8 3.7± 0.6

GW9135 (3) 215.0± 14.1 2.9± 0.5 ∗ 113.8± 9.9 ∗ 0.8± 0.04 ∗ 188.9± 4.9 ∗ 149.4± 2.4 ∗ 4.4± 0.6 ∗

GW9135 (10) 196.1± 5.6 1.4± 0.4 ∗ 58.8± 2.4 ∗ 0.6± 0.02 ∗ 183.8± 5.2 ∗ 141.9± 2.8 ∗ 4.3± 0.4 ∗

6. DISCUSSION

There is a critical medical need to develop effective strategies
for long-term weight loss and weight maintenance although
it is unlikely that any single therapy will yield maximal effi-
cacy. Currently, the few therapies actually shown to be effec-
tive for weight loss include lifestyle modifications (diet and
exercise), bariatric surgery, and pharmacological targets that
modulate central pathways that regulate food intake [41].
PPARs are known to modulate enzymes involved in lipid
metabolism and are expressed in many, if not all, metaboli-
cally active tissues including liver, heart, kidney, skeletal mus-
cle, intestine, pancreas, and adipose tissue [42, 43]. This sug-
gests that PPARs play a key role in energy metabolism and
homeostasis that may ultimately affect body weight and body
mass. In this report, we present data showing that potent and
selective agonists of all three PPAR isoforms serve to modu-
late food intake and energy balance in DIO AKR/J mice.

Selective activators of PPARγ, such as glitazones, have
been successfully used to treat T2DM for nearly a decade.
Treatment with rosiglitazone and pioglitazone induce body
weight gain in mice [45, 46, 49], rats [44, 47–50], nonhuman
primates [51, 52], and humans [53–55]. Weight gain is man-
ifested as increased adiposity, total body water and plasma

volume. In this report, mice treated with a potent and se-
lective PPARγ activator gained more weight than obese ve-
hicle controls and the weight gain could be completely ac-
counted for by increased fat mass which was equivalent to
the increase in caloric intake. In addition to stimulation of
food consumption, activation of PPARγ promotes triglyc-
eride accumulation by increasing expression of genes modu-
lating adipogenesis [56–58], lipid transport [58, 59], storage
[46, 60], and glucose homeostasis [61]. We also observed that
GW7845 had no effect on FAO in mouse liver. In summary,
PPARγ agonism induces food consumption and energy stor-
age without an effect on energy utilization resulting in net
weight gain.

A number of studies have suggested that PPARδ ago-
nists regulate food intake, body weight, insulin sensitivity,
and adiposity [8, 62–68]. Transgenic mice in which consti-
tutively active PPARδ is expressed in muscle are highly resis-
tant to high-fat, diet-induced obesity [15]. Administration
of GW501516, a selective PPARδ agonist, promotes FAO and
utilization, depleting lipid accumulation in adipocytes, skele-
tal muscle, and liver in DIO, ob/ob [68], and db/db mice
[67].

Similarly, there are numerous studies that suggest that
PPARα can regulate food intake, body weight, and adiposity
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Figure 5: Effect of treatment with PPARpan agonists on BW. (a)
GW4148 dosed at 3 and 10 mg/kg. (b) GW9135 dosed at 3 and
10 mg/kg. Data are expressed as mean ± SEM and were analyzed by
ANCOVA with repeated measures followed by Dunnett’s post hoc
test. Values were considered to be significant (∗) when the value of
P < .05 was achieved. N = 8 animals/group.

in rodents [69–74]. PPARα has been shown to modulate tar-
get genes involved in uptake, activation, and degradation of
fatty acids maintaining lipid homeostasis in liver, heart, and
oxidative muscles [33, 75, 76]. It is possible that the combi-
nation of these mechanisms could result in reduction of body
weight. Djouadi et al. [76] and Muoio et al. [33] have shown
that the body weight of PPARα-KO mice was greater than
WT littermates, and that they became obese when fed a high
fat diet, confirming the role of PPARα receptors in modulat-
ing energy utilization and BW in rodents. In humans, fibrate
treatment has not been associated with body weight loss (73),
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Figure 6: Effect of PPAR agonist treatment on fatty acid oxidation
(FAO) in liver was assessed using a 14C capture method modified
from Dohm et al. [28]. Data are expressed as fold change from ve-
hicle control (mean ± SEM). N = 6 determinations/compound.

thus, the role of PPARα agonism in human body weight reg-
ulation is unclear.

Neither PPARα nor PPARδ agonists had a sustained effect
on body weight. While the increase in liver weights observed
with both treatments counterbalanced the initial weight loss
induced by these compounds, this change did not completely
explain the rebound.

GW0742, the PPARδ agonist, had a transient stimulatory
effect on food intake from days 12–17 and it was during this
time that the rebound increase in weight occurred. There was
a significant increase in liver FAO induced by GW0742 af-
ter chronic dosing. The increase in food intake may have oc-
curred in response to elevated energy expenditure, thus, an
agent that only modulates energy expenditure did not induce
significant weight loss in this model.

After 10 days of treatment with GW9578, the PPARα ag-
onist, a significant suppression of food intake was observed
that persisted throughout the rest of the study. The timing
of this effect coincided with the timing of the rebound in
weight gain. Currently, we do not have an explanation for
this phenomenon, yet it appears that chronic PPARα ago-
nism induces a metabolic compensation resulting in weight
regain and the food intake suppression could be a counter-
acting mechanism. The effect on food consumption could
be regulated centrally as PPARα is expressed in low but de-
tectable levels in mouse hypothalamus, a major center of ap-
petite and satiety regulation. PPARα could also modulate pe-
ripheral mechanisms that affect appetite or central response
to lipid levels resulting from changes in FAO [12, 75]. While
several reports have shown that PPARα increased FAO, the
measurement of this parameter at the end of the study indi-
cated that there was only a modest alteration. We did observe
weight loss during the first 10 days of the study without a
change in food intake thus it is possible that there could have
been induction of FAO during this time.
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A combination study of PPARα and PPARδ agonists
was performed to determine if greater weight loss could be
achieved together than with either compound alone. After
2 weeks of dosing with either single agent, addition of the
second agent further reduced body weight and fat mass, sug-
gesting a synergistic effect of the two agents. Combination
dosing of both agents for the entire 4 weeks of the study pro-
duced even greater reduction in body weight and fat mass.
Interestingly, the suppression of food intake after addition
of GW9578 to GW0742 and with the straight combination
dosing occurred immediately as opposed to the 10-day delay
observed with GW9578 alone. The immediate effect on food
intake through PPARα, increase in liver FAO from PPARδ,
and the initial induction of weight loss by PPARα through
a nonfood intake mechanism all account for the greater ef-
ficacy observed with the combination dosing from day 1 of
treatment.

PPARpan agonists are a class of compounds that acti-
vate all three PPAR receptor subtypes and are currently being
evaluated as antidiabetic agents. Compared to selective PPAR
agonists, PPARpan ligands are expected to display unique
characteristics as a result of ligand-activation profiles com-
bining features of all three PPAR receptor subtypes, how-
ever, the effects are not simply the sum of the activities, but
reflect a careful balance of lipid handling and energy. Both
compounds used in this study are potent activators of all
three isoforms but the potency ratio across the isoforms is
different. GW4148 is an extremely potent agonist of murine
PPARδ (9 nM) and is 4-fold selective over PPARα or PPARγ
receptors. In contrast, GW9135 is a potent agonist of murine
PPARα (13 nM) and is 18-fold and 50-fold selective over
PPARγ and PPARδ, respectively. Other factors such as cofac-
tor affinities contribute to the physiological behavior of each
molecule.

GW9135 had little effect on overall weight loss, a pattern
not different from PPARα agonist treatment alone, where
there was an initial decrease in weight followed by regain.
This effect can be explained by the greater potency of the
molecule at PPARα and its weaker potency on PPARδ . In
contrast, GW4148, which is most potent at the PPARα and
PPARδ receptors, behaved similarly to combination dosing
of GW9578 and GW0742 producing significant weight loss
at 10/mg/kg.

Contrary to the differential effects on body weight, both
PPARpan agonists produced similar metabolic effects. Each
compound reduced TG, NEFA, and circulating insulin lev-
els, and elevated HDL-c and bHBA. A similar pattern was
noted with the combination of GW9578 and GW0742, how-
ever, these two agents alone did not have significant effects
on any parameter except insulin. The combination of PPARα
and PPARδ activation results in a synergistic effect on serum
chemistry parameters.

In summary, these studies demonstrate that PPARs are
integrally involved in energy maintenance. The PPARα and
PPARδ receptors are responsible for induction of weight loss
in AKR/J mice through suppression of food intake and in-
creased energy expenditure. Activation of PPARα and PPARδ
receptors by PPARpan compounds may be expected to in-

duce weight loss or provide weight maintenance while com-
bining the beneficial insulin sensitization effects of a PPARγ
agonist.

ABBREVIATIONS

PPAR: Peroxisome proliferator-activated receptor
RIM: Rimonabant
CB1-R: Cannabinoid 1-receptor
d: Day
BW: Body weight
FM: Fat mass
LM: Lean mass
LW: Liver weight
qMR: Quantitative magnetic resonance
FAO: Fatty acid oxidation
GLU: Glucose
INS: Insulin
TG: Triglyceride
NEFA: Nonesterified fatty acid
CHOL: Cholesterol
HDLc: High-density lipoprotein cholesterol
βHBA: β-hydroxybutyric acid
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THE PPAR FAMILY

Peroxisome proliferator-activated receptors (PPARs) are
members of the nuclear receptor superfamily that are
ligand-dependent transcription factors. The activation of
PPARs requires forming heterodimers with retinoid X recep-
tors (RXRs), which allow binding to their specific peroxi-
some proliferator response elements (PPREs) [1]. By bind-
ing to specific PPREs in enhancer sites of targeted genes,
PPAR/RXR heterodimers regulate their expression. PPAR
genes are known to be expressed in different organs, includ-
ing reproductive organs, major insulin target organs (liver,
white adipose tissue, skeletal muscle), cardiac tissue, and
other. PPARs have a wide spectrum of actions which include
adipocyte differentiation, lipid metabolism, insulin sensiti-
zation, tissue injury and wound repair, inflammation, and
immunity.

There are three known subtypes in the PPAR superfam-
ily, each encoded by separate genes: PPARα, PPARβ/δ (also
known as PPARβ or PPARδ), and PPARγ. The most ex-
plored gene of this superfamily and the most adipose-specific
is PPARγ. There are two recognized isoforms of PPARγ:
PPARγ1 and PPARγ2. These isoforms are generated by al-
ternative splicing and alternate translation initiation [2–4].

Although PPARγ is the most recently cloned gene from
PPARs, it quickly drew attention as a target receptor for thi-
azolidinediones (TZDs), the drugs used as insulin sensitizers
in type 2 diabetic patients (5–8).

As its name implies, PPARα was the first gene cloned
from this family. PPARα is mainly expressed in the liver,
skeletal muscle, heart, and kidney. In these organs, it reg-
ulates a wide variety of target genes involved in cellular
lipid catabolism. PPARα alters the expression of genes en-
coding enzymes involved in the fatty acid metabolic path-
way, which activate the regulation of fatty acids β and ω-
oxidation. These effects are mediated by the presence of
PPREs that are under transcriptional control of PPARα in the
promoter regions of genes coding for the enzymes involved in
this metabolic pathway [5]. The activation of PPARα in the
heart induces accumulation of myocardial lipids that leads
to other features of diabetic cardiomyopathy [6]. PPARα-
deficient mice have increased levels of total and HDL choles-
terol [7].

The function of the third PPAR nuclear receptor,
PPARβ/δ, is still somewhat unclear. There are some indica-
tions that PPARβ/δ is involved in lipid metabolism [8], and
studies have shown that it plays an important role in epider-
mal maturation and skin wound healing [9, 10].
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CALORIE RESTRICTION AND PPARs

Calorie restriction (CR) is of wide interest in the study of
aging. There are numerous studies showing that CR can im-
prove the health of individuals and help protect them from
disease. CR is also recognized as the most effective interven-
tion known to delay aging and increase lifespan [11]. The
precise mechanisms of CR action on aging and longevity are
still not well established, but CR is known to reduce body
weight and the levels of plasma insulin, IGF-1, GH, glucose,
and thyroid hormone.

Calorie restriction is also known to alter expression of
large number of genes involved in lipid metabolism and in-
sulin signaling. Expression of many of the same genes is reg-
ulated by PPARs acting as transcription factors. This suggests
a possibility that PPARs mediate the effects of CR or that
CR and PPAR/RXRs heterodimers activate the same signal-
ing pathways.

ACTION OF PPARs ON INSULIN SIGNALING

The agonists for PPARα and PPARγ are widely used in di-
abetes. The study of rats fed a high-fat diet (HFD) indi-
cated that PPARα and PPARγ agonists, WY14643 and pi-
oglitazone, respectively, decreased glucose and leptin lev-
els in plasma. The plasma levels of insulin and triglyc-
eride were also reduced in rats treated with PPARs ago-
nists in comparison to control animals; however, piogli-
tazone caused significantly greater reduction in compari-
son to PPARα-agonist-treated and control rats [12]. How-
ever, activation of PPARγ caused significant increase of body
weight, which is opposite to CR action. PPARα agonist did
not alter body weight and more importantly caused signif-
icant decrease of visceral fat weight in comparison to con-
trol and pioglitazone-treated rats [12]. This indicates that pi-
oglitazone improves insulin sensitivity more effectively than
WY14643. However, weight gain caused by PPARγ ago-
nist is detrimental to the well-being of diabetic rats or hu-
mans.

DIET

The functions and characterization of PPARs suggest that
these nuclear receptors are strongly connected with the diet.
There is considerable evidence that various diets can affect
PPARs action in different organs and that the responses to
diets can be mediated by their effects on PPARs expres-
sion.

High-fat diet

High-fat diet is known to induce insulin resistance and pro-
mote type 2 diabetes in laboratory animals. In rats and mice
HFD causes obesity and increases plasma insulin, glucose,
and leptin levels. In HFD-fed rodents, PPARs agonists im-
prove insulin sensitivity, presumably via activation of this
nuclear receptor.

PPARα and high-fat diet

Studies of PPARα-null mice indicated that the deficiency of
this nuclear receptor can protect from insulin resistance in-
duced by HFD [13]. In this study the authors showed that
HFD increases body weight and plasma insulin level but only
in normal animals, with no alteration in PPARα-null mice.
Moreover, insulin tolerance test (ITT), glucose tolerance test
(GTT), and the calculated insulin resistance index indicated
that HFD caused insulin resistance in normal animals, with
no alteration of insulin signaling in PPARα deficient mice
[13]. However, studies of PPARα-null mice subjected to fast-
ing indicated that PPARα deficiency can cause severe hypo-
glycemia [14, 15]. Moreover, most of PPARα target genes
were not altered in the liver and heart of fasted PPARα-null
mice in comparison to normal controls [15]. The authors
also reported that in PPARα deficient animals fasting caused
hyperketonemia, hypothermia, and increase in plasma levels
of free fatty acids, which reflects inhibition of fatty acid up-
take and oxidation [14]. Concluding, PPARα participates in
glucose homeostasis which may be important to prevent hy-
poglycemia under fasting condition or during exercise. How-
ever, long-term metabolic stress such as HFD could become
negative for health by developing insulin resistance.

PPARγ and high-fat diet

Similarly to PPARα deficiency, PPARγ deficiency in adipose
tissue (PPARγ-adiposeKO) was reported to protect from
obesity and insulin resistance caused by HFD [16]. Under
HFD, this tissue-specific PPARγ deficiency increased glucose
tolerance in comparison to control animals on HFD. More-
over, the levels of insulin and leptin were significantly de-
creased in HFD-treated, PPARγ-adiposeKO mice in compar-
ison to normal animals subjected to the same diet. Inter-
estingly, the deficiency of PPARγ in adipose tissue resulted
in increased PPARγ mRNA levels in the liver when com-
pared to normal controls [16]. As stated by the authors, this
model suggests that improved insulin sensitivity under HFD
in PPARγ-adiposeKO mice can coexist with increased expres-
sion of PPARγ in the liver.

Calorie restriction diet

Calorie restriction is known to improve insulin sensitivity,
lipid metabolism, health, and longevity. Calorie restriction is
known to act on PPARs [17]; however, the effects are strik-
ingly organ dependent. Depending on the organ, we ob-
served a lack of changes, decrease or increase of PPARs ex-
pression in response to CR (Figure 1).

PPARs, CR, and the liver

Data reported by our laboratory indicated that 30% CR did
not alter mRNA or protein levels of hepatic PPARγ in mice.
This finding suggested that improvement of insulin sensi-
tivity in mice by CR is not mediated by PPARγ in the liver
[18, 19]. However, hepatic PPARα mRNA and protein levels
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Figure 1: Effects of calorie restriction (CR) on the expression of PPARs family genes in mouse: (A) liver, (B) skeletal muscles, (C) white
adipose tissue, and (D) heart. Arrows pointing up or down indicate statistically significant increases or decreases (P < .05). Lack of arrows
means no alteration.

were significantly increased by CR in comparison to mice fed
with unlimited (ad libitum; AL) access to food. This finding
appears counterintuitive in view of the evidence that PPARα
deficiency prevents insulin resistance in mice subjected to
HFD [13]. However, the suggested involvement of PPARα in
glucose homeostasis could imply that the increase of PPARα
in mice subjected to CR is a mechanism protecting these an-
imals from hypoglycemia [14, 15]. Perhaps under conditions
of HFD the decrease of PPARα is adaptive, but when the
animals are subjected to CR, PPARα increases to facilitate
maintenance of normal glucose levels during the periods
when food is not available. Additionally, a recent study con-
ducted by Corton et al indicated that 19% of hepatic genes
involved in lipid metabolism, inflammation, and cell growth
which were altered by CR were dependent on PPARα. In-
terestingly, some of these genes were altered by CR only in
normal mice but not in PPARα deficient animals. Results
obtained in animals treated with a PPARα agonist indicated
overlap of genes influenced by CR and by a compound acti-
vating PPARα [20]. These important findings indicated that
PPARα plays an important role in mediating the action of CR
[13, 20]. Corton et al also suggested that drugs activating the
PPARα-RXR-LXR axis can be potential CR mimetics [20].

The expression of the remaining member of the PPAR
family, PPARβ/δ, in the liver was significantly decreased by
CR at both mRNA and protein levels [19]. Thus, the hepatic
expression of three genes from the PPAR family is differen-
tially altered by CR. However, CR did not alter hepatic RXRα,
RXRγ, and RXRβ/δ mRNA (Figure 1A) [19].

PPARs, CR, and skeletal muscle

Similarly to the liver, the skeletal muscle is a major insulin
target organ. In this tissue, the expression of PPARs and
RXRs is altered differently by CR than in the liver [19, 21].
It was reported that 30% calorie restriction in mouse skeletal
muscle decreased the level of PPARγ mRNA and the PPARγ
protein level appeared to also be decreased [21]. We could
speculate that the decrease of PPARγ in the muscle as seen
in the adipose specific knockout for PPARγ is beneficial for
insulin sensitivity [16]. However, muscle-specific knockout
of PPARγ caused whole-body insulin resistance [22]. Inter-
estingly, treating these knockout mice with TZD improved
insulin sensitivity [22], suggesting the effect was due to
PPARγ agonism in other tissues. This suggests that CR can
increase insulin sensitivity through effects on PPARγ expres-
sion in tissues other than the muscle, and speculating fur-
ther we could suggest that under the conditions of CR, a de-
creased rather than elevated PPARγ expression is beneficial.

PPARα mRNA and proteins were decreased by CR in
skeletal muscle, an effect opposite to that observed in the liver
[19, 21]. It was speculated that a decrease of PPARα in the
muscle under CR slowed fatty acid oxidation, thus increasing
the reliance on carbohydrates as the energy source. More im-
portantly, consequences of reduced PPARα expression could
prevent the muscle from using all of the FFA immediately
after food intake and thus maintain a balance between en-
ergy availability and energy usage during the fasting pe-
riod. The protein level of PPARβ/δ was also decreased in the
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Figure 2: Effects of growth hormone receptor/binding protein knockout (GHR-KO) on the expression of PPARs family genes in mouse: (A)
liver, (B) skeletal muscle, and (C) heart. Arrows pointing up or down indicate statistically significant increases or decreases (P < .05). Lack
of arrow means no alteration.

skeletal muscle of CR mice [21]. It is well known that CR pro-
motes fat depletion and prevents obesity. Studies in PPARδ-
deficient mice on HFD revealed reduced energy uncoupling
and obesity [21]. This would predict that reduced levels of
PPARδ in the muscles of CR mice may lead to increased
lipid accumulation and promote obesity. However, reduced
dietary fat intake in CR animals may alter these relationships.
It was suggested that CR down-regulates the pathway of lipid
metabolism and accommodates it to the circumstances of re-
stricted food intake [21]. This may serve to prevent disrup-
tion of fatty acid homeostasis in CR animals. In addition to
its effects on PPARs expression, CR reduced mRNA levels of
RXRα and RXRβ/δ [21]. Altered expression of these genes
important to PPARs activation correlated with the changes
in the expression of the corresponding members of the PPAR
family (Figure 1B) [21].

PPARs, CR, and the white adipose tissue

PPARγ is mainly expressed in white adipose tissue (WAT).
As mentioned previously, the deficiency of PPARγ in adi-
pose tissue is protective against obesity and insulin resistance
caused by HFD [16, 23]. However, CR increases insulin sen-
sitivity in mice, without altering PPARγ mRNA levels in WAT
(Figure 1C) [24]. It can be speculated that under conditions
of reduced calorie intake diminished PPARγ would not be
beneficial, or that limited fat storage does not allow increased
PPARγ activation in this tissue. At the time of this writing
no data are available on the effects of CR on PPARα and
PPARβ/δ in WAT.

PPARs IN GENETICALLY LONG-LIVED AND
SHORT-LIVED MICE

Growth hormone receptor/binding protein
knockout (GHR-KO) mice

GHR-KO (Laron dwarf) mice have their GH recep-
tor/binding protein gene disrupted and thus are deficient of
GHR. Consequently these mice are GH resistant or insensi-
tive and have greatly reduced plasma IGF-1 and insulin lev-
els, and low glucose level [25, 26]. GHR-KO mice are also
characterized by markedly extended lifespan in comparison
to normal controls [27, 28].

In comparison to normal animals, GHR-KO mice also
have significantly elevated PPARγ mRNA and protein level
in the liver (Figure 2A) [19]. We speculated that increased
level of PPARγ in the liver of those long-lived animals may
be responsible for or contribute to their exceptionally high
insulin sensitivity. This correlates with findings in PPARγ-
adiposeKO mice, which indicated that PPARγ deficiency in
WAT is compensated for by increased expression of this
nuclear receptor in the liver to promote insulin sensitivity
[16, 19]. The findings in the muscle also suggest that in GHR-
KO mice PPARγ in the liver contributes to high insulin sen-
sitivity, because the level of PPARγ mRNA in skeletal muscle
of KO mice was not altered, while the PPARγ protein level
was decreased in comparison to normal controls (Figure 2B)
[21].

The increased level of PPARα measured in the liver
of KO mice [19] could be suspect of exerting to negative
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effect on insulin action and obesity. However, the higher level
of PPARα suggests an increased usage of fatty acids, which
could be beneficial for insulin sensitivity. Increased PPARα
levels could also be correlated with decreased total choles-
terol level in GHR-KO animals [21]. It is interesting that
the level of PPARα in GHR-KO mice fed AL is maintained
at the same level as in the normal animals subjected to CR.
However, similarly to PPARγ, expression of PPARα was not
altered in the muscle at the PPARα mRNA level, while the
PPARα protein level was decreased in KO animals, again re-
sembling the findings in normal mice under a CR regimen
[21].

PPARβ/δ proteins were down-regulated in the liver and
skeletal muscle of GHR-KO mice, which in both cases mimics
the alterations of the expression of this gene caused by CR in
the liver and muscle of normal mice [21].

These data indicate that CR alters PPARα and PPARβ/δ
proteins and/or mRNA levels in the liver and skeletal muscle
to the levels maintained in GHR-KO animals. Since GHR-
KO mice are long-lived and CR increases longevity, it can
be suggested that PPARα and PPARβ/δ play an important
role in mediating the effects of both GHR-KO and/or CR on
longevity. The RXRγ, RXRα, and RXRβ/δ mRNA were in-
creased in the liver and not changed in the muscle of GHR-
KO mice which corresponds to alterations of PPARγ and
PPARα in these two organs (Figure 2A, B) [19, 21].

Dwarf mice

Snell dwarf, Ames dwarf, and “Little” mice live markedly
longer than their normal siblings. Snell dwarf mice carry a
mutation in the Pit1 gene (Pit1dw) and Ames dwarf mice are
homozygous for recessive loss-of-function mutation at the
Prop1 locus (Prop1df ). These dwarf mice are deficient with
GH, prolactin, and tyrotropin. Little mice have severely re-
duced GH levels caused by the mutation of growth hormone-
releasing hormone receptor (Ghrhr). Studies of Snell dwarf
mice indicated increased hepatic PPARα mRNA and protein
levels in comparison to heterozygous controls [29]. The ex-
pression of PPARα mRNA and protein in the liver of Ames
dwarf mice was not altered in comparison to their normal
controls [18]. However, gene array studies indicated that the
genes regulated by PPARα were either up-regulated in Snell
dwarf, Ames dwarf, and Little mice or their expression in-
creased in response to PPARα-agonist treatment, which was
interpreted as evidence that GH action is involved in the reg-
ulation of PPARα-dependent gene products [29].

Phosphoenolpyruvate carboxykinase
bovine-GH transgenic mice

PEPCK-bGH transgenic (TG) mice over-expressing the bGH
gene fused to control sequences of the rat phosphoenolpyru-
vate carboxykinase (PEPCK) are characterized by markedly
shortened lifespan in comparison to their normal siblings
[30]. The findings in the liver did not indicate any alteration
of PPARγ mRNA in these TG mice. However, hepatic PPARα
mRNA was down-regulated in the liver of these short-living

giant mice in comparison to their normal siblings [30]. This
finding is very important in elucidating the potential role
of PPARα in the control of longevity. As mentioned above,
PPARα is increased in the liver of GHR-KO and CR mice.
This contrasts with the decreased PPARα level in the liver of
short-lived b-GH transgenic mice. These findings are con-
sistent with our suggestion that PPARα can be an important
mediator of genetic and dietary effects on longevity.

AGING AND CALORIE RESTRICTION

As mentioned above, the study of PPARα-null mice indi-
cated that the deficiency of this nuclear receptor can protect
from insulin resistance induced by HFD [13]. Furthermore,
we speculated that PPARα can be influential in the control
of longevity, and we suggested that an elevated level of this
nuclear receptor is beneficial and promotes longer life. Al-
though PPARα deficiency was useful in controlling glucose
levels in HFD-fed mice, it was reported that these mice had
age-dependent defects in heart, liver, and kidney, which cor-
related with decreased longevity in comparison to wild-type
controls [31, 32]. PPARα expression is also known to de-
crease with age in the liver, kidney, and heart. The study of
GHR-KO and normal mice fed AL and subjected to CR in-
dicated that PPARα mRNA level in the heart is not affected
by phenotype and CR (Figures 1D and 2C) [33]. CR increases
the mRNA and protein level of PPARα only in GHR-KO mice
[33]. Interestingly, protein level of PPARα was decreased in
the heart of long-lived GHR-KO animals (Figure 2C) [33].
Moreover, earlier study [34] indicated that CR increased the
cardiac level of PPARα mRNA in mice, which would support
antiaging action. Analysis of gene expression in mouse heart
by Lee et al indicated that CR preserved fatty acid metabolism
[35]. Additionally, the study of GHR-KO mice indicated that
at the age of 3 months PPARα was elevated in KO in com-
parison to the normal mice. When the animals reached 21
months of age this difference was no longer present [33]. The
short-lived b-GH TG mice showed down regulation of this
nuclear receptor in the heart at 9 months of age [33].

Sung et al reported that in rats the levels of PPARγ and
PPARα in the kidney decreased with age when comparing
13- and 25-month-old animals [36]. Calorie restriction pre-
vented these aging effects and maintained the levels of these
nuclear receptors in 25-month-old rats at the same levels as
in the 13-month-old animals [36]. To investigate the possi-
ble role of PPARα and PPARγ in inflammation, these au-
thors also performed lipopolysaccharide (LPS) tests in young
and old rats. Treatment with LPS decreased the level of these
PPARs, to greater extent in old than in middle-age rats [36].
The authors concluded that down-regulation of PPARs in the
rat’s kidneys might be correlated with age-related oxidative
stress, which could be reversed by antioxidative action of CR
[36].

SUMMARY

Different members of the PPARs family are expressed in
many tissues. Various dietary regimens such as HFD and
calorie restriction can affect expression of PPARs. However,
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the presence and direction of these changes depend on the
organ being analyzed. Additionally, the effects of the diet on
the animal depend on the actions of PPARs. For example,
PPARα-null or PPARγ-adiposeKO mice are protected form
insulin resistance and obesity caused by HFD. Studies in ge-
netically long- or short-lived mice together with the studies
involving CR suggest that PPARs play an important role in
insulin action, lipid metabolism, immunity, and inflamma-
tion as well as regulation of aging and longevity.
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The worldwide prevalence of obesity and related metabolic disorders is rising rapidly, increasing the burden on our healthcare
system. Obesity is often accompanied by excess fat storage in tissues other than adipose tissue, including liver and skeletal muscle,
which may lead to local insulin resistance and may stimulate inflammation, as in steatohepatitis. In addition, obesity changes the
morphology and composition of adipose tissue, leading to changes in protein production and secretion. Some of these secreted
proteins, including several proinflammatory mediators, may be produced by macrophages resident in the adipose tissue. The
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factors involved in the regulation of numerous biological processes, including lipid and glucose metabolism, and overall energy
homeostasis. Importantly, PPARs also modulate the inflammatory response, which makes them an interesting therapeutic target
to mitigate obesity-induced inflammation and its consequences. This review will address the role of PPARs in obesity-induced
inflammation specifically in adipose tissue, liver, and the vascular wall.
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1. INTRODUCTION

The prevalence of obesity worldwide has progressively in-
creased over the past decades. In 2000, it was estimated that
more than half of US adults were overweight, while the fre-
quency of obesity, which is defined by a body mass index
(BMI) ≥ 30 kg/m2, was 20%, reflecting an increase of 61%
within 10 years [1]. Not only have more and more adults be-
come obese, obesity is also striking at a much younger age
leading to a high number of obese children and adolescents
[2]. Unless drastic action is taken, many countries will face a
decline in life expectancy in the 21st century due to the obe-
sity epidemic.

Obesity is the direct result of an imbalance between en-
ergy intake and energy expenditure. The excess energy is
primarily stored in adipose tissue in the form of triglyc-
erides. Although adipocytes are specifically designed to
store energy and easily fill up with fat, the morphological
changes associated with adipose tissue growth are not with-
out consequences for the organism as a whole [3]. Evidence
has accumulated suggesting that in response to adipocyte
hypertrophy during development of obesity, adipose tissue
function is compromised.

Obesity also provokes structural and metabolic alter-
ations in other organs, including skeletal muscle and liver.
Indeed, obesity is closely linked to fat storage in liver and
is nowadays considered as a major risk factor for the de-
velopment of fatty liver diseases. The incidence of nonalco-
holic fatty liver disorders (NAFLDs) and obesity are there-
fore intimately linked. It has been estimated that about 75%
of obese subjects have NAFLD while 20% develop nonalco-
holic steatohepatitis (NASH), which is defined as fatty liver
disease with inflammation [4]. The amount of fat stored in
liver is determined by the balance between fatty acid uptake,
endogenous fatty acid synthesis, triglyceride synthesis, fatty
acid oxidation, and triglyceride export. Changes in any of
these parameters can affect the amount of fat stored in liver.

The excessive fat accumulation in adipose tissue, liver,
and other organs strongly predisposes to the development
of metabolic changes that increase overall morbidity risk.
The metabolic abnormalities that often accompany obesity
include hypertension, impaired glucose tolerance, insulin
resistance leading to hyperinsulinemia, and dyslipidemia.
Collectively, these abnormalities have been clustered into the
metabolic syndrome or Syndrome X [5]. Individuals that
are diagnosed with metabolic syndrome have a significantly
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increased risk of developing cardiovascular disease (CVD)
and type II diabetes. Inasmuch as CVD is the major cause of
death in industrialized countries, effective strategies to cur-
tail the number of individuals with metabolic syndrome are
badly needed. Visceral obesity, which is characterized by ex-
cess fat storage in and around the abdomen, is the prime
cause of the metabolic abnormalities, and therefore repre-
sents an important target in the treatment of metabolic syn-
drome [6].

In recent years, it has become clear that obesity also gives
rise to a heightened state of inflammation. The link between
obesity and inflammation was first established by Hotamis-
ligil et al. who showed a positive correlation between adi-
pose mass and expression of the proinflammatory gene tu-
mor necrosis factor-α (TNFα) [7]. The link between obe-
sity and inflammation has been further illustrated by the in-
creased plasma levels of several proinflammatory markers in-
cluding cytokines and acute phase proteins like C-reactive
protein (CRP) in obese individuals [8, 9]. Nowadays, CRP
is considered as an independent biomarker for the develop-
ment of CVD [10] which emphasizes the connection between
inflammation, obesity, and CVD. Many of the inflammatory
markers found in plasma of obese individuals appear to orig-
inate from adipose tissue [8]. These observations have led to
the view that obesity is a state of chronic low-grade inflam-
mation that is initiated by morphological changes in the adi-
pose tissue.

One consequence of the elevated inflammatory status
is insulin resistance. Proinflammatory cytokines originating
from fat have been shown to directly interfere with insulin
signaling pathways [11]. For example, TNFα causes insulin
resistance by inhibiting tyrosine phosphorylation of insulin
receptor substrate-1 (IRS-1) [12]. Other mechanisms of inhi-
bition of IRS-1 phosphorylation by inflammatory mediators
include chronic activation of JNK, PKC, and IKK [13–15].

Besides TNFα, adipose tissue produces a host of other
adipokines with well-described effects on metabolism and
inflammation. Resistin, adiponectin, leptin, and monocyte
chemoattractant protein-1 (MCP-1) are among a group
of secreted proteins from adipose tissue with immune-
modulating functions [16]. The production and secretion
of these adipokines are altered during obesity, resulting in a
more proinflammatory or atherogenic secretion profile. In-
deed, whereas secretion of MCP-1, resistin, and other proin-
flammatory cytokines is increased by obesity, the adipose se-
cretion of the anti-inflammatory protein adiponectin is de-
creased [17].

Although increased visceral fat depots [6] and adipocyte
hypertrophy [3] had been linked to a higher degree of adi-
pose inflammation, until recently the exact pathways leading
to a proinflammatory state of adipose tissue in obese individ-
uals remained unidentified. However, recently much atten-
tion has been diverted to the role of macrophages. In 2003,
two papers published back to back showed that diet-induced
obesity is associated with infiltration of macrophages into
white adipose tissue [18, 19]. Infiltrated macrophages, which
are part of the stromal vascular fraction of adipose tissue, are
subsequently responsible for the production of a wide vari-

ety of proinflammatory proteins including MCP-1, TNFα,
and interleukin-6 (IL-6). The development of insulin resis-
tance in adipocytes was closely linked to the infiltration of
macrophages. However, if and how entry of macrophages
into white adipose tissue (WAT) leads to systemic insulin re-
sistance remains unclear, although it is increasingly believed
that altered secretion of adipokines by WAT during obesity
may represent an important piece of the puzzle.

One of the other tissues that is affected by the enlarge-
ment and proinflammatory secretion profile of adipose tis-
sue is the liver. Chronic activation of the master regulator
of inflammation nuclear factor-κB (NF-κB) by cytokines has
been directly linked to the development of insulin resistance
in liver [20, 21]. It has also been shown that adipose-specific
overexpression of MCP-1 increases hepatic triyglyceride con-
tent [22]. Although steatosis is a common occurrence in
obese individuals, the role of inflamed adipose tissue in de-
velopment of steatosis needs further exploration.

Initially characterized by excess fat storage, steatosis can
progress to steatohepatitis and finally leads to cirrhosis and
structural alterations of the liver [23]. The molecular mech-
anisms underlying the development of steatosis and progres-
sion to steatohepatitis remain poorly understood. Whereas
some patients only develop steatosis, others develop steato-
hepatitis and fibrosis. Lipid peroxidation, cytokines, and
other proinflammatory compounds are believed to play a vi-
tal role in the transition [4]. In addition, the role of the ex-
panding adipose tissue might also prove relevant to the de-
velopment of steatohepatitis.

Recently, the elevated inflammatory status of adipose tis-
sue and concurrent increased production of adipose tissue-
derived cytokines have also been connected with atheroscle-
rosis. Initially defined as a pathological lipid deposition, the
atherosclerotic process is nowadays considered as an on-
going inflammatory process in which numerous cytokines,
chemokines, and inflammatory cells participate [24]. Inde-
pendent of its connection to the metabolic syndrome, obe-
sity itself is a known risk factor for the development of
atherosclerosis and CVD [25].

In summary, obesity represents a major health threat, and
effective therapies to minimize obesity-related comorbidi-
ties are sorely needed. By targeting the inflammatory com-
ponent, the progression of obesity towards insulin resistance
and CVD might be slowed down.

The ligand-activated transcription factors belonging to
the peroxisome proliferators- activated receptor (PPAR)
family are involved in the regulation of inflammation and en-
ergy homestasis and represent important targets for obesity,
obesity-induced inflammation, and metabolic syndrome in
general. These receptors share a common mode of action
that involves heterodimerization with the nuclear receptor
RXR and subsequent binding to specific DNA-response el-
ements in the promoter of target genes. Binding of ligands to
PPARs leads to recruitment of coactivators and chromatin
remodeling, resulting in initiation of DNA transcription
[26, 27]. Currently, synthetic PPAR agonists are widely used
for the treatment of insulin resistance and dyslipidemia. This
review will explore the role of PPARs in governing chronic
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inflammation with special emphasis on the connection with
metabolic syndrome. The link with obesity and inflamma-
tion will be discussed separately for the three PPAR isoforms:
PPARα, PPARβ/δ, and PPARγ.

2. PPARα

PPARα is well expressed in metabolically active tissues in-
cluding liver, brown adipose tissue, muscle, and heart. In
addition, PPARα is expressed in cells involved in immune
responses including monocytes, macrophages, and lympho-
cytes [28]. Activation of PPARα occurs through a variety
of natural agonists, including unsaturated fatty acids and
eicosanoids, whereas fibrate drugs act as synthetic agonists.
In liver, PPARα plays a pivotal role in fatty acid catabolism
by upregulating the expression of numerous genes involved
in mitochondrial fatty acid oxidation, peroxisomal fatty
acid oxidation, and numerous other aspects of fatty acid
metabolism in the cell [28]. As a consequence, activation of
PPARα can prevent and decrease hepatic fat storage [29–32].
Other metabolic pathways under control of PPARα include
gluconeogenesis [33], biotransformation [34], and choles-
terol metabolism [35]. While the function of PPARα in
mouse liver is relatively well defined, much less is known
about its role in human liver. Experiments with “humanized”
PPARα mice have revealed that there are intrinsic differences
in the properties of the human and mouse PPARα protein
[36]. In general, research on the role of PPARα in human
liver is hampered by the low expression levels of PPARα in
human hepatoma cell lines [37].

Besides governing metabolic processes, PPARα also reg-
ulates inflammatory processes, mainly by inhibiting inflam-
matory gene expression. Hepatic PPARα activation has been
repeatedly shown to reduce hepatic inflammation elicited
by acute exposure to cytokines and other compounds. In
recent years, several molecular mechanisms responsible for
the immunosuppressive effects of PPARα have been uncov-
ered [38]. These include interference with several proin-
flammatory transcription factors including signal transducer
and activator of transcription (STAT), activator protein-1
(AP-1), and NF-κB by PPARα [39]. The latter mechanism
involves stimulation of expression of the inhibitory pro-
tein IκBα, which retains NF-κB in a nonactive state, lead-
ing to suppression of NF-κB DNA-binding activity [40]. De-
tailed molecular studies have further revealed that PPARα
diminishes the activity of the proinflammatory transcrip-
tion factor CAATT/enhancer binding proteins (C/EBP) via
sequestration of the coactivator glucocorticoid receptor-
interacting protein-1/transcriptional intermediary factor-2
(GRIP1/TIF2) [41]. Finally, PPARα can also inhibit cytokine
signaling pathways via downregulation of the IL-6 receptor
[42] and upregulation of sIL-1 receptor antagonist [Stien-
stra et al., in press], leading to diminished inflammatory re-
sponses. Interestingly, in humans, specific PPARα activation
using fenofibrate has been shown to decrease plasma levels
of several acute phase proteins that are normally increased
during inflammatory conditions [42].

2.1. PPARα and steatosis

In mice fed a high-fat diet, proper functioning of PPARα is
essential to prevent the liver from storing large amounts of
fat [43]. By inducing mitochondrial, peroxisomal, and mi-
crosomal fatty acid oxidation, PPARα reduces hepatic fat ac-
cumulation in the liver during the development of fatty liver
disease, and thus prevents steatosis [31, 44, 45]. It can be hy-
pothesized that since PPARα has a potent anti-inflammatory
activity in liver, the progression of steatosis towards steato-
hepatitis might be counteracted by PPARα. Indeed, several
studies in mice have shown that PPARα activation is able to
reduce or even reverse steatohepatitis induced by feeding a
methionine- and choline-deficient (MCD) diets [31, 45, 46].

In a mouse model of steatohepatitis, the presence and
activation of PPARα prevented the induction of COX-2 ex-
pression [47]. Since upregulation of COX-2 is seen in alco-
holic steatohepatitis and nonalcoholic steatohepatitis and has
been directly linked to the progression of steatosis to steato-
hepatitis, the inhibitory effect of PPARα on COX-2 may re-
duce steatohepatitis. An anti-inflammatory role of PPARα
in the development of steatohepatitis is further supported
by a study in which wild-type and PPARα −/− mice were
fed a high-fat diet to induce obesity. Although both geno-
types developed a fatty liver after chronic high-fat feeding,
animals lacking PPARα developed steatohepatitis accom-
panied by an increased number of infiltrated lymphocytes
and macrophages. By suppressing the expression of specific
chemokines involved in attracting macrophages and other
immune-related cell types, PPARα might moderate steato-
hepatitis [Stienstra et al., submitted]. These results are in
line with a study performed in APOE2 knock-in mice fed
a western-type high-fat diet [48]. When the animals were
cotreated with fenofibrate, macrophage infiltration of the
liver was prevented.

2.2. PPARα and atherosclerosis

Inflammation in the arterial wall is known to promote the
process of atherosclerosis [49]. In addition to suppressing
the inflammatory response in liver, PPARα may also influ-
ence inflammatory reactions in the arterial wall. As PPARα is
expressed in various cell types present in atherosclerotic le-
sions, the effect of PPARα on lesion development is rather
complex. Immune-modulating effects of specific PPARα ac-
tivation have been reported in various cell types. However,
some controversy still exists about the exact role of PPARα in
the vascular wall as both pro- and antiatherogenic effects of
PPARα have been demonstrated.

An antiatherogenic effect of PPARα via suppression of
several proinflammatory genes like MCP-1, TNFα, vascu-
lar cell adhesion molecule-I (VCAM I), intercellular ad-
hesion molecule-I (ICAM I), and interferon-γ (IFNγ) has
been reported in the vascular wall of animals with extensive
atherosclerosis [50]. Other studies have shown that the anti-
inflammatory role of PPARα in the vascular wall seems to be
dependent on the severity of inflammation or vascular lesion.
In the absence of inflammation or in early lesions, the effects
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of PPARα are mainly proatherogenic [51, 52], whereas the
development of severe lesions accompanied by inflammation
is strongly reduced by PPARα activation.

Several acute phase proteins have been linked to the de-
velopment of atherosclerosis [53]. This includes CRP, which
is currently used as a marker for systemic inflammation and
linked to CVD, and serum amyloid A (SAA), which has been
shown to be involved in the development of atherosclerosis
[54]. As PPARα activation downregulates plasma concentra-
tions of acute phase proteins including CRP and SAA in hu-
mans [42], it might indirectly prevent or slow down the pro-
gression of atherosclerosis.

2.3. PPARα and adiposity

Although expression of PPARα in WAT is much lower com-
pared to PPARγ, evidence abounds that PPARα may also
influence adipose tissue function. It has been shown that
PPARα−/−mice gain more adipose mass compared to wild-
type animals [55], which may be via local or systemic effects
of PPARα. An antiobesity role for PPARα is supported by sev-
eral studies in which obese rodents were administered syn-
thetic PPARα agonists [56–58]. While it is true that PPARα
agonists have a clear anorexic effect resulting in decreased
food intake, evidence is accumulating that PPARα may also
directly influence adipose tissue function, including its in-
flammatory status.

A recent study revealed that treatment of obese diabetic
KKAy mice with Wy-14643 decreased adipocyte hypertrophy
as well as macrophage infiltration [59]. In PPARα −/− mice
chronically fed a high-fat diet (HFD), expression of inflam-
matory genes in adipose tissue was more pronounced com-
pared to wild-type mice. In addition, fractionation of adi-
pose tissue in adipocytes and stromal vascular cells revealed
higher gene expression levels of the specific macrophage
marker F4/80+ in the stromal vascular fraction of PPARα
−/−mice [Stienstra et al., submitted].

PPARα may govern adipose tissue inflammation in three
different ways: (1) by decreasing adipocyte hypertrophy,
which is known to be connected with a higher inflammatory
status of the tissue [3, 11, 59], (2) by direct regulation of in-
flammatory gene expression via locally expressed PPARα, or
(3) by systemic events likely originating from liver. Full clar-
ification of the role of locally expressed PPARα in adipose
tissue will have to await the availability of adipose tissue-
specific PPARα −/−mice.

Thus, while evidence is mounting that PPARα activation
reduces adipose inflammation as observed during obesity, it
is unclear whether the anti-inflammatory effects of PPARα in
WAT are caused by direct or indirect mechanisms.

3. PPARβ/δ

Compared to PPARα and PPARγ, much less is known about
PPARβ/δ and its natural ligands. Due to its ubiquitous ex-
pression profile, lack of specific ligands and, until recently,
lack of availability of knock-out models, the role of PPARβ/δ
in many tissues has been poorly explored. Fortunately, the re-
cent generation of PPARβ/δ −/−mice has provided a strong

impetus for the characterization of the function of PPARβ/δ
[60]. Several abnormalities have been observed in mice lack-
ing PPARβ/δ which include impaired wound healing, a de-
crease in adipose mass, and disturbed inflammatory reac-
tions in skin [61].

PPARβ/δ has been directly linked to the development of
obesity. Indeed, several groups have reported a decrease in
adiposity after PPARβ/δ activation. By stimulating fatty acid
oxidation, PPARβ/δ activation leads to loss of adipose mass
in different mouse models of obesity [62]. Similar effects on
fatty acid oxidation have been observed in heart, resulting in
improved muscle contraction [63]. In addition to increasing
fatty acid oxidation, activation of PPARβ/δ in muscle also
increases the number of type I muscle fibers, which leads to
enhanced endurance performance [64].

The number of studies that have addressed the role
of PPARβ/δ during inflammation is limited. So far, an
anti-inflammatory effect has been observed in macrophages
suggesting a possible role for PPARβ/δ in the process of
atherogenic inflammation. It appears that PPARβ/δ acts as
an inflammatory switch in which inactivated PPARβ/δ is
proinflammatory and activated PPARβ/δ promotes an anti-
inflammatory gene expression profile. The proposed switch
of PPARβ/δ is linked to the B cell lymphoma-6 (BCL-6)
protein which functions as inflammatory suppressor pro-
tein [65]. In the unliganded state, BCL-6 is part of the
PPARβ/δ-RXRα transcriptional complex. Upon ligand ac-
tivation, corepressors including BCL-6 are dissociated and
PPARβ/δ-dependent gene transcription ensues. The released
BCL-6 subsequently acts as a repressor of proinflammatory
gene expression in macrophages.

3.1. PPARβ/δ and steatosis

It can be hypothesized that the stimulatory effect of PPARβ/δ
on fatty acid oxidation in muscle and adipose tissue might
also extend to liver, which would render PPARβ/δ an anti-
steatotic role in liver. Within the liver, PPARβ/δ expression
is found in different cell types although the highest levels are
found in hepatic endothelial cells [66].

According to a recent report by Nagasawa et al., acti-
vation of PPARβ/δ may diminish fatty liver disease. In this
study, mice were fed an MCD diet to induce steatohepatitis.
Administration of the PPARβ/δ agonist GW501516 not only
decreased hepatic lipid content, yet it also reduced inflamma-
tory gene expression. PPARβ/δ decreased fat storage in liver
mainly by activation of genes involved in fatty acid oxida-
tion. Furthermore, the elevated mRNA levels of transforming
growth factor-β1 (TGF-β1), TNFα, MCP-1 and interleukin-
1β (IL-1β) that accompany the development of steatohep-
atitis were counteracted by PPARβ/δ activation [67]. Which
liver cell types and molecular mechanisms contribute to the
observed regulation is unknown.

3.2. PPARβ/δ and atherosclerosis

Due to the anti-inflammatory properties of PPARβ/δ in
macrophages, it is plausible that atherosclerosis is affected
by PPARβ/δ-activation. By feeding low-density lipoprotein
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receptor (LDLR) −/− mice a hypercholesterolemic diet sup-
plemented with a specific PPARβ/δ ligand, it was shown that
PPARβ/δ is able to interfere with the inflammatory process
underlying the development of atherosclerosis. Whereas le-
sion development itself was not prevented by PPARβ/δ ac-
tivation, inflammatory gene expression was blunted com-
pared to untreated mice [50]. The anti-inflammatory ac-
tion of PPARβ/δ was mainly achieved by a strong inhibi-
tion of VCAM-1, MCP-1, and IFN-γ expressions, genes that
are associated with the development of atherosclerosis. A re-
cent study in which LDLR −/− mice were treated with the
PPARβ/δ agonist GW0742X revealed an antiatherosclerotic
effect of PPARβ/δ, in addition to an anti-inflammatory ef-
fect. Lesion development was strongly inhibited and inflam-
matory gene expression in macrophages was decreased [68].

While in mice there is compelling evidence for an anti-
inflammatory role of PPARβ/δ in the atherosclerosis, the role
of PPARβ/δ in humans is relatively unknown. Remarkably,
PPARβ/δ was shown to strongly promote lipid accumula-
tion in human macrophages, thereby supporting the devel-
opment of atherosclerosis [69]. Whether PPARβ/δ influences
inflammatory gene expression in human cells needs further
study.

3.3. PPARβ/δ and adiposity

Recently, it was shown that activation of PPARβ/δ in adipose
tissue causes a marked decrease in fat mass which is mainly
achieved by activation of fatty acid oxidative pathways [62].
Moreover, high-fat-diet-induced adiposity was strongly in-
hibited by activation of PPARβ/δ in adipose tissue. Whether
PPARβ/δ is able to control inflammatory gene expression in
WAT during diet-induced obesity is still unclear. Inasmuch as
inflammatory gene expression is linked to adiposity, it could
be hypothesized that inflammatory gene expression will be
suppressed by PPARβ/δ activation. Also, since expressions
of IL-1β, MCP-1, and TNFα are controlled by PPARβ/δ in
liver [67], it is tempting to speculate that inflammatory gene
expression is under control of PPARβ/δ in adipose tissue as
well.

4. PPARγ

PPARγ is considered the master regulator of adipogenesis,
and accordingly has been extensively studied in the context of
obesity. In humans, PPARγ is most highly expressed in adi-
pose tissue, yet reasonable levels of PPARγ mRNA can also be
found in other organs including skeletal muscle, colon, and
especially lung [70]. The latter is probably due to the abun-
dance of macrophages in lung. At least two different isoforms
of PPARγ are known: PPARγ1, which is the form expressed
in nonadipose tissues, and PPARγ2, which is adipose-tissue
specific. Unsaturated fatty acids and several eicosanoids serve
as endogenous agonists of PPARγ, while antidiabetic drugs
belonging to the thiazolidinediones act as synthetic agonists
of PPARγ. Target genes of PPARγ are involved in adipocyte
differentiation, lipid storage, and glucose metabolism, and
include lipoprotein lipase, CD36, phosphoenolpyruvate car-
boxykinase, aquaporin 7, and adiponectin [71].

Gain and loss of function studies have shed more light on
the specific functions of PPARγ in different tissues. While ho-
mozygous PPARγ-deficient animals are embryonically lethal,
specific ablation in adipose tissue revealed the indispensable
role of PPARγ in adipocyte differentiation and function [72].
In liver, PPARγ is involved in triglyceride homeostasis and
contributes to steatosis. At the same time, hepatic PPARγ
protects other tissues from triglyceride accumulation and in-
sulin resistance [73].

Similar to PPARα, PPARγ is involved in governing the in-
flammatory response, especially in macrophages. Currently,
two different molecular mechanisms have been proposed
by which anti-inflammatory actions of PPARγ are effectu-
ated: (1) via interference with proinflammatory transcrip-
tion factors including STAT, NF-κB, and AP-1 [74], and (2)
by preventing removal of corepressor complexes from gene
promoter regions resulting in suppression of inflammatory
gene transcription [75]. This mechanism involves ligand-
dependent SUMOylation of PPARγ followed by binding
of PPARγ to nuclear receptor corepressor (NCoR)-histone
deacetylase-3 (HDAC3) complexes localized on inflamma-
tory gene promoters. The binding of PPARγ prevents the
removal of corepressor complexes, thus retaining inflamma-
tory genes in a suppressed state.

4.1. PPARγ and adiposity

PPARγ is indispensable for adipocyte differentiation both in
vivo and in vitro [76–78]. In spite of its vital role in adi-
pogenesis and lipogenesis, PPARγ expression itself is not
strongly influenced during obesity. As discussed above, diet-
induced obesity is associated with increased inflammatory
gene expression in adipose tissue via adipocyte hypertro-
phy and macrophage infiltration. It has been shown that
PPARγ is able to reverse macrophage infiltration, and subse-
quently reduces inflammatory gene expression [18]. Adipose
expression of inflammatory markers A disintegrin and met-
allopeptidase domain-8 (ADAM8), macrophage inflamma-
tory protein-1α (MIP-1α), macrophage antigen-1 (MAC-1),
F4/80+, and CD68 was downregulated by specific PPARγ
activation. Inflammatory adipokines mainly originate from
macrophages which are part of the stromal vascular frac-
tion of adipose tissue [18, 19], and accordingly, the down-
regulation of inflammatory adipokines in WAT by PPARγ
probably occurs via effects on macrophages. By interfering
with NF-κB signaling pathways, PPARγ is known to de-
crease inflammation in activated macrophages [74]. PPARγ
may also influence inflammatory gene expression via ef-
fects on adipocyte morphology. Indeed, smaller adipocytes
are known to secrete less inflammatory markers compared
to larger adipocytes [3]. Treatment of obese rats with the
synthetic PPARγ agonist troglitazone dramatically reduced
the size of adipocytes without changing the total weight of
WAT. In parallel, the expression levels of the inflammatory
marker TNFα were normalized compared to those of un-
treated rats [79]. Furthermore, by inducing the expression
of adiponectin in adipocytes [80], PPARγ may directly con-
tribute to suppression of chronic inflammation accompany-
ing obesity.
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Summarizing, the anti-inflammatory effects of PPARγ
activation in adipose tissue are presumably achieved by
effects on both adipocytes and adipose tissue-resident
macrophages. Interestingly, PPARγ is induced both dur-
ing macrophage and adipocyte differentiation [71]. Since
preadipocytes that are present in adipose tissue have the abil-
ity to differentiate towards macrophage-type cells and to-
wards adipocytes depending on the local environment [81],
the role of PPARγ in determining the fate of preadipocytes is
of interest. It can be hypothesized that activation of PPARγ
might favor adipocyte differentiation resulting in a decreased
inflammatory status of adipose tissue during obesity.

4.2. PPARγ and atheroslerosis

PPARγ is expressed in white blood cells and differentiated
macrophages and has been implicated in the process of
atherosclerosis. Initially, PPARγ activation was proposed to
be proatherogenic by stimulating uptake and storage of ox-
idized lipids in macrophages via upregulation of the scav-
enger receptor/fatty acid transporter CD36. This process
leads to foam cell development and is a key event in the
development of atherosclerosis [82]. In contrast, treatment
with thiazolidinediones has been shown to reduce the de-
velopment of atherosclerosis in mouse models [50, 71],
suggesting that PPARγ is antiatherogenic. The inhibitory
effect on atherosclerosis may be mediated by upregulat-
ing expression of the ABCA1 transporter in macrophages,
thereby promoting cholesterol efflux. Furthermore, PPARγ
activation strongly reduces inflammatory gene expression in
macrophages, including MCP-1, VCAM-1, ICAM-1, IFNγ,
and TNFα [50]. Several human studies also point to an-
tiatherogenic effects of PPARγ in type II diabetic patients.
Daily administration of 400 mg troglitazone or 30 mg pi-
oglitazone for 6 months resulted in a reduction of common
carotid arterial intimal and medial complex thickness which
is used as a noninvasive method to monitor early atheroscle-
rotic lesions [83, 84]. In a randomized controlled trial using
5238 patients with type II diabetes, treatment with 15 mg to
45 mg pioglitazone improved cardiovascular outcome [85].
Whether these protective effects in humans are achieved by
inhibiting inflammation remains to be determined.

4.3. PPARγ and steatosis

It has been well established that in mouse models of steato-
sis, the development of fatty liver is associated with in-
creased hepatic expression of PPARγ. In a nonfatty liver,
the role of PPARγ appears to be limited and is proba-
bly restricted to stellate cell function during liver injury-
induced fibrogenesis [86]. During the development of steato-
sis, hepatocytes become lipid-loaden and gain phenotypical
characteristics of adipocytes which include the formation
of large lipid droplets. In parallel, expression of adipogenic
and lipogenic genes such as sterol regulatory element bind-
ing protein (SREBP), Adipose differentiation-related protein
(ADRP) and PPARγ are strongly upregulated in steatotic liv-
ers [87, 88]. Likely, the upregulation of PPARγ contributes
to the phenotype, since adenoviral-mediated hepatic overex-

pression of PPARγ1 on a PPARα −/− background dramat-
ically increases hepatic lipid accumulation and adipogenic
gene expression in mice [89]. Also, marked upregulation of
PPARγ in livers of PPARα −/− mice fed a high-fat diet leads
to increased expression of adipocyte markers and might con-
tribute to the fatty liver phenotype [43]. In contrast, mice
that specifically lack PPARγ in liver are protected from hep-
atic steatosis and show decreased expression levels of li-
pogenic genes compared to wild-type mice [73, 90]. Thus,
PPARγ induction appears to be necessary and sufficient for
hepatic steatosis.

The development of steatosis and progression into
steatohepatitis is closely linked to an increased inflamma-
tory state of the liver [4]. Recent data suggest that activa-
tion of PPARγ in fatty liver may protect against inflamma-
tion. Microarray analysis revealed that several inflammatory
genes that are upregulated in fatty livers of mice fed a high-fat
diet were strongly downregulated by PPARγ overexpression
in liver [89]. These genes include SAA, Chemokine (C-X-C
motif) ligand 10 (CXL10)/IP10 and interferon-γ-inducible
protein, 47 kd. Data from our own group showed that hep-
atic PPARγ activation by rosiglitazone under steatotic con-
ditions results in downregulation of multiple proinflamma-
tory genes. Thus, although activation of PPARγ in liver con-
tributes to the development of steatosis, inflammatory gene
expression is suppressed.

Several small clinical human studies have been per-
formed to evaluate the effects of thiazolidinediones in pa-
tients diagnosed with NASH. After treatment, the degree of
steatosis and inflammation improved in a number of patients
indicating that PPARγ may be an interesting pharmacologi-
cal target [91]. Apart from weight gain, no side effects were
reported in these studies. However, more studies are needed
to assess the potentially beneficial effects of PPARγ activation
on liver function.

5. CONCLUSION

An elevated inflammatory status is increasingly believed to
be an important mediator that links excess (visceral) fat
mass with numerous metabolic abnormalities, including in-
sulin resistance. PPARs may influence the inflammatory re-
sponse either by direct transcriptional downregulation of
proinflammatory genes via mechanisms involving transre-
pression, or indirectly via their transcriptional effects on lipid
metabolism. Numerous animal studies have demonstrated a
role for PPARs in counteracting obesity-induced inflamma-
tion in liver, adipose tissue, and the vascular wall. The ability
to reduce inflammatory cell infiltration further underlines
the central role of PPARs in obesity-induced inflammation
(Figure 1).

A growing number of studies strongly support anti-
inflammatory properties of PPARs in human obesity as
well. Several clinical trials in type II diabetic or hyperlipi-
demic patients have clearly shown that PPARα agonists in-
cluding fenofibrate, ciprofibrate, and gemfibrozil can effec-
tively reduce circulating levels of TNFα, IL-6, fibrinogen,
and CRP [92]. Rosiglitazone, a selective PPARγ agonist, ex-
erts anti-inflammatory effects in both obese and type II
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Figure 1: Central role of PPARs in obesity-induced inflammation. (Visceral) obesity and associated fatty liver stimulate inflammation in
adipose tissue and liver via increased recruitment and infiltration of macrophages, resulting in increased production of proinflammatory
cytokines. By downregulating proinflammatory genes in liver, adipose tissue and the vascular wall, PPARs have a major influence on the
progression of obesity-related inflammation and its complications.

diabetic individuals by decreasing plasma concentrations of
C-reactive protein, serum amyloid-A, and matrix metallo-
proteinase [93, 94].

Since synthetic PPARα and PPARγ agonists indepen-
dently ameliorate obesity-induced inflammation, agonists
that activate both PPARα and PPARγ (the so-called dual
PPARα/PPARγ agonists) might be even more effective. Un-
fortunately, the development and clinical trials of these com-
pounds have been hampered by serious concerns regard-
ing their safety. Many dual PPARα/PPARγ agonists once in
clinical development have since been abandoned, often for
reasons of toxicity, including most recently the dual agonist
tesaglitazar.

In conclusion, although more work is needed to evaluate
their full potential in humans, especially in terms of safety,
PPAR agonists nevertheless represent a promising strategy to
mitigate obesity-associated inflammation.
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