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Abstract
Metabolic syndrome (MetS) is a constellation of risk factors including insulin resistance, central
obesity, dyslipidemia and hypertension that markedly increase the risk of Type 2 diabetes (T2DM)
and cardiovascular disease (CVD). The peroxisome proliferators-activated receptor (PPAR)
isotypes, PPARα, PPARδ/β and PPARγ are ligand-activated nuclear transcription factors, which
modulate the expression of an array of genes that play a central role in regulating glucose, lipid
and cholesterol metabolism, where imbalance can lead to obesity, T2DM and CVD. They are also
drug targets, and currently, PPARα (fibrates) and PPARγ (thiazolodinediones) agonists are in
clinical use for treating dyslipidemia and T2DM, respectively. These metabolic characteristics of
the PPARs, coupled with their involvement in metabolic diseases, mean extensive efforts are
underway worldwide to develop new and efficacious PPAR-based therapies for the treatment of
additional maladies associated with the MetS. This article presents an overview of the functional
characteristics of three PPAR isotypes, discusses recent advances in our understanding of the
diverse biological actions of PPARs, particularly in the vascular system, and summarizes the
developmental status of new single, dual, pan (multiple) and partial PPAR agonists for the clinical
management of key components of MetS, T2DM and CVD. It also summarizes the clinical
outcomes from various clinical trials aimed at evaluating the atheroprotective actions of currently
used fibrates and thiazolodinediones.
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Despite significant advances in the therapeutic management of cardiovascular disease
(CVD) [1,2], it still remains the leading cause of morbidity and mortality both in the
Western world and developing countries [3,4,301,302]. Obesity [5–8] and Type 2 diabetes
mellitus (T2DM) [8–11], are considered significant risk factors for the development of
CVD. The recent escalation of obesity [8,12,13] and the surge in the prevalence of diabetes
[8,12,13,303], both reaching to epidemic proportions around the globe, have the potential to
further fuel the epidemic of CVD and raise the cardiovascular toll in the future. Over-
nutrition and decreasing physical activity have contributed significantly to the increasing
prevalence of these diseases [14,15]. During the past two decades, considerable attention has
been given to the clustering of cardiovascular risk factors and metabolic abnormalities that
markedly increase the risk for development of T2DM and CVD [16,17]. The clustering has
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been referred to by a variety of names including `syndrome X', `insulin resistance
syndrome', `the deadly quartet', `syndrome X plus', `metabolic cardiovascular syndrome' and
in recent years, it is commonly referred to as `metabolic syndrome' (MetS) [18]. MetS is
now considered as one of the most common contributors to the pathogenesis of diabetes and
CVD [19]. In fact, MetS is associated with an approximate doubling of cardiovascular risk
and a fivefold increased risk for T2DM (Figure 1) [20].

The clinical features of MetS include insulin resistance/hyperinsulinemia (with or without
hyperglycemia), central obesity, atherogenic dyslipidemia (increased triglycerides [TGs],
decreased HDL cholesterol [HDL-C], increased small dense LDL cholesterol [LDL-C]),
hypertension, elevation of inflammatory markers and, increased prothrombotic and
antifibrinolytic factors [18–26]. MetS is often associated with a variety of other conditions
such as nonalcoholic fatty liver disease [27], polycystic ovary syndrome [28], cholesterol
gallstone [20], protease-inhibitor therapy for HIV [29] and cancer [30]. Over the years,
several definitions for the MetS have been proposed by different health organizations over
the past decade (Table 1) [31–37]. While these definitions may differ in their criteria and
threshold values, they uniformally emphasize key pathophysiologic processes:

■ Visceral obesity

■ Dyslipidemia

■ Insulin resistance

■ Hypertension

The underlying goal of these proposed definitions is to identify individuals at increased
long-term risk of CVD, who could benefit from early prevention. Recently, several major
organizations held a meeting in an attempt to unify criteria [21]. Their joint interim
statement has identified five risk factors out of which three abnormal findings would qualify
a person for the MetS (Table 2) [21]. A single set of cut points is indicated for all
components except waist circumference where the recommendation is to use the
International Diabetes Federation cut points for non-Europeans and either the International
Diabetes Federation or the American Heart Association and the National Heart, Lung and
Blood Institute cut points for people of European origin until more relevant data become
available. Clinical management of MetS focuses on ways in reducing the individual
components of the risk factors and thus, current therapies target these risk factors as well as
controlling inflammation and the prothrombotic state.

Metabolic syndrome is highly prevalent in the USA [20,24,26] and other parts of the world
[16,20,24,26,38,39]. Approximately 47 million adult Americans (24%) have MetS [18,40].
Moreover, approximately 44% of Americans above the age of 50 years have MetS [18].
Surprisingly, a significant percentage (~9%) of the adolescent population is afflicted with
this condition [18,20,41–43]. The epidemiological data from countries including Brazil,
China, Ecuador, Finland, France, Greece, India, Iran, Ireland, Korea, Latin America,
Mauritius, Mexico, New Zealand, Oman, Singapore and Turkey indicate that overall 16–
41% of the adult population has MetS [38,39]. The highest prevalence of MetS was reported
for the urban Asian Indian adult males (47%) and Turkish adult females (45%) whereas the
French population was found to have the lowest incidence of MetS (male 10%, female 7%)
[39]. Owing to the relatively high prevalence of MetS, it accounts for a greater proportion of
cardiovascular risk worldwide. Moreover, given that the prevalence of obesity and diabetes
is accelerating at an alarming rate and reaching epidemic proportions, these trends can be
expected to translate into even greater prevalence of MetS and consequently CVD in the
future. Currently, two principal approaches with a goal to effectively control
cardiometabolic risk factors associated with MetS are lifestyle management (e.g., weight
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loss, increased physical activity and consumption of an antiatherogenic or low-calorie diet)
and medications. The therapeutic management of cardiovascular risk factors associated with
MetS and T2DM is being achieved through the use of combination therapy, but even so,
core risk factors, particularly dyslipidemia and insulin resistance, are often poorly
controlled. Thus, to cope with the relatively high prevalence of MetS, there is a greater need
for the development of new safe and effective combinations of drugs, and more efficacious
drugs, as well as multifunctional drugs that can be used as valuable clinical tools in the
management of individual components of this syndrome.

The peroxisome proliferator-activated receptors (PPARs) -α, -β/δ and -γ are the ligand-
activated transcription factors [44–50] that function as the master regulators of glucose, fatty
acid and lipoprotein metabolism, energy balance, cell proliferation and differentiation,
inflammation and atherosclerosis [18,44–54]. Considering this, any dysregulation of these
metabolic pathways can lead to obesity, diabetes and CVD. Given this, PPARs represent
important molecular targets for developing new and more effective PPAR-modulating drugs
in the clinical management of T2DM, obesity, MetS and CVD [55–57]. Drugs that activate
PPARα and PPARγ have already been marketed. Among these, PPARα agonists, such as
fenofibrate, clofibrate and gemfibrozil, act as hypolipidemic agents and are clinically used
for the treatment of hyperlipidemia, particularly hypertriglyceridemia associated with MetS,
diabetes and diabetes-linked athero sclerotic disease [58,59]. Likewise, thiazolidinediones
(TZDs), such as pioglitazone and rosiglitazone, which are specific ligands for PPARγ,
function as insulin sensitizers and are currently marketed for the treatment of hyperglycemia
in patients with T2DM [60,61]. While currently there are no marketed drugs that target
PPARβ/δ, pharmacological activation of PPARβ/δ with a potent PPARβ/δ agonist,
GW501516, appears to improve several metabolic parameters in humans [61–63]. Further
exploration of the mode of action of GW501516 or its derivatives may lead to development
of PPARβ/δ-specific drugs that can be employed either individually or in combination with
the existing PPARα-and/or PPARγ-specific drugs in the therapeutic management of MetS,
diabetes and associated cardiovascular complications. In addition, extensive studies are
underway in various pharmaceutical companies and academic institutions to develop
agonists with multiple or partial receptor activity in an effort to improve treatment strategies
in the management of diabetes, MetS and associated cardiovascular complications. The
underlying theme of this approach is that drugs with specificity for at least two PPAR
isoforms (e.g., PPARα/PPARγ, PPARα/PPARβ/δ and PPARγ/PPARβ/δ), or that exhibit cell
or tissue specificity would be more efficacious and have relatively less undesirable side
effects compared with currently used agonists with specificity towards a single PPAR
isoform. Finally, development and availability of specific agonists targeting all three PPAR
isoforms (pan agonists) would further expand the treatment option.

This article presents an overview of the molecular and cellular events connected with the
expression, function and regulation of PPARs, discuss recent advances in our standing of the
diverse biological actions of PPARs in the vascular system, and the current developmental
status of new single, dual, pan (multiple) and partial PPAR agonists for the clinical
management of key components of MetS such as insulin resistance/hyperglycemia,
dyslipidemia, T2DM and CVD. It also summarizes the clinical outcomes from various
clinical trials aimed at evaluating the atheroprotective actions of currently used fibrates and
TZDs.

PPARs
PPAR structure & activation

The PPARs are orphan nuclear receptors belonging to the steroid, retinoid and thyroid
hormone receptor superfamily of ligand-activated transcription factors [64,65]. Three
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distinct receptor types, PPARα (NR1C1), PPARβ/δ (NR1C2) and PPARγ (NR1C3) have
been cloned and characterized. Similar to other nuclear receptors, all three PPAR isoforms
have five or six structural regions within four functional domains, termed A/B, C, D and E/F
(Figure 2) [66]. The variable NH2-terminal end, ligand-independent transactivation domain
(or A/B domain) contains activation function (AF)-1 which is a target of phosphorylation by
kinases. The 70 amino acid-long PPAR DNA-binding domain or C domain contains two
highly conserved zinc finger motifs and promoted the binding of receptor to a DNA
sequence in the promoter region of target genes known as the peroxisome proliferator
response element (PPRE). The hinge region or D domain acts as a docking site for cofactors.
The C-terminal, E/F domain or ligand-binding domain (LBD) is responsible for ligand
specificity and activation of PPAR binding to the PPRE, which increases the expression of
target genes; it recruits cofactors to assist the transactivation process via the ligand-
dependent transactivation function (AF-2). Upon activation by endogenous or synthetic
ligands, similar to other nuclear hormone receptors, PPARs hetero dimerize with the 9-cis-
retinoic acid receptor (retinoid × receptor). The PPAR–retinoid × receptor heterodimer
undergoes conformational changes, binds to PPRE in the promoter region of the target genes
and alters coactivator/corepressor dynamics to modulate transcription machinery, which in
turn affects (upregulation or downregulation) the transcription initiation and mRNA
abundance of the target genes [67,68].

PPARα
PPARα was the first member of the PPAR iso-types to be cloned and was named based on
its ability to be activated by peroxisome proliferator chemicals [69,70]. Its expression is
most abundant in tissues characterized by a high rate of fatty acid oxidation such as the liver,
heart and skeletal muscle, where it functions as a major regulator of fatty acid homeostasis
[18,44,47,70]. Significant expression of PPARα is also detected in kidney, adrenal and
adipose tissues (especially brown adipose tissue) and most cell types present in the
vasculature including endothelial cells, smooth muscle cells and macrophages (Table 3)
[44,47–54,71]. Treatment of mice and rats with peroxisome proliferators including fibrate
drugs results in enhanced expression of genes encoding proteins involved in fatty acid
transport and β-oxidation along with peroxi some proliferation [69,70]. However, these two
rodent types also show enhanced susceptibility to hepatocellular carcinogenesis when
chronically treated with fibrate drugs or other peroxisome proliferators [69]. Although
hypolipidemic fibrate drugs such as clofibrate (Atromid-S®), fenofibrate (TriCor®) and
gemfibrozil (Gemcor®, Lopid®) are widely used to treat hypertriglyceridemia, no
significant effect on peroxisome proliferation or hepatocellular proliferation has been
reported for patients receiving these drugs [69,72]. The under lying mechanism for this
species difference in toxic and carcinogenic effects of peroxisome proliferators is currently
known, but may be due to differences in the levels of expression of PPARα, differences in
cellular context of PPARα expression, and species differences in PPREs found upstream of
critical target genes [69]. Interestingly, it has been reported that human liver expresses only
10% of the levels of PPARα, mRNA and functional DNA-binding activity present in mouse
liver, suggesting that PPARα signaling is much more robust in mice relative to humans [69].

PPARα & hepatic lipid metabolism
PPARα controls the expression of a wide range of hepatic genes encoding for proteins
involved in fatty acid catabolism and lipoprotein metabolism (Table 4). Ligand activation of
PPARα is shown to enhance fatty acid catabolism as a result of upregulated transcriptional
expression of genes coding proteins involved in lipid transport, fatty acid β- and ω-oxidation
and ketogenesis [18,44,47]. PPARα activation also modulates the expression of key genes
involved in very low-density lipoprotein (VLDL)-TG turnover as well as apolipoproteins
associated with HDL, such as ApoA-I and ApoA-II [48]. Definitive evidence about the
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pivotal role of PPARα in hepatic fatty acid oxidation and lipo-protein metabolism has been
provided by studies involving the use of PPARα ligands [69,70], PPARα-deficient
(PPARα−/−) and transgenic mice (PPARαTg) (Table 5), as well as from studies in human
subjects harboring natural mutations and polymorphisms within the receptor [70,73]. It is
widely believed that PPARα acts as a general sensor of overall fatty acid load. Any increases
in the circulating levels of free fatty acids (FFA), or in their metabolites or intermediates,
transcriptionally activate PPARα, which, in turn, upregulates the expression of critical
catabolic enzymes that are involved in mitochondrial and peroxisomal β-oxidation and
microsomal ω-oxidation with resultant enhanced hepatic fatty acid catabolism and
secondarily prevent the patho logical accumulation of lipids in liver [18,44,47]. More
importantly, such PPARα-mediated increased fatty acid channeling for oxidation also
restricts the availability of fatty acids for the VLDL-TG assembly, and consequently, a
reduction in the circulating levels of TGs. In addition, activated PPARα attenuates hyper
triglyceridemia by directly modulating the expression of certain apolipoproteins and the
critical steps involved in VLDL-TG assembly and secretion [48,70,73]. Given this,
dysregulation of these various relatively well-coordinated metabolic pathways are now
believed to be one of the major contributors to inappropriate lipid accumulation in the liver
(steatosis) and skeletal muscle, increased hepatic VLDL production and subsequent
development of insulin resistance, MetS and T2DM [74].

The locus encoding PPARα (PPARA) is polymorphic in humans and over a dozen missence
polymorphisms resulting in amino acid changes have been identified including L162V and
V227A, which are the most common PPARα polymorphisms reported to date and associated
with variations in lipid metabolism [75,76]. The L162V polymorphism in the PPARα LBD
occurs more commonly in European and North American Caucasian populations as well as
in East Indians [75–77], whereas V227A, a non-synonymous variant at the PPAR locus
encoding a substitution of valine for alanine at amino acid residue 227 in the hinge region of
the receptor occurs with relatively high allelic frequency in oriental populations including
Singaporean Chinese [76,78] and Japanese [75,77]. Of particular interest, the PPARα
L162V HDL-C, LDL-C apolipoprotein (ApoB), postprandial lipemia and potentially the
progression of atherosclerosis [73,78–82], but not with obesity, T2DM or body fat
composition [83]. In addition, there is an interaction between the PPARα polymorphism and
fat intake [82], and that high-intake of polyunsaturated fatty acid is associated with lowering
of TG levels and alterations in total plasma cholesterol, small LDL and ApoA-I, in carriers
of the V162-PPARα variant ([76,82] and references therein). By contrast, carriers of the
V227A allele appear to have lower levels of total cholesterol and TGs [75,76,78]. Recently,
several lipid-association studies on the noncoding regions of the PPARα gene with a major
emphasis on the T/C transactivation of intron 2 and 7 have been reported [76]. For example,
the carriers of the interon 7G/C transversion show lower levels of TGs, especially in
diabetics, but mutation also reduces the age of onset of diabetes and increases the risk for
nonfatal myocardial infarction, total cholesterol and LDL-C [84]. A recent study has also
reported an association of the T/C transversion at intron 2 with postprandial TGs and
cholesterol [80].

PPARα & cardiac metabolism
In recent years, the role played by PPARα in regulating cardiac metabolic homeostasis has
also been evaluated particularly by using both gain-of-function and loss-of-function genetic
approaches. Similar to in the liver, PPARα is expressed at a relatively high level in the
parenchymal cells of the adult heart. Treatment of cultured myocytes with PPARα agonists
or adenoviral-mediated PPARα overexpression results in the induction of many genes
involved in the fatty acid catabolic pathway, including fatty acid transport, esterification and
β-oxidation [85,86]. By contrast, administration of PPARα agonist to rodent models is
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reported to have very little stimulatory effect on the expression of cardiac PPARα target
genes [87], suggesting that at least in rodents, most of the in vivo actions of PPARα ligands
are directed towards hepatic PPARα [85]. To further explore the cardiac-specific effects of
PPARα, transgenic mice with cardiac-specific overexpression of PPARα under the control
of the myosin heavy light chain (MHC) promoter (MHC-PPARα mice; use of MHC
promoter leads to cardiac-specific expression of the protein of interest) and PPARα-
knockout mouse models have been evaluated [85,87,88].

Constitutive transgenic overexpression of PPARα in cardiac muscle of mice via the MHC
promoter results with an increase in the expression of genes encoding for key proteins/
enzymes involved in myocyte fatty acid uptake and β-oxidation, and a reciprocal decrease in
the expression of multiple genes involved in glucose metabolism, which result in impaired
glucose uptake and utilization, and show signs of cardiac steatosis (increased TG
accumulation in cardiac muscle), especially in response to fasting or feeding a high-fat diet
(Table 5) [86–90]. MHC-PPARα mice show symptoms of ventricular hypertrophy, exhibit
impaired recovery of cardiac function when subjected to ischemic-reperfusion injury and
also signs of dysregulated mitochondrial biogenesis [85,87,90–92]. The impact of whole-
body PPARα gene ablation on cardiac energy metabolism and function has also been
evaluated. The PPAR-null mice exhibit impaired cardiac mitochondrial fatty acid oxidation
gene and reduced constitutive expression of fatty acid oxidation genes, particularly genes
involved in mitochondrial β-oxidation [85,88]. The PPARα-deficient mice also show an
increased glucose transporter (GLUT)4 expression, glucose uptake and a greater dependence
on glucose for energy production [93]. The PPARα-null hearts exhibit abnormal TG
accumulation during fasting, progressive deterioration of myofibrillar and mitochondrial
integrity in response to aging and also develop cardiac fibrosis with advancing age [94]. In
addition, PPARα-deficient mice show impaired response to several physiologic stressors
[94–96].

PPARα: the vasculature, inflammation, hypertension & atherosclerosis
PPARα is expressed in the vasculature [54,71,97–99]. Its expression is detected in
endothelial cells, monocytes/macrophages and vascular smooth muscle cells (VSMCs)
[54,71,97–99]. In endothelial cells, PPARα activation reduces inflammation by interfering
with the recruitment of inflammatory cells. PPARα ligands reduce the expression adhesion
molecules, ICAM-1, VCAM-1 and MCP-1 [54,71,98], PPARα and thus, interfere with the
binding of leukocytes (inflammatory cells) to endothelial cells. Mechanistically, attenuation
of expression of adhesion molecules by PPARα agonists is probably through inhibition of
the proinflammatory mediator, the master transcription factor, NF-κB [54,71,100]. In
addition, PPARα ligands inhibit synthesis and the section of endothelin (ET)-1 in
endothelial cells through repression of AP-1 transcription factor [54,71]; ET-1 is a potent
vasoconstrictor peptide and inducer of smooth muscle cell proliferator. PPARα ligands have
also been shown to interfere with the endothelial cell signaling including attenuation of
expression of VEGFR2, MCP-1, IL-8 and NAD(P)H oxidase, and induction of fatty acid
transport protein, antioxidant enzyme Cu, Zn-superoxide dismutase and endothelial nitric
oxide (NO) synthase [54,71].

PPARα is expressed in inflammatory cells with relevance to atherosclerosis such as
monocytes, lymphocytes, differentiated macrophages and macrophages present in
atherosclerotic lesions [54,71,98,100]. Ligand activation of PPARα in macrophages inhibits
the expression of inducible NO synthase and the synthesis of tissue factor, matrix
metallopeptidase-9 (MMP-9; also termed gelatinase B) and TNF-α secretion [54,70,98].
PPARα activation also has been shown to attenuate the expression of platelet-activating
factor receptor in monocyte and macrophage, inhibit the inflammatory signaling including
the expression of INF-γ and TNF-α in T lymphocytes and downregulate osteopontin
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expression in human macrophages via inhibition of AP-1 [54,71,100]. Likewise, PPARα
ligands cause the accelerated degradation of the neutrophil chemoattractant LTB4 expression
in granulocytes and macrophages [98]. In addition, PPARα also regulates the macrophage
cholesterol homeostasis by promoting cholesterol efflux through modulation of the
expression of key proteins involved in this process [54,71,100,101] as well as reducing the
intracellular lipid accumulation in macrophages [101]. For example, treatment of human
macrophages with PPAR agonists upregulates the expression of cholesterol efflux proteins,
ABC transporter ABCA1, HDL receptor CLA-1/SR-BI and Niemann–Pick type C1 and C2
(NPC1 and NPC2), which facilitate the mobilization of intracellular cholesterol to the
plasma membrane for efflux [54,71,100,102]. Similarly, PPARα ligands downregulate the
expression of the apoB48-remnant type of receptor in differentiated macrophages and
interfere with the uptake of glycated LDL and TG-rich remnant lipoprotein particles [101].
PPARα has also been shown to upregulate the expression of TG-hydrolyzing enzyme
lipoprotein lipase (LPL) and downregulate activity of ACAT-1 activity, an enzyme involved
in intracellular cholesterol storage [101].

Similar to other vascular cells, PPARα is expressed in appreciable amounts in human
VSMCs and plays an anti-inflammatory role [54,71,98,101,102]. PPARα agonists inhibit the
synthesis of proinflammatory agents such as IL-6 and prostaglandin along with cyclo-
oxygenase (COX)-2 through suppression of NF-κB signaling in VSMCs [54,78,100]. The
expression of hemeoxygenase (HO)-1, a mediator of the anti-inflammatory effects of
PPARα inhibitor of VSMC proliferation, is upregulated in VSMCs in response to treatment
with PPARα ligands [54,71]. PPARα agonists have also been shown to abolish the IL-1β-
induced expression of group IIA secretory phospholipase A2 (sPLA2-IIA), a
proinflammatory mediator of atherosclerosis [54,71]. In addition, PPARα has been
implicated in the negative regulation of VSMC proliferation and migration [100].

The anti-inflammatory actions of PPARα has also been examined in vivo [54,71,100]. Basal
expression of endothelial VCAM-1 is increased in PPARα-null mice and these mice exhibit
a considerably longer inflammatory response when challenged with LTB4 or arachidonic
acid, compared with the normal controls. Increasing evidence now indicates that PPARα
may exert its anti-inflammatory actions through reduction in the production of inflammatory
cytokines [99,100] via the inhibition of NF-κB and inducible COX-2 activities [54,71].
Although a majority of in vivo animal studies suggest that PPARα exerts anti-inflammatory
actions, there are also indications that these anti-inflammatory effects may be cell- or tissue-
type specific [99]. For example, PPARα agonists increase TNF-α levels and decrease
survival of lipopolysaccharide-primed mice, despite a significant reduction in the release of
TNF-α by macrophages [99].

The evidence presented previously strongly suggests that PPARα plays a crucial role in the
development and progression of atherosclerotic lesion formation. Indeed, much of the
existing clinical evidence suggests that PPARα ligands may decrease the risk and protect
against coronary heart disease (addressed later). However, the use of the genetic mouse
model of atherosclerosis has yielded conflicting data [54,71,100]. It is shown that genetic
deficiency of PPARα (PPARα−/−) protects against atherosclerosis in apoE-null mice
(apoE−/−) [54,71,100]. By contrast, PPARα ligand fenofibrate is shown to retard the
development of atherosclerotic lesions, with more pronounced effect noted in apoE−/− mice
overexpressing human apoA-I [54,71,100]. In another study, fenofibrate, but not PPARγ
agonist, decreased atherosclerotic lesions in a nondiabetic dyslipidemic mouse model in
which human apoE2 had been introduced (human apoE2 knock-in mice) [103]. In another
study, PPARα agonist treatment of LDL receptor null (LDL-R−/−) mice significantly
decreased the extent of atherosclerosis [104]. A more recent study provides evidence that
male and female LDL-R−/− transplanted with bone marrow from PPARα−/− mice develop
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more pronounced atherosclerosis coupled with decreased cholesterol efflux from peritoneal
macrophages [105]. Based on these various studies, the potential involvement of PPARα in
the development and progression of atherosclerotic lesion formation remains inconclusive;
however, much of the existing literature tends to favor an atheroprotective action of PPARα.

PPARβ/δ
PPARβ/δ (referred to as PPARδ from here on) is ubiquitously expressed with relatively high
levels as found in the liver, kidneys, cardiac and skeletal muscle, adipose tissue, brain, colon
and vasculature [54,71,106,107]. In contrast with PPARα and PPARγ, PPATd does not
appear to be a target of any of the currently available drugs. Because of the lack of
availability, PPARδ-targeted drugs are coupled with its ubiquitous expression; the
physiological function of PPARδ is much less studied and understood. However, in recent
years the availability of potent synthetic high-affinity ligands (agonists) such as GW501516,
GW610742 and L165041 (Table 6) [108], and various types of PPARδ knockout and
transgenic mice have sparked considerable interest in understanding the metabolic actions of
PPARδ. The following is a summary of the effects of loss-of-function and gain-of-function
of PPARδ and in vivo treatment of experimental animals with synthetic PPARδ ligands on
tissue-specific regulation of glucose and lipid metabolism, insulin sensitivity, obesity,
inflammation and atherosclerosis. Table 7 lists the phenotypes of PPARδ-null and tissue-
specific (heart, adipose tissue or skeletal muscle) PPARδ transgenic mice.

Regulatory roles of PPARδ in metabolism
Many recent functional studies suggest that PPARδ is critically involved in the regulation of
lipid, lipoprotein and glucose metabolism in multiple tissues including adipose tissue,
skeletal muscle and the heart (Table 4). These conclusions have been drawn mainly from the
results obtained with the use of potent PPARδ agonists, particularly GW501516 and various
metabolic and genetic animal models (some of which are described in Table 7). Treatment
of insulin-resistant obese rhesus monkeys (a nonhuman primate model of obesity and
T2DM) with a potent synthetic PPARδ agonist, GW50516, for 4 weeks greatly improved the
plasma lipid profiles, causing a 79% increase in HDL-C levels, while significantly lowering
the plasma levels of small dense LDL, TGs and insulin [109]. No changes in plasma glucose
levels were detected. A similar type of study reported that treatment of St Kitts vervet
monkeys (a nonhuman primate model of atherosclerosis) with GW50516 increased the
circulating levels of HDL-C, apoA-I and apoA-II and increased HDL particle size [110]. By
contrast, such treatment had no significant effect on the plasma levels of total cholesterol,
TGs, VLDL-C, LDL-C or ApoB [110]. Likewise, obese and nonobese mice treated with
PPARδ agonist showed elevated levels of HDL-C but at the same time also exhibited
elevated levels of total plasma cholesterol [111–114]. In addition, GW501516 treatment
attenuated weight gain, insulin resistance and intracellular accumulation of lipid TG in
skeletal muscle, liver and adipose tissue [111,113,114]. These changes appear to result from
increased expression of skeletal muscle genes that promote lipid catabolism and
mitochondrial uncoupling and enhanced channeling of fatty acids for β-oxidation in skeletal
muscle [112,115]. PPARδ agonist treatment also resulted in a robust induction of ABCA1
mRNA expression in many cell types raising the possibility that PPARδ may also be
involved in the regulation of the HDL-mediated reverse cholesterol transport process.
Indeed, van der Veen et al. have provided experimental evidence confirming that PPARδ
agonists upregulate HDL-C levels via increased expression of ABCA1; they showed that
treatment of control mice with PPARδ agonist, GW610742, resulted in approximately 50%
increase in plasma HDL-C, whereas HDL-associated cholesterol levels did not rise and
remained low in ABCA1 null mice [116]. In addition, the authors reported that intestinal
cholesterol absorption efficiency was reduced following GW610742 activation of PPARδ
along with the simultaneous downregulation of the expression of the intestinal cholesterol
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absorption protein, NPC1L1. In another study, it was demonstrated that treatment of obese
and diabetic db/db mice with a week nonselective PPARδ agonist, L-165041, at a relatively
low dose raised plasma HDL-C levels without impacting either plasma glucose or TG levels
[113].

In addition to pharmacological approaches, genetic approaches involving the use of total and
tissue-specific PPARδ-null mice as well as tissue-restricted transgenic mice overexpressing
PPARδ are being increasingly employed to further define the role of PPARδ in the
regulation of whole-body lipid and glucose metabolism and energy homeostasis.
Unfortunately, some of these approaches have not been met with great success. For
example, most of the PPARδ-deficient mice (PPARδ−/−) die in utero as a result of placental
malformation [113,114]. The mice that do survive are smaller in size, weigh less and
demonstrate reduced adiposity, although mice with adipocyte-specific PPARγ deletion do
not show any reduction in their fat mass [113,114]. The first-generation PPARδ-null mice
(lacking the ligand-binding domain of the murine PPARδ gene) exhibited hyperlidemia with
elevated plasma TGs and FFA, but showed no changes in total plasma cholesterol, free
cholesterol, or phospholipid levels when maintained on a standard chow diet [113,117]. In
response to chronic high-fat feeding, the PPAR-null mice not only maintained high plasma
TG levels, but also showed an increased rate of hepatic VLDL production and simultaneous
reduction in the activity of lipoprotein lipase [114–117]. The loss of LPL activity in
PPARδ−/− mice was closely correlated with the increases in the production of endogenous
LPL inhibitors, hepatic angiopoietin-like proteins (Angptl) 3 and 4 [114–117]. In contrast to
these results, Barat et al, using second-generation PPARδ−/− mice (deletion of DNA binding
domain of PPARδ gene) reported no changes in total plasma cholesterol, TGs, HDL-C and
FFA in mice maintained on a chow diet [113,117]. However, the authors neither discussed
nor provided any data with regard to changes in plasma lipid metabolites in response to
high-fat feeding. The third-generation mice were not evaluated for any changes in plasma
lipid metabolites [118]. Besides the significant impact of PPARδ on lipid metabolism,
current evidence suggests that it also regulates glucose metabolism and insulin sensitivity.
PPARδ-deficient mice have been reported to be glucose intolerant, whereas pharmacological
activation of PPARδ in diabetic db/db mice improves insulin sensitivity [119]. Moreover, it
is shown that PPARδ agonist, GW501516 improves hyperglycemia by attenuating hepatic
glucose production, promoting glucose disposal and preventing fatty acid release from
adipose tissue deposits. Gene array analysis suggested that increased glucose metabolism
through the pentose phosphate pathway, which is to enhance de novo fatty acid synthesis,
may be one potential mechanism by which PPARδ ameliorates hyperglycemia [119]. Two
more recent reports [120,121] have led to the demonstration that alternative activation of the
anti-inflammatory M2 phenotype of resident macrophages in the liver and adipose tissue is
critically dependent on PPARδ activity, resulting in improved fatty acid metabolism and
insulin sensitivity [120–122].

The impact of tissue-specific genetic alterations in PPARδ expression on lipid and energy
metabolism has also been evaluated. Mice that are gene ablated for cardiac PPARδ (cardiac-
specific deletion of PPARδ) display severe impairments in mitochondrial fatty acid gene
expression, reduced rates of fatty acid oxidation, increased myocardial lipid accumulation,
severe cardiomyopathy and congestive heart failure [123]. Very recently, it has been
demonstrated that high-fat feeding in cardiac PPARδ-null mice leads to robust induction of
genes encoding key fatty acid oxidation enzymes (but decreased expression of the
corresponding protein), PGC-1α and PPARα, but does not improve cardiac pathology [124].
On the other hand, it has been shown that cardiac overexpression of PPARδ results in
increased cardiac glucose uptake and oxidation along with increased GLUT4 and PFK
(glycolysis) gene expression and also attenuation of ischemia and reperfusion-induced
myocardial injury [125]. Likewise, transgenic overexpression of PPARδ in adipose tissue
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protects against high-fat diet or genetically induced obesity, steatosis and dyslipidemia
primarily through upregulation of genes involved in fatty acid oxidation and adaptive
thermogenesis [114]. Overexpression of constitutively active PPARδ in skeletal muscle
decreases weight gain, fat mass and skeletal muscle TG content, improves glycemic control
in mice maintained on a high-fat diet [115,126–128]. Interestingly, mice overexpressing
skeletal muscle PPARδ exhibit an enhanced endurance capacity and greatly increased levels
of endurance of type I oxidative/slow twitch muscle fibers [115,126,127].

Genetic variants of PPARβ/δ have also been reported in humans [76]. Although, screening
of the PPARβ/δ gene has thus far not identified any missence mutations, but several single
nucleotide polymorphism have been documented, which variably impact metabolic diseases
(e.g., MetS, diabetes and CVD), lipid profiles, BMI, leptin, TNF-α, gender, hepatic fat
storage and relative muscle mass [76,129–134]. Moreover, single nucleotide polymorphisms
of PPARβ/δ in combination with PGC-1α or PPARγ2P12A variants have been reported to
have an additive effect on aerobic physical fitness, endurance performance and insulin
sensitivity [132,135,136]. In addition, combined polymorphisms of PPARβ/δ and PPARα
are also shown to affect body weight [137], insulin sensitivity in the skeletal muscle [138],
fasting plasma glucose levels and BMI in nondiabetic subjects [139,140]. Interestingly,
Alzheimer's disease patients with PPARβ/δ variations in exon 4 (rs2016520] and 9 (rs9794)
are reported to have elevated levels of cholesterol metabolites compared with control
subjects [141].

PPARδ: the vasculature, inflammation, hypertension & atherosclerosis
The roles of PPARδ in inflammation, vascular cells and atherosclerosis are just beginning to
emerge (Table 4). The readers are encouraged to consult several excellent recent reviews on
these topics [54,71,108,142,143]. In brief, PPARδ expressed in the vasculature
[54,71,100,142] with significant expression is detected in endothelial cells, monocytes/
macrophages and VSMCs [54,71,108]. A number of studies conducted in recent years have
shown that PPARδ ligands (L-165041, GW0742 and GW501516) exert potent anti-
inflammatory effects in endothelial cells, inhibiting the inflammatory cytokine-induced
expression of adhesion molecules that promote recruitment of leukocytes to endothelial cells
both in vitro [54,71,108,144–147] and in vivo [108,145]. The potential mechanisms that
have been suggested for the anti-inflammatory effects of PPARδ ligands in endothelial cells
include attenuation of oxidative stress through upregulation of antioxidant enzymes as well
as modulation of events connected with the BCL-6 corepressor translocation to
proinflammatory genes [144]. In addition to its anti-inflammatory actions on endothelial
cells, ligand-activated PPARδ have also been shown to directly stimulate proliferation of
human endothelial cell proliferation and angiogenesis [54,71,108].

PPARδ is expressed in VSMCs and is induced in these cells in response to PDGF, a
neointimal stimulator, through increased activation of PI3K/Akt signaling pathway [54,71].
Expression of PPARδ is also upregulated in vivo during the development of vascular lesion
formation [54,71]. These results correlate well with the demonstration that PPARδ
overexpression in VSMCs results in enhanced cell proliferation [54,71]. By contrast,
selective PPARδ agonists effectively suppress VSMC proliferation both under basal
condition [148], and in response to TNF-α [54,71]. Likewise, PPARδ agonist L-16501
interferes with neointima formation in the carotid-artery balloon injury model [146]. In
addition, it has been demonstrated that PPARδ ligand inhibits VSMC proliferation via
simultaneous induction of TGF-β1 and inhibition of MCP-1 and IL-1β production
[118,149]. When considering these variable observations together, it appears that PPARδ
receptor and PPARδ agonists may play opposing roles in the proliferation of VSMCs.
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Monocytes and macrophages play critical roles in the pathophysiology and the development
of atherosclerosis. PPARδ is expressed in myeloid cells and its expression is induced during
the differentiation of human macrophages [142]. PPARδ plays a significant role in the
regulation of macrophage lipid metabolism. It has been reported that PPARδ acts as a sensor
for VLDL, activated by VLDL and may be potentially involved in VLDL-supported TG
accumulation in macrophages [142,148]. The PPARδ agonist, GW501516, in a human
monocytic cell line increases ABCA1 expression and promotes apoA-I-dependent
cholesterol efflux [54,71,148,150]. However, somewhat opposite results are reported using
primary macrophages, THP-1 human monocytes and a different PPARδ agonist, termed
compound F; evidence is presented showing that compound F upregulates genes involved in
lipid uptake and storage such as SAR and CD36 (class A and B scavenger receptors) but
repressed key genes involved in lipid meta bolism and efflux (e.g., apoE and cholesterol 27-
hydroxylase) [54,71,150]. Treatment with compound F or overexpression of PPARδ induces
lipid accumulation in macrophages [54,71,150]. Interestingly, in macrophages neither
PPARδ deficiency nor agonists exhibit any significant effect on either cholesterol efflux or
its cellular accumulation [104,150]. Two recent studies indicate that adipocyte-derived Th2
cytokines IL-13 and Il-4 induce expression of macrophage PPARδ [120–122]. Both adipose
tissue and liver-resident macrophages are activated to an alternative anti-inflammatory M2
phenotype by PPARδ, resulting in improved fatty acid metabolism and insulin sensitivity
[120–122]. Besides the effects on lipid metabolism, PPARδ appears to regulate macrophage
inflammatory responses, some of which are mediated by its association or dissociation with
transcriptional corepressor B-cell lymphoma-(BCL)-6 protein [108]. In an unliganded state,
PPARδ associates with BCL-6 (protein–protein interaction) and, as a result, inhibits its anti-
inflammatory actions leading to increased levels of anti-inflammatory agents such as
MCP-1, -3 and IL-1β. In response to PPARδ agonist, PPARδ deficiency or its lack of
activity, BCL-6 is released and in turn inhibits proinflammatory responses [108,111,112]. In
addition, in murine macrophages, PPARδ agonists have been shown to inhibit expression of
a TNF-α, IL-6, the MCP-1 receptor CC-chemokine receptor-2, osteopontin and VCAM-1
[108,111,112].

In recent years, several studies have been conducted that directly evaluate the anti-
atherosclerotic actions of PPARδ and its potent agonists using mouse models of
atherosclerosis. It is reported that deletion of PPARδ via the transplantation of PPARδ−/−

bone marrow into γ-irradiated LDL-R−/− mice significantly reduced (~50%) the
atherosclerotic lesion area in mice chronically fed a high-fat diet, presumably as a result of
attenuation of the proinflammatory status of the macrophages [113,128,148,150,151]. These
anti atherosclerotic actions of PPARδ were confirmed by Graham et al., who demonstrated
that treatment of high-cholesterol/high-fat fed female LDL-R−/− mice with a PPARδ specific
agonist, GW0742 (5 or 60 mg/kg/day), attenuates atherosclerosis by at least 30% and also
reduces the expression of MCP-1 and ICAM-1 expression in the aorta [152]. In contrast to
these observations, Li et al. reported that a low dose of GW0742 (5 mg/kg/day similar to
that used by Graham et al. [152]) has no effect on the extent of atherosclerosis, whereas use
of PPARα- and PPARγ-specific agonists effectively reduce atherosclerotic lesion formation
in LDL-R−/− mice maintained on a high-cholesterol/high-fat diet [104]. It should be noted,
however, that in both studies, GW0742 treatment inhibited the expression of inflammatory
genes associated with atherosclerosis, such as IFN-γ, TNF-α, MCP-1, VCAM-1 and
ICAM-1 in aortic lesions, suggesting that it possesses anti-inflammatory properties in vivo
[104,128,150–152]. In another mouse model of atherosclerosis, apoE−/−, treatment with a
potent PPARδ agonist, GW501516, attenuates atherosclerotic lesion formation [148]; this
anti atherosclerotic action of GW501516 appears to be associated with the modulation of
several pathways including elevation of HDL levels, inhibition of chemoattractant signaling
in the vessel wall, potent anti-inflammatory effects on the macrophage responses to
inflammatory atherogenic cytokines and suppression of monocyte transmigration. It is also
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shown that PPARδ agonist, GW0742, attenuates AngII-induced atherosclerotic lesion
formation in an AngII-accelerated atherosclerotic model [112]. Furthermore, in vivo use of
GW0742 induces the expression of BCL-6, RGS4 and RGS5 in the vessel wall, which
negatively impacts the expression of key genes involved in inflammation and atherosclerosis
[112], reduces AngII-stimulated collagen type I expression and collagen synthesis in cardiac
fibroblasts [152], promotes survival of endothelial cells [151], upregulates the ABCA1
expression [153,154], causes reduction in the levels of inflammatory cytokines (e.g., TNF-α)
[151,152] and inhibits AngII-mediated proatherogenic MAP kinases (see later) and ERK1/2
[112,154]. Overall, these various studies strongly suggest the possibility that activated
PPARδ attenuates atherosclerosis through modulation of multiple but relevant inflammatory
pathways.

PPARγ
PARγ is highly expressed in adipose tissue, where it plays an indispensible role in the
regulation of adipocyte differentiation, lipid storage, glucose metabolism and the
transcriptional regulation of a number of genes involved in these metabolic processes
[46,47,49,52]. Some of the key target genes of PPARγ include the fat-specific ap2 gene,
LPL, fatty acid transport, fatty acid-binding protein, FAT/CD36, acyl-CoA synthase,
GLUT4, glucokinase, phosphoenolpyruvate carboxykinase, uncoupling proteins 1, 2 and 3,
and LXRα [46,49,155]. PPARγ also regulates genes involved in insulin signaling, as well as
the expression of the proinflammatory cytokines such as TNF-α [52,155]. It also exerts
significant anti-inflammatory effects [46,49,155]. Most importantly, PPARγ is a well-
recognized cellular target for the anti-diabetic drugs thiazolidinediones, which sensitize cells
to insulin and improve insulin sensitivity and action [60,61,156]. PPARγ protein is
expressed in four isomeric forms: PPARγ1, -γ2, and -γ4 (see later). The highest expression
of PPARγ1 occurs in brown and white adipose tissue (WAT) from which it was first cloned
[46,49]. Its expression is also detected in skeletal muscle, liver, pancreatic β-cells, heart,
colon, placenta and in cells of vascular and immune systems [155,157]. Under normal
physiological conditions, the expression of PPARγ2 isoform is restricted to brown and WAT
only [157], but its expression is ectopically induced in the liver and skeletal muscle in
response to excess calorie intake or genetic obesity [157–160]. The least studied, PPARγ4 is
expressed in macrophage and adipose tissue [156,161].

Until now seven mRNA transcripts generated through different initiation and alternative
splicing of five exons at the 5′-terminal region (A1, A2, B, C and D) have been identified
(Figure 3) [156,162,163]. These are designated as PPARγ1, -γ2, -γ3, -γ4, -γ5, -γ6 and -γ7.
PPARγ1, -γ3, -γ5 and -γ7 mRNA transcripts translate into the identical PPARγ1 protein.
PPARγ2 mRNA yields PPARγ2 protein, while PPARγ4 and -γ6 mRNA transcripts produce
identical PPARγ4 protein (Figure 2) [161–163]. PPARγ1 mRNA isoform is expressed in a
broad range of tissues including cardiac and skeletal muscle, pancreatic β-cells, spleen,
intestine and vascular cells such as endothelial cells, smooth muscle cells and macrophages
[163]. Expression of PPARγ2 mRNA is mostly restricted to adipose tissue [156,163, 164],
whereas PPARγ3 mRNA is abundant in macrophages, the large intestine (colon), and
adipocytes [156,163, 164]. High levels of PPARγ4, -γ5, -γ6 and -γ7 mRNA transcripts are
expressed in macrophages [156,161,162,164], while PPARγ6 and -γ7 mRNAs are also
detected in adipose tissue [156,161].

Regulatory roles of PPARγ in metabolism
A mechanistic understanding about the transcriptional role of PPARγ in the regulation of
adipogenesis, lipid metabolism and glucose homeostasis and other metabolic processes has
greatly improved with the identity of PPARγ as the molecular target for the antidiabetic and
insulin-sensitizing agents, the TZDs and the availability of various genetically altered
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PPARγ mouse models. TZDs have been widely used as a pharmacological tool for defining
the metabolic actions of PPARγ whereas the use of total or tissue-specific PPARγ-null or
transgenic have provided vital information about the tissue-specific role of PPARγ in the
regulation of lipid and glucose metabolism, insulin sensitivity and inflammatory responses.
TZDs such as rosiglitazone and pioglitazone are also currently in use in clinical practice for
the treatment of T2DM and other associated metabolic complications [60,61].

Earlier in vitro studies showed that TZDs specifically bind to the LBD of recombinant
PPARγ, but not PPARα or -β/δ. TZDs also selectively stimulate PPARγ gene promoter
activity and modulate the expression of a number of PPARγ target genes [49]. Studies in
both humans and animals indicate that TZDs, rosiglitazone and pioglitazone (PPARγ
agonists) ameliorate hyperglycemia by reversing insulin resistance and improving insulin
sensitivity [49,165–170]. Likewise, PPARγ agonists attenuate hyperlipidemia-induced
elevation by circulating FFAs, lipotoxic accumulation of lipid in peripheral tissues and
insulin resistance. They do so by promoting increased channeling of FFAs for storage in
adipose tissue, reducing the lipid content especially of the liver and regulating the
expression of adipokines and inflammatory cytokines that impact hepatic and muscle
glucose metabolism and whole-body insulin sensitivity [49,163–168].

Besides improving hyperglycemia and insulin action, both pioglitazone and rosiglitazone
also show significant effects on plasma lipo-protein lipids in humans, although the use of
pioglitazone results in a relatively better lipid profile as compared with rosiglitazone [168–
170], for example, pioglitazone appears to be more effective than rosiglitazone in lowering
plasma TGs and LDL-C levels; however, both drugs increase HDL-C to similar levels.
Although the exact reason for this differential effect is not known at present, it may be
related to the fact that pioglitazone is known to possess weak PPARα-activating activity
[168]. Finally, in humans, use of TZDs also leads to increased adiposity along with the
redistribution of WAT [162,171]. Specifically, treatment with TZDs causes a beneficial
redistribution of fat from visceral deposits (which are more strongly linked to insulin
resistance) to WAT with gradual buildup of increased WAT mass [171]. It is suggested that
visceral fat drainage of FFA, adipokines and cortisol directly into the liver via the portal
vein facilitate WAT redistribution [172]. However, one cannot rule out other possibilities
given that various WAT deposits may be derived from distinct precursors with variable
metabolic characteristics [161,171–173].

Thus as eluded above, although extensive, pharmacological studies conducted with the use
of PPARγ agonists, such as TZDs, during the past decade or so have yielded a wealth of
information about the role of PPARγ in the regulation of gene expression and basic
metabolic pathways, however, the effects of agonists are often indirect or systemic. Thus,
understanding the molecular and cellular actions of PPARγ on specific target tissues
independently of the systemic effects of agonists have created the need for and led to the
development of many types of genetically altered mice with tissue-specific PPARγ loss-of-
function and gain-of-function phenotypes [88,174]. The impact of constitutive whole-body
PPARγ deficiency cannot be studied in adult mice because such deficiency causes
embryonic lethality due to placental and cardiac defects [88,174]. However, very recently,
Duan et al. reported the generation of a generalized PPARγ-knockout (both PPARγ1 and -
γ2) mouse line, by rescuing embryonic lethality through the preservation of PPARγ
expression in the trophoblasts (Table 8) [175]. Thus, PPARγ deletion caused severe
lipodystrophy and impaired insulin action, but surprisingly, also caused hypotension [175].
To examine the physiological functions of PPARγ in individual tissues, many types of
conditional knockout mice with cell-specific deletion of PPARγ, such as adipocytes,
hepatocytes, myocytes, pancreatic β-cells, macrophages and endothelial cells, have been
generated and characterized [88,174,176]. In addition, several tissue-specific PPARγ
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overexpressing transgenic have been introduced which further aided in understanding the
metabolic functions of PPARγ [88,174]. The phenotypic characteristics of some of these
PPARγ genetic mouse models are summarized in Table 8.

Like PPARα and PPARβ/δ, genetic variants of PPARγ (-γ1 and -γ2) have also been reported
[76,177]. To date, one common variant (P12A) and 16 rare missence and nonsense
mutations in the coding region (AF-1, DNA-binding domain and LBD) have been described,
and all but one (P113Q) lead to a loss of function [46,76,177]. The P12A polymorphism
within the AF-1 region of the PPARγ2 is the most frequently found genetic variant of the
PPARγ gene (2–25% depending on ethnicity) and this polymorphism is associated with a
reduction in T2DM risk [178]. Animal studies further indicated that homozygous P12A mice
are also reported to be more insulin sensitive than P12 animals [179]. However, this
increased insulin sensitivity effect is lost in response to feeding a high-fat diet [179]. The
majority of rare, heterozygous loss-of-function mutations reported so far are associated with
a an inherited distinct clinical phenotype of familial partial lipodystrophic type 3 (FPLD3)
characterized by altered fat distribution of subcutaneous fat, insulin resistance diabetes,
elevated TGs, decreased HDL-C levels, hypertension, and polycystic ovary syndrome [46].
Among these, two missence mutants, V290M and P467L in PPARγ LBD, are associated
with severe insulin resistance [76]. Surprisingly, transgenic mice expressing P465L (human
equivalent of P467L) do not show signs of lipodystrophy and are not insulin resistant
[174,172]. However, when expressed in the ob/ob (leptin deficient) mice, the P465L
exacerbated insulin resistance and other metabolic abnormalities and alterations in the
relative distribution of brown and WAT [180–183]. Besides, many additional mutants have
been identified in FPLD3 patients, which either function as a dominant negative and inhibit
normal receptor function or cause haploinsufficiency [90,177].

PPARγ: the vasculature, inflammation, hypertension & atherosclerosis
PPARγ expression is reported in cells within the vascular and immune systems including
endothelial cells, VSMCs and monocytes/macrophages (Table 4) [54,71,97,98]. PPARγ
ligands repress the activation and inflammation of endothelial cells. PPARγ activation by its
ligands has been shown to inhibit the expression of cellular adhesion molecules including
VCAM-1, ICAM-1, PECAM-1 and E-selectin, and MHC-II leading to decreased binding of
monocytes to the activated endothelial cells [49,54,71]. PPARγ agonists inhibit
inflammatory transcription factor signaling (NF-κB and AP-1), expression of their target
genes [54,71], inflammatory signaling (protein kinase C) [54,71,184,185], and TNF-α, IL-6
and IL-1β production [54,71,184,185]. PPARγ ligands ameliorate endothelial cell oxidative
stress and inflammation [54,71,186] and induce the expression of a PPARγ target gene, the
anti-inflammatory HO-1 [187]. PPARγ agonists attenuate the expression of chemokine
genes (e.g., interferon-inducible protein of 10 kDa a monokine induced by interferon-γ
(MIG) and interferon-inducible T-cell α-chemoattractant in endothelial cells. [188]. A role
for PPARγ has also been reported in the regulation of vascular tone, with PPARγ ligands
inhibiting ET-1 and AT-1R expression while reducing the impact of excessive oxidative and
nitrative stress [54,71]. PPARγ agonists increase AT-2R expression [54,71], and promote
NO production and release [54,71,189,190], which, in turn, can activate PPARγ activity via
MAPK [190]. Other studies suggest that PPARγ agonists reduce VEGF secretion, modulate
VEGF-induced angiogenesis and inhibit VEGF-induced migration of endothelial cells.
These effects appear to be mediated by the inhibition of Akt phosphorylation through
upregulation of PTEN, a modulator of the PI3K/Akt signaling pathway [54,71]. Finally,
there is some evidence that PPARγ promotes apoptosis and induces the expression of
apoptotic genes in endothelial cells [54,71].

Many studies have shown that PPARγ ligands attenuate mitogen-induced VSMC
proliferation, and this inhibition of cell proliferation appears to involve cell cycle arrest at
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the G1 phase [191]. MAPK signaling plays a key role in growth factor-induced VSMC cell
proliferation, and TZDs appear to suppress VSMC proliferation primarily by inhibiting the
MAPK signaling [54,71]. Besides growth factors, AngII–MAPK signaling cascade also
plays a critical role in controlling the proliferation and migration of VSMCs. Ligand
activation of PPARγ inhibits VSMC proliferation, migration and MMP-9 expression by
blocking MAPK activation, possibly through the attenuation of PKC nuclear activity and
PKC-dependent trans-location of ERK1/2 to the nucleus [54,71,191,192]. Another
mechanism by which angiotensin II promotes VSMC proliferation is the upregulation of
AT-1 receptors [54,71]. PPARγ ligands are known to downregulate AT-1 receptor
expression in VSMCs. A number of PPARγ ligands such as troglitazone, rosiglitazone and
15d-PGJ2 have also been shown to inhibit growth factor (e.g., PDGF, CTGF and
angiotensin II)-induced VSMC migration [54,71,191]. Besides, PPARγ ligands can induce
apoptosis in VSMCs. TGF-β, phosphor-SMAD2, IRF-1 and GADD45 are some the key
factors implicated in PPARγ-induced apoptosis of VSMCs [54,71,191,192]. Finally, there is
evidence that inflammatory cytokine (TNF-α)-mediated gene and protein expression of
VCAM-1, MCP-1 and fractalkine (CX3CL1) is downregulated by PPARγ activation in
cultured VSMCs through the inhibition of NF-κB and C/EBP transcription factors
[54,71,191,192].

PPARγ is expressed in murine-derived macrophages, neointimal lesions, macrophage-
derived foam cells, atherosclerotic lesions and differentiated human monocyte-derived
macrophages [54,71,97,98]. PPARγ expression is also detected in other inflammatory cells
such as human plasma peripheral blood T cells, human CD4+ T cells, and mature dendritic
cells from the spleen. PPARγ is also expressed in mouse T-helper cells and macrophage cell
lines such as THP-1 and RAW 264.7 cells. PPARγ activation has been shown to attenuate
expression of inflammatory cytokines (TNF-α, CCR-2, IL-6 and IL-1), inducible NO
synthase, MMP-9, scavenger receptor A and oxidative burst. PPARγ agonists can stimulate
IL-10 production. PPARγ ligands also inhibit expression of adhesion molecules, repress
chemotaxis and promote apoptosis by interfering with NF-κB signaling [54,71]. Besides,
PPARγ exerts a significant effect on macrophage lipid (cholesterol) metabolism. Activation
of PPARγ is shown to upregulate the expression of fatty-acid transporter CD36, a member
of the class B scavenger receptors [54,71,158]. This receptor/transporter facilitates uptake
and internalization of oxidized LDL into the macrophages. Activated PPARγ promotes lipid
(cholesterol) efflux from macrophages and in doing so interferes with their transformation
into lipid-laden foam cells. This antiatherogenic action of PPARγ appears to be mediated by
ABCA1 and ABCG1 cholesterol transporters [54,71,193]. In support of this, it is shown that
macrophages deficient in PPARγ express relatively lower levels of ABCA1 and ABCG1
[193].

Recently accumulated evidence suggests that PPARγ is a key regulator of M1/M2
polarization and that the anti-inflammatory role of PPARγ in atherosclerosis is mediated by
alternatively activated M2 phenotype macrophages [186,194,195]. The M2 macrophage
differs from the classically activated M1 macrophage, by predominantly exhibiting an anti-
inflammatory phenotype, instead of a proinflammatory phenotype. PPARγ agonists have
been shown to inhibit macrophage activation and suppress M1 phenotypes including
expression of proinflammatory cytokines such as TNF-α, IL-1β and IL-6 [185]. PPARγ
agonists also promote differentiation of macrophages into a M2 phenotype which, in turn,
results in increased functional expression of PPARγ and M2 markers such as arginase-1,
TARC, mannose receptor and CD36 [185,194–197]. Furthermore, under in vitro culture
conditions, exposure of microphages to Th1 cytokine IFNg and Th2 cytokine IL-4, result in
the generation of M1 and M2 phenotypes, respectively [194,195,198]. Interestingly,
macrophage activation, which yields M1 and M2 types of macrophages, can be reversed by
exposing cells to the opposite class of cytokine [195]. Finally, increasing evidence now

Azhar Page 15

Future Cardiol. Author manuscript; available in PMC 2011 December 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



indicates that PPARγ in its capacity as an atheroprotective agent also serves as a key
determinant of distinct monocyte-derived subpopulations that play an anti-inflammatory,
homeostatic role in atherogenesis [195].

PPARγ activation has been shown to influence the events connected with the development
and progression of atherosclerotic lesions [54,71,156,199]. A majority of studies indicate
that PPARγ and its ligands exert direct antiatherosclerotic actions. For example, treatment
with the TZD class of PPARγ agonists reduces the size of atherosclerotic lesions in two
mouse models of atherosclerosis which were fed a different diet: the LDL receptor-null mice
(LDL-R−/−) and mice gene ablated for apolipoprotein E (apoE−/−) [54,71,154,156,168,200].
In keeping with the anti-inflammatory properties of PPARγ and TZDs, the aortas from these
animals show decreased accumulation of macrophages in lesions and attenuated expression
of proatherogenic agents. Interestingly, these changes occur independently of improvements
in dyslipidemia, glycemic control and hypertension [150,200], which support direct vascular
effects. In addition, it is shown that LDL-R-null mice transplanted with PPARγ-deficient
bone marrow developed more severe atherosclerosis as compared with mice transplanted
with bone marrow from control animals [146], further confirming the antiatherosclerotic
actions of PPARγ.

PPAR ligands/agonists & their relevance to MetS, T2DM & CVD
As previously discussed, PPARs (PPARα, -β/δ and -γ) control the expression of a wide
range of target genes required for the normal functioning of metabolic pathways involved in
the glucose, lipid and cholesterol metabolism, and any dysregulation of these metabolic
pathways can lead to the development of obesity, MetS, T2DM and CVD [73,106,158,201–
203]. All three isoforms are known to be activated by a wide range of structurally diverse
endogenous (Table 9) and synthetic (Tables 6, 9, 10 & 11) ligands, which add further
diversity to the already expanded scope of their metabolic actions. Because of this, PPARs
are considered attractive drug targets, and over the years many pharmaceutical companies
around the world have committed an enormous amount of their research and development
efforts into developing new PPAR-modulating therapeutic agents for the treatment of
obesity, components of MetS and CVD. So far, these efforts have resulted in the
development of two classes of drugs, fibrates and TZD, which activate PPARα and PPARγ,
respectively, and which since have been marketed and are being used clinically. More new
and safer drugs including a PPARβ/δ-specific compound are under various stages of
development. No PPARβ/δ-specific drugs, however, are currently marketed or in routine
clinical use.

Fibrates & other PPARα agonists
The fibrate class of drugs, including clofibrate, ciprofibrate, benzafibrate and gemfibrozil,
are low-affinity PPARα agonists, which are used primarily to lower circulating TGs and
FFA levels [204], they raise plasma HDL-C levels and show a modest effect on lowering
LDL-C. In addition to lipid-lowering effects, several large clinical trials using fibrate drugs
(weak PPARα agonists), gemfibrazil, fenofibrate and benzafibrate have been carried out to
test their clinical efficacy in reducing cardiovascular risk [72,166,193,204,205]. The key
findings of these trials are summarized in Table 12. Based on these various clinical trials, it
is quite apparent that direct antiatherosclerotic actions of PPARα agonists beyond lipid
control remains to be fully substantiated. Because fenofibrate, gemfibrozil and benzafibrate
are relatively weak PPARα agonists and raise HDL-C levels only modestly in certain patient
populations, it is possible that their direct antiatherosclerotic effects are not strong enough to
register a significant impact on the pathogenesis of CVD. Given this, there is a greater need
for the design and synthesis of more potent and more specific PPARα agonists, which will
not only improve atherogenic dyslipidemia but also effectively ameliorate atherosclerosis
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and offer other therapeutic benefits over that of existing fibrate drugs. Several of such potent
PPARα agonists including LY518674 [206], AVE8134 [207], GW590735 [208] and
DRF10945 (Table 6) are already under various stages of development.

Thiazolidinediones & other PPARγ agonists
The TZDs or glitazone PPARγ agonists represent a class of synthetic insulin-sensitizing
agents that are widely prescribed for the treatment of hyperglycemia in patients with T2DM
(Table 6) [64,174,182,207,208]. The first such TZD, troglitazone (Rezulin) was approved
for clinical use in 1997 but was voluntarily withdrawn from the market due to the
development of severe idiosyncratic hepatotoxicity in a small percentage of diabetic patients
taking this drug. Its two successors, rosiglitazone (Avandia, GlaxoSmithKline) and
pioglitazone (Actos, Pharmaceuticals) are currently marketed for the treatment of T2DM
and represent important agents in the treatment of this disease both as a monotherapy and in
combination with sulfonylurea insulin secretagogue, insulin or another insulin-sensitizing
agent, metformin [61,200,209,210]. In animals and humans, both pioglitazone and
rosiglitazone lower blood glucose, decrease hemoglobin A1c and improve insulin sensitivity
in skeletal muscle, liver and adipose tissue [61,166,167,210,211]. These two PPARγ
agonists also show modest effects on plasma lipoprotein lipids in humans, although
pioglitazone has been shown to exert a somewhat superior effect in improving the plasma
lipoprotein profile in patients with T2DM and dyslipidemia [169,170].

While pioglitazone and rosiglitazon have many beneficial effects in T2DM, they also have
some adverse events associated with long-term use, including weight gain, edema, headache,
congestive heart failure, hypoglycemia, myalgia, increased fracture risk and bone-marrow
abnormalities [205,210,212–216]. Because of these adverse effects, efforts are underway to
generate new PPARγ agonists that are not only highly efficient and specific but also exhibit
minimum side effects. Two of such new-generation PDZ-based PPARγ agonists,
balaglitazone and rivoglitazone (CS-011), are undergoing clinical trials. Several non-TZD
PPARγ agonists have also been described which are currently at the preclinical stage (Table
6) [210,217,218].

As noted earlier, PDZ activation of PPARγ has also been shown to influence the
development and progression of atherosclerotic lesions in experimental animal models, for
example, treatment of various animal models of atherosclerotic disease with TDZs is
associated with a significant reduction in the extent of plaque formation
[54,71,150,158,218,201,219]. In humans, some studies support potential vascular benefits of
TZDs including decreased carotid artery intimal medial thickness [220], improved
endothelial reactivity [221], and levels of inflammatory markers and mediators in response
to TDZs in both diabetic patients [190] and human subjects [222]. However, whether or not
currently used TZDs, pioglitazone and rosiglitazone, are protective of CVD in humans is
questionable [223–225]. Until now only a few large clinical trials have reported the effects
of TZDs on cardiovascular events and the findings differ considerably as summarized in
Table 12 [156,158,189,193,200].

Dual/pan PPAR agonists
The idea of developing highly efficacious dual- and pan-PPAR agonists stems from the
beneficial effects seen in human clinical trials with the PPARα and PPARγ agonists and the
promising, mostly preclinical, efficacy seen with certain PPARβ/δ-specific ligands. It is
based on the concept that combining the therapeutic benefits of PPARα, -β/δ and -γ in
various combinations, would result in the development of super dual or pan agonists that
effectively improve multiple metabolic abnormalities associated with MetS and T2DM,
including obesity, insulin resistance and hyperinsulinemia, hyperglycemia, atherogenic
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dyslipidemia (low HDL, high TE) and inflammation. The medical need for such designer
dual and pan agonists is also indicated by minimizing the cardiovascular risk especially, in
T2DM patients, who are considered at much greater risk of developing CVD [224]. The
currently marketed TDZs, and for that matter, any of the currently available antidiabetic
drugs, do not appear to improve cardiovascular outcomes [226]. Only benzafibrate, which is
a weak activator of PPARα, -β/δ and -γ, is shown to improve many metabolic abnormalities
commonly associated with MetS and T2DM except cardiovascular events. These wide-range
beneficial effects of benzafibrate provide additional support to the concept of dual/pan
PPARs and overall rationale to develop new pharmacological agents that target more than
one PPAR isoform [227].

Unfortunately, so far the efforts to develop new dual/pan PPARs have not met with much
success. While a large number of structurally diverse dual/pan agonists have been
introduced and/or patented by various pharmaceutical companies, further clinical
development of the majority of these agonists including MK-0767, muraglitazar,
tesaglitazar, rasaglitazar, farglitazar, imiglitazar, ragaglitazar and naveglitazar has been
discontinued for a variety of safety reasons (Table 10) [199,228–233]. Similarly, over the
years efforts are underway to develop PPAR pan (α/γ/δ[β]) agonists in the clinical
management of T2DM and core components of MetS [226,231]. Unfortunately, until now
these efforts have also not been very successful. A number of PPAR pan agonists, such as
sipoglitazar, sodelglitazar (GW-677954), indeglitazar (DPM-204 and PLX-204) and
GW-625019 have been terminated due to serious safety concerns [226,231]. Only one
compound, netoglitazone (PGX-510, formerly MCC-555) developed by Perlegan and
Mitsubishi is currently undergoing Phase II clinical trials. Another PPAR pan compound,
DRL 11605, designed by Perlecan Pharma is in its initial stages of development. This is the
only known compound targeted towards obesity [210]. Several additional PPAR pan
agonists undergoing preclinical testing have been described [210,229].

Selective PPAR modulators
The current disappointing clinical outcomes with the development of the PPAR dual and pan
agonists have spurred the search for additional strategies to create novel PPAR-targeted
drugs that can deliver superior therapeutic indexes. One such strategy that has gained
considerable popularity in recent years is based on the selective PPAR modulator
(SPPARM) concept. The molecular basis of SPPARM activity involves binding of
SPPARM ligands in distinct manners to the ligand-binding domain of PPARs causing
confirmation changes in the receptor which facilitate differential interactions with
coactivators or corepressor proteins, and subsequently initiate or suppress transcription of
specific target genes, ultimately resulting in differential biological responses [210,229,234–
237]. This concept in principle is borrowed from the strategies that led to the successful
development of selective estrogen receptor modulator drugs, tamoxifen and raloxifene,
which act in a tissue-specific manner and provide much improved therapeutical benefits
compared with the natural estrogen receptor ligand [210,229,234–237]. PPARγ has attracted
most interest in the identification and clinical characterization of SPPARMs owing to two
main reasons: first to minimize the impact of adverse effects that accompany full activation
of the PPARγ agonist; and second, the genetic evidence both in humans and mice indicates
that suboptimal activation of PPARγ results in more beneficial metabolic effects
[210,229,234]. These latter observations led to a general understanding that a modest
activation instead of full activation of PPARγ may be a preferred therapeutic strategy to
develop PPARγ-specific antidiabetic SPPARγMs drugs to increase insulin sensitivity and
lower plasma glucose levels but at the same prevent weight gain through adipogenesis.

In recent years, a number of SPPARγMs with differential potency and selectivity have been
described (Table 11). Most of these compounds, however, are at the preclinical phase of
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their development; only three compounds (MBX-102, MBX-2044 and INT-131) have
progressed to PhaseII/III clinical trials. Further clinical development of three additional
compounds, MK-0533, balaglitazone and FK-614, has been halted due to serious safety
concerns.

Conclusion & expert commentary
MetS represents a clustering of cardiometabolic abnormalities that increases an individual's
risk of developing T2DM and CVD. The current epidemic of obesity, a direct consequence
of over-nutrition and sedentary lifestyles, is credited with the rising prevalence of both MetS
and T2DM. The MetS-linked cardiometabolic abnormalities and T2DM also impact heavily
on the incidence of CVD, the leading cause of morbidity and mortality around the world.
Because the MetS is a cluster of different clinical conditions, and not a single disease, it
presents a formidable therapeutic challenge. Currently, the therapeutic management of MetS
is being achieved through the use of combination therapy, but even so, core risk factors,
including atherogenic dyslipidemia, insulin resistance, inflammation and hypertension are
often poorly controlled. These issues highlight the urgent need for the development of new,
safer and effective drugs that can be used as valuable clinical tools in the management of
individual components of MetS as well as T2DM and associated cardiovascular
complications.

PPARs are the members of a superfamily of nuclear hormone receptors comprising of three
isoforms, PPARα, -β/δ and -γ, which act as ligand activated transcription factors. PPARs are
considered master regulators of adipogenesis, lipid metabolism, energy balance,
inflammation, blood pressure and atherosclerosis. These characteristics, coupled with their
involvement in metabolic diseases, make PPARs an ideal target for the development of new
pharmacological tools to treat individual risk factors. Indeed, two classes of synthetic PPAR
agonists, the antidiabetic insulin-sensitizing TZDs (PPARγ agonists) and lipid-lowering
fibrate derivatives (weak PPARα agonists) are widely prescribed for the treatment of
hyperglycemia in patients with T2DM and for improving hyperlipidemia by the lowering of
circulating TG and FFA levels, respectively. However, despite their therapeutic importance,
these two drugs affect only a single component of MetS (i.e., fibrates ameliorate
hyperlipidemia without impacting hyperglycemia while TZDs improve insulin sensitivity
and hyperglycemia with minimal or no effect on hyperlipidemia), which limits their utility
as a monotherapy and, more importantly, their use is often associated with adverse side
effects, particularly treatment with TZDs. In addition, a number of clinical trials using
various fibrate drugs, including gemfibrazil, fenofibrate and benzafibrate largely, but not
uniformly, support the notion that these drugs may also have a direct and significant
protective effect against CVD. Similarly, based on the outcomes from a number of clinical
trials, it appears that the currently used TZD class of PPARγ agonists (rosiglitazone and
pioglitazone) provides very little protection against overall cardiac mortality.

Because of these various reasons, and to improve treatment strategies in the management of
MetS and associated diabetes and cardiovascular complications, extensive efforts are
underway to develop safer and more effective single PPAR agonists, together with dual, pan
and partial agonists and peroxisome proliferator-activated receptor modulator (SPARM)
compounds for treating these problems. Several compounds that selectively and potently
activate PPARα (LY518674, AVE8134, GW590735 and DRF-10945), PPARδ/β
(GW501516) and PPARγ (balaglitazone and rivoglitazone) in cell and animal models are
undergoing Phase II/III clinical trials. These trials appear to be progressing satisfactorily, but
a lot more work still needs to be done to establish whether any of these experimental potent
agonists show corresponding improvement in their efficacy, clinical therapeutic index and
safety profile. To develop new potent agonists that target more than one PPAR isoform and
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provide superior therapeutic indexes and/or additional benefits, the concept of dual (PPARα/
γ, α/δ[β] and γ/δ[β]) and pan (PPARα/δ[β]/γ) PPAR agonists has been put forward and a
considerable amount of effort has been invested in exploring the clinical utility of these two
new classes of compounds. Unfortunately, development of most of the novel and selective
dual PPARα/γ or pan PPARα/δ(β)/γ agonists has been terminated due to various safety
reasons. Currently, only three PPARα/γ dual agonists (aleglitazar, chiglitazar and AVE0847)
and one pan agonist (netoglitazone) is the subject of Phase II clinical trials, and although
based on past outcomes, their further clinical development does not appear to be very
promising. At present there are no experimental PPARα/δ(β) dual agonists under
investigation and only three PPARγ/δ(β) dual agonists are being evaluated at the preclinical
stage.

To date the search for novel SPPARMs has primarily focused on PPARγ receptor (selective
SPPARγM) compounds as previously discussed. However, given that ligand binding
pockets of the receptors show considerable sequence homology, this concept can be
extended to the other two PPAR subtypes as well. Table 11 lists the potential SPPARγM
compounds currently under investigation. While most of these compounds are at the
preclinical phase of their development, three compounds (MBX-102, MBX-2044 and
INT-131) have progressed to Phase II/III clinical trials. Further clinical development of three
additional compounds, MK-0533, balaglitazone and FK-614, have been halted due to
serious safety concerns. Based on such a high failure rate, it is difficult to predict the
toxicity, efficacy and clinical outcomes of the remaining SPPARγM. However, recent
clinical trials with metaglidasen showing clinical efficacy with little adverse effects have
given confidence that the SPPARγM could eventually become the next generation of insulin
sensitizers.

Despite numerous setbacks in the clinical development of novel and potent single, dual, pan
and partial agonists, the search for new agents, in addition to SPPARγMs, targeting three
PPAR isotypes either separately or in combination, is still the most attractive, viable and
important approach. In this context, continuing efforts to further delineate PPAR
physiology, pharmacology and molecular functions may identify additional novel targets
that can be exploited in the development of superior, efficacious and tissue-/PPAR isotype-
specific agonists for the treatment of MetS. Moreover, development of more specific and
reliable translational models and biomarkers to better understand the safety and efficacy in
the clinical development of potential PPAR agonists should help greatly. Finally, a detailed
mechanistic understanding of the role of PPARs in MetS and major metabolic organs in
response to diabetes and cardiovascular systems is necessary in order to design PPAR-
specific therapeutic agents that specifically target the individual components of MetS, the
diabetic tissues or the cellular events connected with CVD.

Future perspective
Metabolic syndrome represents a clustering of cardiometabolic risk factors that is considered
a direct consequence of overnutrition, sedentary lifestyles and resultant obesity. MetS is
associated with an approximate doubling of CVD risk, and a fivefold increased risk for
T2DM. Its prevalence is increasing rapidly in the USA and worldwide and, as a result, will
probably have a major impact on the global incidence of T2DM and CVD. Because MetS is
a cluster of different clinical conditions and not a single disease, and there are currently no
specific therapies to treat all of these conditions, there is an urgent need for development of
new safer and effective drugs that can be used as valuable clinical tools in the management
of individual components of MetS and MetS-associated diabetic and cardiovascular
complications. The ability of PPAR transcription factors to serve as master regulators of
many metabolic processes, including lipid, glucose and energy homeostasis, inflammation
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and cardiovascular events, has made them an ideal target for the development of new
pharmacological tools to treat individual risk factors. Indeed, whereas the TZD class of
insulin-sensitizing PPARγ agonists are the preferred drugs in the management of insulin
resistance and hyperglycemia, the fibrate class of weak PPARα agonists with hypolipidemic
properties is commonly used to treat hyperlipidemia. However, because TZDs and fibrate
only impact individual components of MetS (i.e., insulin resistance/hyperglycemia and
hyperlipidemia, respectively), exhibit significant undesirable side effects especially with the
use of TZDs, and are not particularly effective against CVD. In recent years considerable
efforts have been invested in developing more effective single PPAR agonists, and also dual,
pan and partial agonists as well as SPARM compounds with a goal to cover the entire
spectrum of MetS. Unfortunately, until now such efforts have not resulted in the
development of highly efficacious, selective and safer PPAR agonists, particularly, dual
(PPARα/γ) or pan (PPARα/δ[β]/γ) agonists. Despite these setbacks, specific targeting still
remains the most attractive, viable and important approach in the search for new single,
dual, pan and partial PPAR agents in addition to SPPARγMs. Further refinement of
experimental strategies, group-specific chemical modification of potential compounds, and
development of specific and reliable translational models and biomarkers to better
understand safety and efficacy, all should greatly aid in the future clinical development of
novel types of PPAR agonists. Moreover, future efforts to further delineate PPAR
physiology, pharmacology and molecular functions may identify additional novel targets
that can also be exploited in the development of superior, efficacious and tissue-/PPAR
isotype-specific agonists for the treatment of MetS.
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Executive summary

■ Metabolic syndrome (MetS) represents a clustering of cardiometabolic risk
factors that is associated with an approximate doubling of cardiovascular
disease (CVD) risk and fivefold increased risk for Type 2 diabetes mellitus
(T2DM).

■ Its prevalence is increasing rapidly in the USA and worldwide and will have
a major impact on the global incidence of T2DM and CVD.

■ Because MetS is a cluster of different clinical conditions, and not a single
disease, the clinical management of MetS is currently being achieved through
the use of combination therapy and lifestyle changes but, even so, core risk
factors, particularly dyslipidemia and insulin resistance, are often poorly
controlled.

■ Given this, there is an immediate need for the clinical development of new,
safer and effective drugs that can be used as valuable clinical tools in the
management of individual components of this syndrome.

■ Because peroxisome proliferators-activated receptor (PPARs) are involved in
the regulation of several metabolic processes, including lipid and
carbohydrate metabolism, and are involved in the pathophysiology of
metabolic diseases, this makes them an ideal target for the development of
new pharmacotherapies to treat individual risk factors.

■ Indeed, two classes of synthetic PPAR agonists, the antidiabetic insulin-
sensitizing thiazolidinediones (PPARγ agonists) and lipid-lowering fibrate
derivatives (weak PPARα agonists) are widely prescribed for the treatment of
hyperglycemia in patients with T2DM and for improving hyperlipidemia by
lowering circulating thiazolidinediones and free fatty acid levels,
respectively.

■ Despite lipid-lowering activity fibrates, a number of clinical trials using
various fibrate drugs, including gemfibrazil, fenofibrate and benzafibrate,
largely, but not uniformly, support the direct protective effect of these drugs
against CVD. Similarly, based on outcomes from a number of clinical trials,
it appears that the currently used tryglicerides class of PPARγ agonists
(rosiglitazone and pioglitazone) also provides very little protection against
overall cardiac mortality.

■ To improve treatment strategies in the management of MetS and associated
diabetes and cardiovascular complications, extensive efforts are underway to
develop safer and more effective single PPAR agonists, along with dual, pan
and partial agonists and SPARM compounds for treating these problems.

■ Unfortunately, until now such efforts have not resulted in the development of
highly efficacious, selective and safer PPAR agonists, particularly, dual, pan
or partial PPAR agonists.

■ Further refinement of experimental strategies, group specific chemical
modification of potential compounds, development of specific and reliable
translational models and biomarkers and a greater understanding of the
physiology, pharmacology and molecular functions of PPARs should greatly
aid in the future development of superior, efficacious and safer PPAR
agonists for the treatment of MetS.
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Figure 1. Individual risk components of metabolic syndrome
CVD: Cardiovascular disease.
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Figure 2. Functional domains of human peroxisome proliferator-activated receptors PPARα,
PPARδ/β, PPARγ1, PPARγ2 and PPARγ4
A/B, C, D and E/F indicate N-terminal A/B domain containing a ligand-independent
activation function (AF)-1, DBD, hinge region and C-terminal LBD containing AF-2,
respectively. AF-1 is responsible for phosphorylation, while AF-2 promotes the recruitment
of coactivators for the gene transcription.
DBD: DNA-binding domain; LBD: Ligand-binding domain; PPAR: Peroxisome
proliferator-activated receptor.
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Figure 3. cDNA structures of seven PPARγ isoforms and major features of their protein
products
AA: Amino acids; MW: Molecular weight.
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Table 2

Criteria for the clinical diagnosis of metabolic syndrome according to a joint interim statement of the AHA,
IAS, IASO, IDF, NHLBI and WHF.

Measure Categorical cut points

Elevated waist circumference Population- and country-specific definitions

Elevated triglycerides (drug treatment for elevated triglycerides is an alternate
indicator)

>150 mg/dl (1.7 mmol/l)

Reduced HDL-cholesterol (drug treatment for reduced HDL-cholesterol is an
alternative indicator)

<40 mg/dl (1.0 mmol/l) in males <50 mg/dl (1.3 mmol/l)
in females

Elevated blood pressure (antihypertensive drug treatment in a patient with a history
of hypertension is an alternate indicator)

Systolic >130 and/or diastolic >85 mmHg

Elevated fasting glucose treatment (drug treatment of elevated glucose is an
alternate indicator)

>100 mg/dl

AHA: American Heart Association; IAS: International Atherosclerosis Society; IASO: International Association for the Study of Obesity; IDF:
International Diabetes Federation Task Force on Epidemiology and Prevention; NHLBI: National Heart, Lung and Blood Institute; WHF: World
Heart Federation. Modified from [21].
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Table 3

Tissue distribution of peroxisome proliferator-activated receptor isoforms.

PPAR isoform Tissue distribution

PPAR α Liver, heart, kidney, adrenal, skeletal muscle, adipose tissue, endothelial cells, smooth muscle cells, lymphocytes,
macrophages and monocytes

PPARγ1 → PPARγ1 Cardiac muscle, skeletal muscle, kidney, adrenal, spleen, intestine, pancreatic β-cells and vascular smooth muscle
cells

PPARγ2 → PPARγ2 Adipose tissue

PPARγ3 → PPARγ1 Adipose tissue, colon and macrophages

PPARγ4 → PPARγ4† Macrophages

PPARγ5 → PPARγ1† Macrophages

PPARγ6 → PPARγ4† Macrophages and adipose tissue

PPARγ7 → PPARγ1† Macrophages and adipose tissue

PPARδ/β Widely expressed in many tissues and cell types

Italics: mRNA transcripts; Bold: protein products.

PPAR: Peroxisome proliferator-activated receptor.

†
mRNA analysis was carried out only on adipose tissue and/or macrophage samples.
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Table 4

Metabolic, anti-inflammatory and vascular actions of activated peroxisome proliferator-activated receptors.

PPARs Metabolic actions Vascular and anti-inflammatory actions

PPARα Liver: ↑FFA oxidation, ↑HDL, ↑TG
clearance (LPL); ↑cholesterol catabolism,
↑ketogenesis, ↑gluconeogenesis, ↓VLDL-
TG, ↓sdLDL, ↓HL

↓Inflammation Plasma: ↑HDL, ↓dyslipidemia, ↓TG, ↓apoCIII, ↓sdLDL Blood
vessels: ↑RCT, ↓inflammatory response VSMCs: ↑HO-1, ↑p16INK4a, ↓proliferation
and migration, ↓IL-6, ↓NF-κB, ↓COX-2, ↓p38 MAPK, ↓6-keto-PGF1α, ↓β5
integrin, ↓sPLA2-IIA EC: ↑eNOS, ↑FATP-1, ↑Cu,Zn-SOD, ↓VCAM-1, ↓TF,
↓MCP-1, ↓ET-1, ↓ICAM-1, ↓AP-1, ↓NF-κB, ↓VEGER2, ↓IL-8, ↓leukocyte
recruitment
Monocyte/macrophages: ↑HO-1, ↑CPT-1, ↑CLA-1, ↑ABCA1, ↑NPC1, ↑NPC2,
↑RCT, ↓iNOS, ↓MMP9, ↓TF, ↓glycated LDL uptake, ↓osteopontin, ↓JNF-α, ↓LPL,
↓IL-2, ↓IFNγ, ↓inflammatory signals, ↓lipid accumulation

PPARβ/δ Muscle: ↑FFA oxidation, ↓TG storage,
switching fuel preference from glucose to
FFA, alteration of oxidative capacity in
skeletal muscle
Adipose tissue: ↑FFA oxidation
↓Body weight
↓PPARα and PPARγ target genes

↓lnflammation Plasma: ↑HDL-C, ↓hyperglycemia, ↓TG, ↓LDL-C, ↓apoB, ↓MCP-1,
↓ICAM-1, ↓VCAM-1, ↓TNF-α, ↓Angll-stimulated collagen synthesis, ↓macrophage
inflammatory responses to atherogenic cytokines, ↓monocyte transmigration,
↓chemotractant signaling in the vascular wall, ↓inflammatory genes, ↑survival of
endothelial cells, ↓VSMC proliferation, ↑ABAC1

PPARγ Adipose tissue: ↑adiponectin,
↑adipogenesis, ↑resistin, ↓TNF-α, ↑fatty
acid storage Liver: ↑fatty acid storage

↓Inflammation, ↑RCT
VSMCs: ↓proliferation and migration, ↓Angll receptor, ↓apoptosis EC: ↓endothelial
dysfunction, ↓endothelin-1, ↓chemokines (IL-8 and MCP-1), ↓adhesion molecules
(VCAM-1 and ICAM-1), ↓NF-κB, ↓AP-1 Monocyte/macrophages: ↓inflamatory
cytokines (IL-1β, IL-6,iNOS and TNF-α), ↓M1/M2 macrophages, ↓lipid efflux

↓ Decreased; ↑: Increased; COX: Cyclooxygenase; EC: Endothelial cell; eNOS: Endothelial nitric oxidase synthase; ET: Endothelin; FATP: Fatty
acid transport protein; FFA: Free fatty acid; HL: Hepatic lipase; HO: Heme oxygenase; iNOS: Inducible nitric oxide synthase; LPL: Lipoprotein
lipase; M1: Classically activated macrophages; M2: Alternatively activated macrophages; MCP: Monocyte chemotactic protein; MMP: Matrix
metallopeptidase; PPAR: Peroxisome proliferator-activated receptor; RCT: Reverse cholesterol transport; sdLDL: Small dense LDL; SOD:
Superoxide dismutase; TF: Tissue factor; TG: Triglycerides; VSMC: Vascular smooth muscle cell.
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Table 5

Phenotypes of PPARα-null mice and tissue-restricted (heart, liver, adipose tissue or skeletal muscle) PPARα-
deficient or -overexpressing transgenic mice.

Genetically modified mice Phenotypes Ref.

PPARα-null, liver No hepatic response to peroxisome proliferators or induction of lipid-metabolizing
enzymes by fibrates
Pronounced hepatic steatosis, elevated levels of plasma triglycerides and increased
gonadal fat mass
Increased obesity with advancing age
No change in body weight in congenic 129/SvJae or C57BL/6N PPAR
Elevated circulating levels of fatty acids, increased hepatic and cardiac lipid
accumulation, loss of ketogenic response, exaggerated hyperglycemia and hepatic
glycogen depletion
Show susceptibility (similar to wild-type mice) to HFD-induced weight gain, and hepatic
steatosis but are resistant to glucocorticoid-induced hypertension
One study reported blunted hyperinsulinemia and improved glucose and glucose tolerance
following 2 h fasting whereas another study found no significant differences in
hyperinsulinemia and peripheral glucose utilization during euglycemic clamp of HFD-fed
wild-type versus knockout mice Fat-pad weight reduction and increased lipogenesis in
response to feeding a chow diet supplemented with 2% cholesterol

[67,70,88]

PPARα-null, heart Blunted expression of constitutive and inducible PPARα target genes
Lack of induction of PPARα target genes in response to fasting or diabetes
Increased trigylceride accumulation during fasting
Increased glucose transporter-4 expression, glucose uptake and reliance on glucose for
cardiac ATP production
Mild aging-associated fibrosis

[88,85,83,94]

Liver-specific overexpression of
human PPARα (LAP1[C/EBPβ]
hPPARαTet-off transgenic mice)

A PPARα-humanized mouse line that expresses human receptor in a PPARα-null
background under the control of the Tet-Off system of deoxycycline control with liver-
specific LAP1(C/EBPβ) promoter
High constitutive expression of hPPARα in the absence deoxycycline
Increased transcriptional activation of hepatic PPARα target genes in response to PPARα
agonist treatment
Decreased fasting plasma triglyceride levels
No significant hepatocellular proliferation

[238]

Liver-specific overexpression of
human PPARα (hPPARαPAC
transgenic mice)

This mouse line was generated using a P1 phage artificial chromosome containing the
complete human PPARα gene
Fibrate drug (fenofibrate)-induced peroxisome proliferation, lowering of plasma
triglycerides and induction of PPARα target genes encoding enzymes involved in fatty
acid metabolism in liver, kidney and heart
No significant hepatomegaly and hepatocyte proliferation

[239]

Heart-specific overexpression of
PPARα (MHC-PPARα
transgenic mice)

Increased expression of target genes encoding enzymes involved in fatty acid uptake and
metabolism
Impaired glucose uptake and utilization as a result of markedly diminished expression of
multiple genes involved in glucose metabolism
Excerbation of metabolic and functional abnormalities in animals rendered diabetic or
maintained on a HFD
Ventricular hypertrophy and moderate systolic dysfunction
Striking steatosis and reactive oxygen species accumulation in the myocardium in
response to diabetes or feeding a HFD
Detrimental to cardiac recovery after ischemia
Diabetic cardiac myopathy

[88,85,89]

HFD: High-fat diet; PPAR: Peroxisome proliferator-activated receptor.
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Table 6

Selected peroxisome proliferator-activated receptor agonists used as medication or in development.

Agonists Company/publication Developmental phase

PPARα agonists

Clofibrate Used as medication

Fenofibrate Used as medication

Benzafibrate Used as medication

Gemfibrozil Used as medication

WY14643 Wyeth Pharmaceuticals Investigational agonist

LY518674 Ligand/Eli Lilly Phase II

AVE8134 Sano-Aventis Phase II

GW590735 GlaxoSmithKline Phase II

DRF-10945 Perlecan Pharma Phase II

GW7647 GlaxoSmithKline Investigational agonist

GW9578 GlaxoSmithKline Investigational agonist

PPARδ/β agonists

GW501516 GlaxoSmithKline Phase II

GW0742 GlaxoSmithKline Experimental agonist

L-165041 Merck Experimental agonist

PPARγ agonists

Rosiglitazone (Avandia) GlaxoSmithKline Used as medication

Pioglitazone (Actos) Pharmaceuticals North America Used as medication

Troglitazone (Rezulin) Daiichi Sankyo Inc./Parke-Davis Withdrawn (2000)

Ciglitazone Takeda Pharmaceuticals Experimental agonist

Balaglitazone Rheoscience/Dr Reddy's Laboratories Phase III

Rivoglitazone (CS-011) Daiichi Sankyo Inc. Phase II/III

Non-TZD PPARγ agonists Preclinical

RWJ-348260 Preclinical

Indone derivatives Preclinical

Compound (14c) S 26948 Preclinical

TZD: Thiazolidinedione.
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Table 7

Phenotypes of PPAR8/p-null mice and tissue-restricted (heart, adipose tissue or skeletal muscle) PPAR8/p-
deficient or -8/p-overexpressing mice.

Genetically modified mice Phenotypes Ref.

PPARδ/β-null mice Significant embryonic lethality, reduced adiposity, placental defects, growth
retardation Pronounced hypertriglyceridemia
Decreased metabolic rate and glucose intolerance

[88,86,91]

Conditional cardiac-specific deletion of
PPAδ/β gene

Severe impairments in mitochondrial FAO gene expression,reduced rates of FAO,
enhanced myocardial lipid accumulation, severe cardiomyopathy and congestive
heart failure

[95]

Cardiac-specific overexpression of PPARδ
(MHC-PPARβ/δ transgenic mice)

Increased expression of genes encoding key FAO enzymes in response to fasting
Enhanced expression of genes encoding key FAO enzymes (but decreased
expression of corresponding protein), PGC1α, PPARα, and deactivation of protein
kinase B and p42/44 MAPK signaling but no improvement in cardiac pathology in
response to high-fat feeding
Increased cardiac glucose uptake and oxidation rates concomitant with increased
GLUT4 and PFK (glycolysis) gene expression. Attenuation of ischemia and
reperfusion-induced myocardial injury

[96,97]

Skeletal muscle-specific overexpression of
PPARδ/β

Increased endurance activity and oxidative fiber content in skeletal muscle,
elevated activities of oxidative enzymes, citrate synthase and β-hydroxacyl-CoA
dehydrogenase, increased mRNA expression of UCP2 and h-FABP proteins
thought to be involved in fatty acid catabolism and decreased body-fat content

[88]

Skeletal muscle-specific overexpression of
PPARδ/β (VP16-PPARδ/β)

Reduced body weight, fat mass and skeletal muscle TG content. Enhanced
endurance capacity and greatly increased levels of endurance type I oxidative/slow
twitch muscle fibers

Adipose tissue-specific PPARδ/β-null mice No change in fat mass [73]

Adipose tissue-specific overexpression of
PPARδ/β (VP16-PPARδ/β)

Attenuation of high-fat diet or genetically induced obesity, steatosis and
dyslipidemia Upregulation of genes involved in FAO and adaptive thermogenesis

[88]

Conditional myeloid-specific deletion of
PPARδ/β gene

In response to high-fat feeding, mice develop insulin resistance and show
increased adipocyte lipolysis and severe hepatic steatosis

[93]

CoA: Coenzyme A; FAO: Fatty acid oxidation; GLUT: Glucose transporter; h-FABP: Heart-type fatty acid-binding protein;
PFK:Phosphofructokinase; PGC: PPARγ coactivator; TG: Triglycerlde; UCP: Uncoupling protein.
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Table 8

Phenotypes of PPARγ-haploinsufficient mice and tissue-restricted (heart, adipose tissue, skeletal muscle or
liver) PPARγ-deficient or knock-in of dominant-negative mutations from human patients.

Genetically modified mice Phenotypes Ref.

Heterozygous PPARγ-knockout mice Reduced adiposity
Exhibit an enhanced insulin sensitivity compared with wild-type in
response to feeding of a high-fat diet or aging
Treatment with PPARγ agonists reverse the effects and cause
lipodystrophy and insulin resistance

[69,88]

Generalized PPARγ-deficient mice Generalized PPARγ-deficient mice have been created by rescuing
embryonic lethality of global PPARγ knockout by breeding Mox2-Cre
mice with floxed PPARγ mice to inactivate PPARγ in the embryo but
not in trophoblasts The mice display severe lipodystrophy and insulin
resistance along with hypotension

[174,175]

PPARγP465L/+ knock-in mice and and PPARγP465L/+

knock-in ob/ob mice
Homozygous mice for P465L mutation die in utero
Heterozygous knock-in mice carrying one copy of PPARγ containing
the dominant-negative P465L mutation (equivalent to human P467L,
PPARγP465L/+) exhibit abnormal fat distribution (decreased brown
adipocyte requirement and thermogenic capacity) and elevated blood
pressure
PPARγP465L/+ mice are more glucose tolerant than control (wild-type)
mice
When expressed on ob/ob background, the P465L PPARγ mutant
grossly exacerbates insulin resistance and metabolic disturbances
associated with the leptin deficiency, yet reduce whole body adiposity
and adipose size

[180,183]

PPARγ2Pro12Ala (P/P→A/A) knock-in mice Reduced body weight, enhanced insulin sensitivity, favorable plasma
lipid profile and increased longevity Beneficial metabolic responses
are lost in response to feeding a high-fat diet

[179]

Tamoxifen-inducible adipocyte PPARγ-knockout
mice (aP2-Cre-ERT2 transgenic mice)

Induction of Cre activity in these mice results in simultaneous and
near complete loss of brown and white adipocytes within 7 days
Adipocyte number and adipose tissue integrity is restored within 6
weeks of the initial insult

[88,240]

Adipocyte-specific PPARγ-knockout mice Marked adipocyte hypocellularity and hypertrophy
Elevated levels of plasma FFAs and triglycerides and decreased levels
of plasma leptin and ACR30.
Exhibit increased hepatic gluconeogenesis and insulin resistance
Normal blood glucose levels, glucose and insulin tolerance, and
insulin-stimulated muscle glucose uptake

[88,241,242]

Adipocyte-specific PPARγ-knockout mice Diminished weight gain and serum concentrations of both leptin and
adiponectin in response to high-fat feeding
Resistant to the development of high-fat diet-induced glucose
intolerance or hyperinsulinemia (insulin resistance)

[88,243]

Hepatocyte-specific PPARγ-knockout mice on wild-
type and steatosis prone–AZIP/F lipoatrophic
background

On a wild-type background, hepatic PPARγ deficiency leads to a
significant defect in TG clearance, increased adiposity with age,
hyperlipidemia and insulin resistance
In AZIP mice, liver-specific gene ablation of PPARγ reduces the
hepatic steatosis, but exaggerates hyperlipidemia, triglyceride
clearance and muscle insulin resistance
Hepatic deletion of PPARγ in AZIP mice also abolishes hypoglycemic
and hypolipidemic actions effects of rosiglitazone suggesting that in
the absence of adipose tissue, liver is a primary and major site of
TZDs

[88,244]

Hepatocyte-specific PPARγ-knockout mice on
leptin-deficient (ob/ob) background

Marked attenuation of hepatic steatosis and improvement in the
pathogenesis of fatty liver condition
Decreased expression of lipogenic genes
Elevated serum levels of TGs and FFAs
Exerbation of hyperglycemia and muscle insulin resistance

[88,245]
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Genetically modified mice Phenotypes Ref.
These traits are reversed by rosiglitazone treatment

Myocyte-specific PPARγ-knockout (MCK promoter-
driven Cre recombinase) mice

Mice develop excess adiposity as well as whole-body insulin
resistance
Normal sensitivity to TZD rosiglitazone in ameliorating high-fat diet-
induced hyperinsulinemia and impaired glucose homeostasis

[88,246]

Myocyte-specific PPARγ-knockout (MCK promoter-
driven Cre recombinase) mice

Mice develop age-related insulin and glucose intolerance
Exhibit-impaired insulin-stimulated muscle glucose uptake, as well as
liver and adipose tissue insulin resistance Loss of sensitivity to TZDs

[88,247]

Cardiomyocyte-specific PPARγ-knockout (CM-
PGKO) mice

PPARγ deficiency in cardiomyocytes causes cardiac hypertrophy
Increased expression of cardiac embryonic genes and enhanced
expression of cardiac NF-κB activity

[248]

Vascular smooth muscle cell-specific PPARγ-
knockout (SM22Cre/flox) mice

Impaired vasoactivity and hypotension
Reduced aortic contraction and increased vasorelaxation, respectively,
in response to norepinephrine and agonists of β-adrenergic receptor
Increased β-adrenergic receptor expression
Blunted sensitivity to α1-adrenergic receptor agonists

[249]

Transgenic mice expressing vascular smooth muscle
cell-specific dominant negative P467L or V290M
PPARγ human mutations

Transgenic mice expressing dominant-negative mutations, P467L or
V290M under the control of a smooth muscle-specific promoter
exhibit a loss of responsiveness to NO and significant alterations in
contractility in the aorta, hypertrophy and inward remodeling in the
cerebral microcirculation
The mice also develop systolic hypertension

[250]

Vascular endothelial cell-specific PPARγ-knockout
(Tie2Cre/flox) mice

Reduced vascular NO production
Elevated baseline blood pressure, but no change in sensitivity of
angiotensin II stimulation of cystolic blood pressure
Increased reactivity of femoral arteries to various vasoconstrictors
without any significant alteration in acetylcholine-induced relaxation
Nonresponsive to TZD's blood pressure-lowering effect

[251,252]

Vascular endothelial cell-specific PPARγ-knockout
(Tie2Cre/flox)/apoE-null mice

Elevated blood pressure in response to feeding a high-fat diet [253]

Macrophage-specific PPARγ-knockout mice Impaired activation of alternatively activated macrophages
Mice show increased susceptibility to the development of diet-induced
obesity, insulin resistance and glucose intolerance
Downregulation of oxidative phosphorylation gene expression in
skeletal muscle and liver leads to decreased insulin sensitivity in these
tissues

[254]

Heart-specific overexpression of PPARγ1 in mice
(cardiomyocyte-specific PPARγ1 transgenic mice)

Increased cardiac expression of fatty acid oxidation genes and
enhanced uptake of VLDL-TG
Mice develop dilated cardiomyopathy along with increased
accumulation of lipid and glycogen
Pathological architectural changes in the inner matrix of the
mitochondria and disrupted cristae

[255]

Skeletal muscle-specific overexpression of a
constitutively active version of PPARγ1 (myocyte-
specific CA-PPARγ transgenic mice)

Upregulation of circulating levels of an adipose tissue-secreted
endogenous insulin sensitizer, adiponectin, in CA-PPARγ transgenic
mice
Such mice are also insensitive to high-fat diet-induced insulin
resistance

[256]

PPARγ2-null mice

– Study 1 Created by knock-in of red fluorescent protein into the PPARγ2-
specific B exon
Normal PPARγ1 expression
Significant reduction in white adipose tissue mass, decreased lipid
accumulation and blunted expression of adipogenic genes in adipose
tissue
Impaired insulin sensitivity in male PPARγ2-null mice

[257]
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Genetically modified mice Phenotypes Ref.

–Study 2 Created by replacing the entire B exon and flanking intronic sequences
with a lacZ-neo cassette
Normal PPARγ1 expression
Male PPARγ2-null mice are significantly more insulin resistant than
wild-type mice on chow diet; however, they do not become more
insulin resistant when maintained on a high-fat diet

[258]

–Study 3 Created by introduction of an intronic neo cassette downstream of
exon B
Altered PPARγ1 expression
Homozygous (PPARγhyp/hyp) mice show high mortality, growth
retardation and develop severe lipodystrophy and hyperlipidemia
during infancy; surviving PPARγhyp/hyp animals overcome the growth
retardation, yet remain lipodystrophic
The adult PPARγhyp/hyp mice are mildly glucose intolerant but do not
develop hepatic steatosis

[259]

– Study 4 PPARγ2-null mice on ob/ob (Lepob/Lepob) background show a
decreased fat mass, severe insulin resistance, β-cell failure and
dyslipidemia
Increased hepatic deposition of lipids, but decreased liver steatosis as
measured by hematoxylin and eosin staining

[176]

FFA: Free fatty acid; NO: Nitric oxide; TG: Triglyceride; TZD: Thiazolidinedione; VLDL: Very-low-density lipoprotein.
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Table 9

Partial list of endogenous peroxisome proliferator-activated receptor ligands (activators).

PPARα PPARγ/β PPARγ

Fatty acids

Docahexanoic acid Docahexanoic acid Docahexanoic acid

Arachidonic acid Arachidonic acid Arachidonic acid

Linoleic acid Linoleic acid

Saturated fatty acids (C6–C18) (weak) Saturated fatty acids (C6–C18) (very weak)

ETYA

Eicosanoids

15d-PGJ2 15d-PGJ2 15d-PGJ2

PGJ2 PGJ2 PGJ2

Prostacyclin (PGI2) Prostacyclin (PGI2) PGA1/2

PGA1/2 PGA1/2 PGB2

PGB2 PGB2 8-(R)HETE

8-HEPE 8-(S)HETE

8-(R)HETE 15-HETE

8-(S)HETE 9-(R/S)HODE

12-HETE 13-(R/S)HODE

LTB4 13-(S)HpODE

9-(R/S)HODE 9-oxoODE

13-(R/S)HODE 13-oxoODE

20,8,9-HEET

20,11,12-HEET

20,14,15-HEET

Lipoproteins

None yet identified Components of VLDL Components of oxidized LDL

ETYA: Eicosatetraynoic acid; HEET: Hydroxyepoxyeicosatrienoic acid; HEPE: Hydroxyeicosapentaenoic acid; HETE:
Hydroxyepoxyeicosatetraenoic acid; HODE: Hydroxyoctadecadienoic acid; HpODE: Hydroperoxyoctadecadienoic acid; LTB4: Leukotriene B4;
VLDL: Very-low-density lipoprotein
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Table 10

Dual/pan peroxisome proliterator-activated receptor agonists in development.

Agonist Company Developmental phase

PPARα/γ

Muraglitazar Bristol-Myers Squibb Discontinued

Naveglitazar Eli Lilly and Ligand Pharmaceuticals Phase II; discontinued

Ragaglitazar Dr Reddy's laboratories/Novo Nordisk Phase II; discontinued

Tesaglitazar (Galida) AstraZeneca Phase III; discontinued

MK-0767/KRP-297 Kyorin Pharmaceutical Co. Ltd/Banyu Discontinued

Farglitazar Pharmaceutical Co. Ltd/Merck & Co. Discontinued

Aleglitazar GlaxoSmithKline Phase II

Chiglitazar (CS038) Hoffmann-La Roche Phase II

AVE0847 Sherizhen Chipscreen Biosciences Phase II

Imiglitazar Sanofi-Aventis Discontinued

AZD 6610 Takeda Pharmaceutical/AstraZeneca Discontinued

PPARα/δ(β)

T913659 Tularik (now Amgen) Investigational agonist

GW2433 GlaxoSmithKline Investigational agonist

PPARγ/δ(β)

Compound 23 GlaxoSmithKline Preclinical

Compound 20 Eli Lilly Pharmaceutical Preclinical

Propionic acid derivative Eli Lilly Pharmaceutical Preclinical

PPARα/δ(β)/γ pan

Sipoglitazar Takeda Pharmaceutical Phase III; discontinued

Netoglitazone Perlegen and Mitsubishi Tanabe Pharma Phase II

Sodelglitazar GlaxoSmithKline Discontinued

GW-625019 GlaxoSmithKline Discontinued

Indeglitazar Plexxikon and Wyeth Phase II; discontinued

LY465608 Eli Lilly Pharmaceutical Preclinical

DRL 11605 Perlecan Pharma Preclinical
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Table 11

Selective PPARγ modulators in development.

SPPARγM Company/reference Developmental phase

GW0072 GlaxoSmithKline Preclinical: full antagonist of rosiglitazone and insulin sensitizer in vitro;
lowers plasma and triglyceride levels in mice

FMOC-L-leucine Multiple Preclinical: weak PPARγ agonist; attenuates hyperglycemia in db/db mice;
exhibit insulin sensitizing properties in normal mice

nTZDpa Merck Preclinical: ameliorates hyperinsulinemia and hyperglycemia in high-fat fed
mice

Compound (14) Merck Preclinical: not fully characterized

Compound (15) Merck Preclinical: not fully characterized

Compound (16) Merck Preclinical: not fully characterized

MK-0533 Merck Phase II; discontinued

Metaglidasen (MBX-10) Metabolex Inc./Johnson &
Johnson

Phase II/III: improves insulin sensitivity, hyperinsulinemia, hyperglycemia,
and dyslipidemia in several rodent models of insulin resistance and Type 2
diabetes

MBX-2044 Metabolex Inc Phase II: more potent than MBX-102 in terms of its metabolic function

AMG-131(T-131)/INT-131 Amgen (Previously Tularik)/
InteKrin Therapeutics Inc.

Phase IIa completed: more efficacious than rosiglitazone in reducing plasma
glucose, insulin, triglycerides, free fatty acids and glucose-induced insulin
secretion in Zucker fa/fa rats

PAT-5A Dr Reddy's laboratory Preclinical: selective PPARγ partial agonist with some modulator-like
activity; lowers plasma glucose levels and improves insulin sensitivity

Balaglitazone (DRF-2593) Dr Reddy's laboratory/
Rheosciences (Denmark)/Novo
Nordisk

Phase III; discontinued

FK-614 Astellas Discontinued

PA-082 Roche Preclinical: a modestly potent, selective partial PPARγ agonist with
properties to release corepressor N-CoR and recruit coactivator proteins
SRC-1, SRC-3 and TIF2; it is also capable of enhancing insulin-stimulated
glucose transport in adipocytes

NHRI-compound NHRI, Taipei, Taiwan Preclinical: novel partial PPARγ agonist

KR-62980 Korean Research Institute
Chemical Technology

Preclinical: potent, selective partial agonist

S26948 [237] Preclinical: potent SPPARγM with a unique in vitro and in vivo profile

NHRI: National Health Research Institutes; SPPARγM: Selective peroxisome proliferator-activated receptor modulator; SRC: Saccharomyces
cerevisiae; TIF: Transcription intermediacy factor.
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Table 12

Clinical trials to test the efficacy of PPAR agonists in the prevention of cardiovascular disease.

Clinical trials Key findings Ref.

WHO clofibrate study Clofibrate treatment caused approximately 20% reduction in relative risk of
nonfatal MI
No changes were noted in overall CHD-related deaths
Significant increases in the incidence of non-CHD-related deaths were
reported in clofibrate-treatment group

[58,204]

The Helsinki Heart study (HHS) A 34% reduction in primary end point of CHD risk was reported in
genfibrozil-treated group
Significant increases in HDL levels along with decreases in LDL-C and TG
levels in genfibrozil-treated group

[58,71]

The Diabetes Atherosclerosis Intervention
Study (DAIS)

An angiographic trial focusing exclusively on Type 2 diabetic patients to
determine the impact of fenofibrate treatment on selected angiographic
markers of atherosclerosis and relative risk reduction
The fenofibrate group exhibited a significant reduction in the levels of three
angiographic markers and a 23% RRR of combined cardiac end points

[58]

Veterans Affairs High-Density
Intervention trial (VA-HIT)

Gemfibrozil reduced the risk major cardiovascular events (i.e., CAD death,
nonfatal MI or stroke) independent of LDL-C levels in patients with a prior
history of CAD and low plasma HDL-C

[58,71,204,205]

Fenofibrate Intervention and Event
Lowering in Diabetes (FIELD)

No significant treatment effect of fenofibrate was found on the incidence of
the cardiovascular events or the overall mortality

[260]

Benzafibrate Infarction Prevention (BIP)
trial

No significant reduction in cardiovascular events was reported despite
significant changes in LDL-C and HDL-C

[58,206,261]

Lower Extremity Arterial Disease Event
Reduction (LEADER) trial

Contrary to the significant changes in plasma lipid profile, benzafibrate
treatment did not reduce the extent of combined cardiovascular end point in
older men with a history of lower extremity vascular disease

[204]

The Prospective PioglitAzone Clinical
Trial in Macrovascular Events
(PROACTIVE)

Pioglitazone can reduce the risk of secondary macrovascular events in a high-
risk patient population with Type 2 diabetes

[261,262]

A Diabetes Outcomes and Progression
Trial (ADOPT)

Although not particularly tailored to evaluate effects on cardiovascular events,
the trial demonstrated no beneficial actions of rosiglitazone on CAD but
showed a trend towards an increased risk of MI

[263]

Diabetes Reduction These are ongoing clinical trials [264]

Assessment with Ramipril and
Rosiglitazone Medication (DREAM)
Action to Control Cardiovascular Risk in
Diabetes (ACCORD)

Current data from DREAM and ADOPT trials reported no statistically
significant effect of rosiglitazone on cardiovascular events, changes in the
rates of myocardial ischemia or cardiovascular deaths

[60,264,265]

Rosiglitazone Evaluated for Cardiac
Outcomes and Regulation of Glycemia in
Diabetes (RECORD)

Results from RECORD trial confirmed that addition of rosiglitazone to
glucose lowering therapy in people with Type 2 diabetes is associated with
increased risk of heart failure and of some fractures mainly in women

[266]

Pioglitazone Effect on Regression of
Intravascular Sonographic Coronary
Obstruction Prospective Evaluation
(PERISCOPE)

A recently published report from the PERISCOPE Trial indicated a significant
effect of pioglitazone on the atheroma volume

[266,267,304]

Carotid Intima-Media Thickness in
Atherosclerosis Using Pioglitazone
(CHICAGO study)

The CHICAGO study demonstrated reduced carotic intima-media thickness
progression in type diabetic patients treated with pioglitazone

[268,269]

Bypass Angioplasty Revascularization
Investigation 2 Diabetes (BARI 2D)

[270]

CHD: Coronary heart disease; HDL-C: HDL-cholesterol; LDL-C: LDL-cholesterol; MI: Myocardial infarction; TG: Triglyceride.
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