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SUMMARY 

 

Peroxisome proliferator-activated receptors (PPARs) are ligand dependent transcription factors. The three mammalian 

PPARs are key regulators of fatty acid and lipoprotein metabolism, glucose homeostasis, cellular 

proliferation/differentiation and the immune response. PPARs are therefore important targets in the treatment of 

metabolic disorders such as insulin resistance and type 2 diabetes mellitus, and are also of interest in relation to chronic 

inflammatory diseases such as atherosclerosis, arthritis, chronic pulmonary inflammation, pancreatitis, inflammatory 

bowel disease, and psoriasis. Recent advances have attributed novel functions to PPARs in blood pressure regulation, 

neuroinflammation, nerve-cell protection, inflammatory pain reduction, and the hypothalamic control of metabolism. 

The abundant pleiotropic actions of PPARs suggest that PPAR agonists have enormous therapeutic potential. However, 

current PPAR-based therapies often have undesired side effects due to the concomitant activation of PPARs in non-

target cells. There is therefore growing interest in the development of cell-specific PPAR agonists and improvement of 

the clinical use of PPAR ligands. This review gives an overview of PPAR functions and discusses the current and 

potential medical implications of PPAR ligands in various pathologies, ranging from metabolic disorders to 

cardiovascular disease, chronic inflammation, neurodegenerative disorders and cancer. 

 

Keywords: nuclear receptors – PPAR – transcription – metabolism – inflammation – cardiovascular disease – 

neuroinflammation – cancer 
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1. INTRODUCTION 

 
1.1. Members of the PPAR family 

 

Peroxisome proliferator-activated receptors (PPARs) were initially identified in the early 1990s as the mediators of 

peroxisome proliferation [1]. They belong to the nuclear hormone receptor (NR) superfamily, the largest group of 

eukaryotic transcription factors (TFs), and regulate a wide range of biological processes through the control of gene 

expression. PPARs play a central role in regulating the storage and catabolism of dietary fats via complex metabolic 

pathways, including fatty acid oxidation (FAO) and lipogenesis [1]. They also have important roles in the regulation of 

glucose metabolism, metabolic control, cell proliferation/differentiation, and the immune response [1]. PPARs are 

therefore important targets in the treatment of metabolic disorders [2] and are of interest for the treatment of chronic 

inflammatory diseases [3, 4].  

Three mammalian PPARs have been identified, and are referred to as PPARα (NR1C1), PPARδ/β (NR1C2), and 

PPARγ (NR1C3). Although each PPAR isotype is encoded by a separate gene, they share a high degree of amino acid 

sequence homology, resulting in some degree of cross reactivity [5]. The expression pattern of each PPAR in adult 

animals is tissue-specific. PPARα is highly expressed in metabolically active tissues, including liver, kidney, and brown 

adipose tissue. In hepatocytes, PPARα controls FAO, ketogenesis, lipoprotein assembly, and gluconeogenesis, and 

suppresses amino acid catabolism and the inflammatory response [6]. PPARα is also expressed in vascular smooth 

muscle cells (VSMCs) and endothelial cells (ECs), where it plays anti-inflammatory roles [7] and is implicated in the 

control of vascular tone [8]. PPARδ/β has been detected in all tissues examined, with higher levels in brain, adipose 

tissue, pancreatic islets, and skin. It plays a variety of roles in lipid metabolism, FAO and energy dissipation, and 

inflammation [1, 9]. The best-characterized function of PPARδ/β is its important role in the control of cell proliferation, 

differentiation and survival, especially in keratinocytes [10]. PPARγ is widely expressed, with abundant expression in 

intestine, liver, kidney, adipose tissue, and vascular and immune cells, including lymphocytes and macrophages [11, 

12]. PPARγ has two splice variants: PPARγ1 is expressed in various cell types, including vascular cells and leukocytes, 

whereas PPARγ2 is expressed exclusively in adipocytes. PPARγ is an essential modulator of fat cell differentiation and 

lipid storage in white adipose tissue, and of energy dissipation in brown adipose tissue [1]. In addition, it contributes to 

insulin sensitivity [2] and plays important anti-inflammatory roles in macrophages and other tissues [13].  

Since they are ligand-dependent TFs, the activation of transcription by PPARs depends on ligand binding and the 

interaction of coregulators. PPARs heterodimerize with retinoid X receptor (RXR) and regulate the transcription of 

target genes through binding to specific response elements, which consist of a direct repeat of the NR hexameric DNA 

core recognition motif separated by a single nucleotide (DR-1). Ligands that bind to and activate PPARs are chemically 

unrelated molecules, including a variety of fatty acids, phospholipids, eicosanoids and prostaglandin (PG) metabolites, 

as well as synthetic compounds [14]. Upon binding these ligands, the PPAR molecule undergoes a conformational 

change that stabilizes its interaction with RXR, allowing the recruitment of a set of cofactors and consequently 

stimulating the transcription of target genes. PPARs act in two ways, by transactivation and by transrepression. 

Transactivation is the principle mechanism via which PPARs exert their metabolic effects, whereas transrepression is 

the dominant mechanism underlying the anti-inflammatory effects of PPARs [15].  
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1.2. Endogenous PPAR ligands 

 

PPARs are bound and activated by several naturally occurring fatty acids and their metabolites, derived mostly from 

arachidonic acid as products of the lipooxgenase (LOX) and cyclooxygenase (COX) pathways. PPARs have therefore 

been suggested to act as sensors of overall lipid status. Polyunsaturated fatty acids activate all three PPAR isotypes with 

relatively low affinity (binding constants in the micromolar range), whereas fatty-acid derivatives show more binding 

selectivity. Thus, the different endogenous fatty acid derivatives, which are COX-derived eicosanoids and PGs, and 

LOX-derived hydroperoxy products (HETE, HODE) and leukotrienes (LT), selectively bind and activate specific PPAR 

isotypes. For example, 15-deoxy-Δ12, 14-prostaglandin J2 (15dPGJ2), 15-keto-prostaglandin E2 (15kPGE2), 13-

hydroxyoctadeca-9, 11-dienoic acid (13-HODE) and 15-hydroxy-eicosatetraenoic acid (15-HETE) are all natural 

ligands of PPARγ. Endogenous ligands for PPARα include the phospholipid 16:0/18:1-GPC (1-palmitoyl-2-oleosyl-sn-

glycerol-3-phosphocholine) and possibly leukotriene B4 (LTB4), while PPARδ/β ligands include lysophosphatidic acid, 

prostacyclin (PGI2), and prostaglandin E2 (PGE2). Because of their hydrophobic nature, PPAR ligands are probably 

delivered to their receptor in the nucleus by cytoplasmic fatty-acid-binding proteins (FABPs), though this mechanism 

has not been demonstrated experimentally. 

 

1.3. Synthetic PPAR agonists 

 

Great efforts have been made to develop drugs targeting PPARs, and synthetic agonists of PPARα and PPARγ are 

already commonly used in clinical practice (Figure 1). Fibrate agonists of PPARα, such as fenofibrate and gemfibrozil, 

are antiatherosclerotic and hypolipidemic agents that induce hepatic lipid uptake and catabolism. Fibrates have been 

used clinically to treat hyperlipidemias for more than 40 years, and have been shown to exert their triglyceride (TG) 

lowering effect through their action on PPARα [16]. More recently, synthetic PPARγ agonists, the thiazolidinediones 

(TZDs; troglitazone and the currently-used drugs rosiglitazone and pioglitazone), have been used successfully to treat 

non-insulin-dependent type 2 diabetes mellitus (T2DM). TZDs stimulate pre-adipocyte differentiation [17] and induce 

insulin sensitization [1] (Figure 2). Genetic and pharmacological studies have revealed that PPARδ/β ligands have 

potential in the treatment of metabolic disorders, and a number of small molecule agonists of PPARδ/β have been 

clinically evaluated for the treatment of patients with hyperlipidaemia, insulin resistance (IR) and obesity [3]. However, 

despite the proven benefits of targeting PPARs, there are concerns about the safety of these treatments (reviewed in 

[18]). These safety concerns include potential carcinogenicity (based on findings in rodents), increased plasma 

creatinine and homocysteine, signs of myopathy and rhabdomyolysis (a condition in which damaged skeletal muscle 

tissue breaks down rapidly), fluid retention, peripheral edema, weight gain, and a potential increased risk of cardiac 

failure. These concerns have led to the development of new PPAR agonists. These include novel specific PPARγ 

ligands such as metaglidasen, FMOC-Leu, nTZDpa, SPPARM12 and T131, and dual PPARα/γ agonists such as 

tesaglitazar, muraglitazar, ragaglitazar, imiglitazar and MK-767. The clinical potential of these new PPAR agonists 

remains to be determined [18]. PPARδ/β ligands were developed more recently and some of these compounds are 

currently undergoing clinical trials (e.g. GW0742 and GW501516) [18, 19].  

PPARs translate nutritional, pharmacological and metabolic stimuli into changes in gene expression and are 

activated by various fatty acid metabolites and several drugs used in the treatment of metabolic disorders. In this review 

we describe some of the pleiotropic functions of PPARs and the potential medical implications of modulating these 

actions. 
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2. CLINICALLY RELEVANT BIOLOGICAL FUNCTIONS  
 

2.1. PPAR ligands in glucose and lipid metabolism 

 

2.1.1. Major metabolic benefits of PPAR activation: overview  

 

A major metabolic effect of PPARα activators is a decrease in plasma TGs and an increase in high density lipoprotein 

(HDL)-cholesterol, concomitant with increased fatty acid utilization [20]. PPARα therefore improves overall lipid 

homeostasis and secondarily protects against lipotoxic injury associated with IR [21, 22]. Deletion of PPARα in mice 

protects against IR, though it has no effect on high fat diet (HFD)-induced IR development and β-cell function, and also 

disturbs hepatic lipogenesis [23]. A possible role of PPARα has also been shown in starvation-induced changes in 

substrate utilization in muscle [22]. 

PPARδ/β ligands increase FAO in skeletal muscle and also improve glucose disposal, thereby reducing 

hyperglycemia and supporting the resolution of IR by forced fatty acid catabolism [24]. PPARδ/β activators also 

increase glucose disposal in skeletal muscle [19] and improve glycemic control [25]. Mice lacking PPARδ/β show 

glucose intolerance, increased hepatic gluconeogenesis and an inflammatory Kupffer-cell phenotype [25, 26]. 

TZDs, the clinically proven synthetic ligands of PPARγ, normalize a wide range of metabolic abnormalities 

associated with IR [2]. The cellular mechanisms underlying metabolic benefits of TZDs are increased muscle glucose 

uptake, reduced hepatic gluconeogenesis, and increased lipid deposition in adipose tissue TG stores [17, 27, 28]. These 

effects reduce circulating glucose levels and prevent the ectopic accumulation of lipid metabolites, which would 

exacerbate IR [20]. TZDs also improve insulin signaling, increase insulin release in response to hyperglycemia, and 

protect pancreatic β-cells [29]. Activation of PPARγ also reduces the secretion of inflammatory cytokines and increases 

the plasma level of adiponectin, the most important anti-diabetic adipokine [30], which secondarily mitigates IR in liver 

and skeletal muscle [31, 32]. In addition, TZDs promote the differentiation of adipocyte precursors into mature 

adipocytes, thereby expanding fat storage and reducing hyperlipidemia [17]. Accordingly, ablation of PPARγ in 

metabolically important tissues, such as skeletal muscle and adipose tissue, induces IR [33, 34] (Table 1). 

Overexpression of PPARγ in adipose tissue normalizes glycemic control in insulin-resistant mice [35]. Activation of 

PPARγ in other cell types, such as macrophages, ECs and neurons, is also required for TZD effects [36-38]. Systemic 

deletion of PPARγ is normally embryonically lethal; however, some mice survive, showing IR and lipodistrophy [39, 

40]. In these mice, TZDs improve glucose homeostasis via a PPARγ-independent increase in β-cell mass in males and 

adipose tissue growth in females [41, 42]. Paradoxically, in mice, PPARγ haploinsufficiency or inhibition of 

PPARγ/RXRα heterodimers diminishes the development of diet-induced IR [43, 44] (Table 1). Similarly, the human 

Pro12Ala polymorphism of the PPARγ allele is associated with a decreased risk of T2DM [45]. The underlying 

mechanism may be the reduced adipogenesis in PPARγ deficiency, which prevents the development of obesity-related 

IR [43, 44]. However, reduced leptin levels have also been detected in PPARγ heterozygous mice [46], and Pro12Ala 

carriers show a higher-than-normal rate of obesity [47], factors which would be expected to promote IR development.  
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2.1.2. Mechanism of action: effects of PPAR ligands on glucose uptake 

 

Transmembrane transport of glucose is a rate-limiting step in cellular glucose utilization. The process is mediated by 

glucose transporter (GLUT) proteins, which belong to the family of membrane-bound facilitative hexose carriers. Most 

cells express the insulin-independent GLUT-1, which is required for the maintenance of basal glucose uptake. In 

skeletal muscle, liver cells, adipocytes and heart muscle cells, insulin stimulates glucose uptake by increasing the 

synthesis and cell membrane targeting of GLUT-4, the major insulin-sensitive glucose transporter [48].  

PPARα can decrease cardiac GLUT-4 levels and glucose uptake during ischemia, possibly by an indirect 

mechanism [49]. Interestingly, GLUT-1 overexpression and consequent increased glucose uptake and utilization 

reduces PPARα transcript levels [50, 51]. Reduced PPARα expression leads to a metabolic shift of substrate preference 

toward glucose instead of fatty acids, although the beneficial effect of low PPARα activity and excess GLUT-1–

mediated glucose uptake is disputed [50-52]. 

PPARδ/β ligands also improve glucose homeostasis [19, 25]; however, there is still no consensus about 

whether they affect glucose transport [24]. In rat skeletal muscle, PPARδ/β activation has no acute effect on glucose 

uptake [53], although a PPARδ/β ligand (NNC61-5920) increases glucose disposal to muscle in diabetic rats [54]. 

Similarly, in human skeletal muscle cells and C2C12 cells, PPARδ/β-dependent glucose uptake has been shown [19, 

55]. A recent study showed that PPARδ/β-RXRγ heterodimers increase GLUT-1 expression in mouse skeletal muscle 

[56]. Glucose utilization by muscle cells can thus be improved by PPARδ/RXRγ-mediated enhancement of glucose 

transport through GLUT-1. 

TZDs induce GLUT-4 mRNA expression in adipose tissue and muscle [57], thus promoting glycogen synthesis 

[58]. Accordingly, PPARγ suppression reduces GLUT-1 and GLUT-4–mediated glucose uptake [59]. A non-TZD-type 

PPARγ agonist (GI-262570) also increases the transcript levels of GLUT-1 and GLUT-4 in diabetic rat heart, and 

increases the capacity of the myocardium to oxidize glucose [60]. The TZD pioglitazone increases GLUT-4 protein 

levels in diabetic rat liver and muscle [61]. In rat adipocytes and CHO-K1 cells PPARγ represses the activity of the 

GLUT-4 promoter, and this repression is augmented by the natural ligand 15d-PGJ2 and alleviated by RSG [57]. A 

similar role of PPARγ has been established in cardiac muscle cells [62]. PPARγ is also required for the enrichment of 

GLUT-1 and GLUT-4 in the plasma membrane in response to insulin [63] or arachidonic acid [64], without affecting 

GLUT-4 synthesis [65]. Adiponectin is capable of increasing the effect of insulin on GLUT-4 expression and 

recruitment to the plasma membrane [66]. Since administration of PPARγ ligands increases adiponectin levels in 

diabetic rodents [67] and human patients [68], PPARγ may also stimulate GLUT-4 expression through this indirect 

mechanism.  

PPARγ also affects glucose utilization in the kidney, by stimulating GLUT-1-mediated glucose uptake by 

podocytes [69]. This effect is impaired in diabetic renal disease [69, 70], since podocytes in the inflamed kidney are 

defective for the docking of GLUT-1 and GLUT-4 rich transport vesicles to the plasma membrane [70, 71].  

The expression of the fructose transporter GLUT-5 is increased in skeletal muscle in T2DM and in adipose 

tissue in obesity [72]. Fructose stimulates hepatic lipogenesis, promotes non-alcoholic steatotic hepatitis (NASH) and 

T2DM development, and also increases insulin levels [73]. A clinical study shows that pioglitazone treatment of T2DM 

patients decreases muscle GLUT-5 mRNA and protein levels, mitigating IR [74]. Importantly, glucose uptake by 

GLUT-2 functions as a glucose sensor in pancreatic β-cells and increases insulin release. In β-cells, RSG upregulates 

the expression of GLUT-2, thus stimulating the release of insulin in response to increased blood glucose levels [75]. 
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PPARγ ligands thus increase insulin availability by increasing β-cell responsiveness, without affecting the basal insulin 

secretion rate [29]. Apart from this mechanism, PPARγ ligands also exert anti-apoptotic effects on pancreatic cells and 

mitigate oxidative and lipotoxic damage to insulin-secreting cells in T2DM [40]. 

 

2.1.3. Control of fuel utilization by PPAR ligands 

 

2.1.3.1. PPARα and PPARδ/β ligands increase fatty acid oxidation 

 

PPARα potentiates fatty acid catabolism in liver, skeletal muscle and heart, and is the molecular target of the lipid-

lowering fibrates (e.g. fenofibrate and gemfibrozil; Figure 1). PPARα activation increases hepatic uptake and the 

esterification of free fatty acids by stimulating expression of fatty acid binding protein (FABP) and acyl-CoA synthetase 

(EC 6.2.1.1). In skeletal muscle and heart, PPARα increases mitochondrial free fatty acid uptake, cholesterol efflux, 

and the resulting FAO through stimulation of muscle-type carnitine palmitoyltransferase-I (EC 2.3.1.21) [54, 76, 77]. 

PPARα stimulates the hepatic expression of lipoprotein lipase (LPL) and inhibits apolipoprotein C-III expression, 

which leads to reduced plasma levels of TG-rich lipoproteins [78]. A concomitant increase in plasma HDL cholesterol 

is a consequence of PPARα-mediated overexpression of apolipoprotein A1 and apolipoprotein A2 [78]. PPARα ligands 

also reduce the levels of very low density lipoprotein (VLDL) apoB-100 by enhancing clearance and reducing its 

production [51, 78]. The major metabolic effects of PPARα ligands can be used to mitigate atherogenic dyslipidemia 

(concomitant hypertriglyceridemia, hypercholesterolemia and low HDL levels), a comorbidity of IR, T2DM and obesity 

[78]. Administration of TZDs increases liver expression of PPARα [79], raising the interesting question of whether dual 

PPARα and PPARγ activation yields additive metabolic benefits. Recent and ongoing clinical studies show that the dual 

PPARα and PPARγ agonists muraglitzar and aleglitazar have the potential to simultaneously treat hyperglycemia and 

dyslipidemia in patients with T2DM (Figure 1) [80, 81]. However, muraglitzar and other PPARα/γ dual agonists, such 

as tesaglitazar and ragaglitazar, have been noted to increase several cardiovascular risk factors and are carcinogenic 

[82]. Characteristic TZD side effects such as edema and weight gain have not been observed in recent clinical trials of 

aleglitazar; however, other potential unwanted effects, such as bone homeostasis changes, have not been measured [83]. 

Although the main target of PPARα is lipid metabolism, it also affects liver glucose handling. Transcriptional 

activation of hepatic cytosolic phosphoenolpyruvate carboxykinase (PEPCK), which is required for hepatic 

gluconeogenesis, can be increased by PPARα [84]. During fasting or in T2DM, liver PPARα is activated, which up-

regulates hepatic PEPCK and glucose-6-phosphatase (G6Pase, EC 3.1.3.9), a key enzyme responsible for liver glucose 

production. PPARα activation thus contributes to increased hepatic glucose output [85]. In diabetic mice, the increased 

PPARα expression in liver might account for increased gluconeogenesis [86]. Interestingly, the PPARα agonists statins 

can raise adiponectin levels [31], suggesting that they might indirectly improve insulin sensitivity.  

Studies in PPARα knockout mice have yielded conflicting findings, showing either a protective [87] or neutral 

[88] effect of PPARα ablation on IR development (Table 2). Although PPARα activation changes substrate preference 

in mitochondrial oxidation from glucose to fatty acids, consequently increasing gluconeogenesis [85], the improved 

FAO can secondarily attenuate IR [89]. The excess amount of fatty acids in the blood stream causes IR and also 

mitigates insulin release from β-cells [4]. These events are reduced by the lipid-lowering effect of PPARα [89].  

Obesity downregulates adipose tissue PPARδ/β expression, and accordingly, administration of PPARδ/β 

ligands improves whole-body insulin responsiveness, lowers plasma lipid levels and reduces body adiposity [90]. 
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PPARδ/β activation induces expression of lipid and glucose homeostasis genes in liver and adipose tissue; for example, 

the insulin-signaling gene 3-phosphoinositide-dependent protein kinase 1 (PDK1; also known as PDPK1), stearoyl-CoA 

desaturase 1 (EC 1.14.19.1), the scavenger receptor CD36, and LPL [54]. Major effects of PPARδ/β are stimulation of 

lipolysis and FAO and reduction of TG content in adipose tissue and liver [90]. By sensing VLDL, PPARδ/β might also 

be important for the control of TG levels [20]. 

In skeletal muscle cells some of the key PPARδ/β target genes are the pyruvate dehydrogenase kinases (PDKs, 

EC 2.7.11.2) [91]. Skeletal muscle contains two PDK isoforms, PDK2 and PDK4 [92], and increased PDK4 expression 

leads to reduced carbohydrate oxidation and a switch toward lipid utilization in muscle [24]. The main effect of 

PPARδ/β activation in muscle is therefore to increase lipid oxidation. Exercise-induced fatty acid utilization by muscle 

in rats is increased by treatment with the PPARδ/β agonist GW610742 [93, 94], possibly as a consequence of PPARδ/β-

dependent PDK4 expression. Consistent with this possibility, fasting-induced PDK4 expression is unaltered in PPARα-

deficient skeletal muscle [95] but it is abolished in muscle lacking PPARδ/β [96]. In addition to enhanced expression of 

PDK4 and consequent inhibition of glucose oxidation, PPARδ/β activation also increases the transcription of genes 

involved in fatty acid uptake (CD36) and oxidation (carnityl palmitoyl transferase, CPT1) [96]. The primary roles of 

PPARδ/β in muscle are the adaptation to fasting and the switch from glucose utilization to lipid oxidation [24]. 

Beneficial effects of PPARδ/β on whole-body glucose homeostasis may rely in this effect, since increased FAO 

improves lipid metabolism. However, a recent report shows that the effect of PPARδ/β ligands is species specific [54]. 

Treatment of diabetic rats with the PPARδ/β ligands NNC61-5920 or GW501516 increases mRNA expression of CPT1, 

PDK4, and uncoupling protein 3 (UCP-3) in muscle, but despite this, plasma and muscle TG levels are increased [54]. 

In diabetic mice, the same ligands improve the plasma lipid profile, glucose tolerance and insulin action in muscle. 

Hepatic effects of PPARδ/β ligands do not differ between mice and rats [54]. 

 

2.1.3.2. PPARγ ligands improve insulin signaling and promote glucose utilization 

 

Activation of PPARγ improves insulin receptor signaling [97]. Administration of TZDs increases the expression of 

insulin receptor and several components of the insulin signaling pathway in adipocytes, such as IRS-1, IRS-2, and the 

p85 regulatory subunit of PI3-K [98, 99 ]. In skeletal muscle of diabetic mice, TZD treatment increases the transcription 

of the insulin receptor, IRS-1 and IRS-2 [100]. A similar effect has been shown with a PPARα/γ dual agonist [101]. 

TZDs also restore tyrosine phosphorylation of the adipocyte insulin receptor, and improve downstream signaling by 

decreasing IRS-1 Ser-307 phosphorylation [97]. Increased activation of this insulin signaling pathway facilitates 

GLUT-4 translocation to the plasma membrane, thereby further stimulating insulin-induced glucose uptake and 

promoting glucose storage as glycogen. Insulin receptor activation and TZDs can affect gene expression synergistically 

in adipocytes, and insulin stimulates PPARγ-mediated transactivation [102]. PPARγ is transiently phosphorylated by 

insulin stimulation [102] and this might affect the DNA binding and transcriptional activity of PPARγ [103].  

TZDs inhibit gluconeogenesis in the liver [28, 101] and kidney [104], and normalize glycogen synthesis in 

muscle [105]. Liver gluconeogenesis is dependent on the expression of PEPCK (EC 4.1.1.49), and TZDs are known to 

inhibit PEPCK expression in hepatocytes [106]; however, this inhibitory effect might be PPAR-independent [104]. 

Since T2DM is characterized by excessive hepatic gluconeogenesis, combined administration of TZDs with the 

gluconeogenesis inhibitor metformin has a clinical impact [107]. In adipocytes, PEPCK is responsible for 

glyceroneogenesis, and the gene encoding PEPCK is a PPARγ target. Increased expression of PPARγ2 and its 
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heterodimerization partner RXRα activates the PEPCK enhancer [108], and RSG treatment in diabetic rodents increases 

PEPCK expression [100, 109]. PPARγ response elements (gAF1/PCK1 and PCK2) have been identified upstream of the 

gene, and PCK2 is required for PEPCK expression and responsiveness to RSG [110]. Interestingly, gAF1/PCK1 is 

essential for glucocorticoid inhibition of PPARγ-induced PEPCK gene expression in adipocytes [110].  

A recent study shows that the insulin sensitizing effects of PPARγ require the action of inducible 6-

phosphofructo-2-kinase (iPFK2, EC 2.7.1.105) [111]. This enzyme is highly expressed in adipose tissue, where it is 

considered a master regulator of nutrient metabolism [112, 113]. Ablation of iPFK2 is embryonically lethal [114] and 

HFD-fed iPFK2 heterozygous mice show severe IR and increased inflammatory cytokine production in adipose tissue 

that cannot be reversed by TZD administration [112].  

In adipose tissue and liver of diabetic mice, TZD treatment increases the transcription of genes involved in 

lipid uptake and catabolism, such as FABP, apolipoprotein 1A, LPL (EC 3.1.1.34), uncoupling factor 1 (UCP-1), acyl 

coenzyme-A-oxidase (EC 1.3.3.6) and other β-oxidation enzymes [100]. In muscle cells, genes of glycolytic enzymes, 

such as glucokinase (EC 2.7.1.2), 6-phosphofructo-1-kinase (EC 2.7.1.11) and pyruvate carboxylase (EC 6.4.1.1), 

which links glycolysis to the citric acid cycle, are moderately increased by PPARγ activation [100]. As a net result of 

TZD administration, carbohydrate utilization is increased in skeletal muscle, while liver and adipose tissue function as 

metabolic sinks for lipids.   

PPARγ is expressed in the nervous system and appears to affect brain glucose utilization [38, 115]. Neurons 

have been classically considered to be insulin-insensitive, although the translocation of GLUT-3 to the neuronal cell 

membrane is increased by insulin [116] and special glucosensor neurons have been identified in the hypothalamus 

[117]. Activation of PPARγ enhances oxidative glucose metabolism of neurons and aerobic glycolysis and lactate 

release in astroglia [118]. Recent studies show that brain PPARγ is also required for the insulin-sensitizing effects of 

TZDs [38, 119].  

 

2.1.3.3. Reducing inflammation and IR: another benefit of PPARγ and PPAR δ/β ligands 

 

Adipose tissue dysfunction, which is commonly associated with obesity, is a major effect of IR development. In 

response to nutrient overload, visceral adipose tissue (VAT) releases free fatty acids and resistin, which contribute to IR 

and also decrease the production of adiponectin. In adipose tissue dysfunction, adipocytes and adipose tissue 

macrophages (ATMs) secrete a wide variety of inflammatory cytokines, such as C-reactive protein (CRP), interleukin-6 

(IL-6), interleukin-1α (IL-1α), interleukin-18 (IL-18) and tumor necrosis factor-α (TNF-α) [4]. Under physiological 

conditions, resident ATMs express anti-inflammatory genes such as arginase-1 (Arg1) and interleukin-10 (IL-10) [4]. 

However, in diet-induced obesity, ATMs express high levels of inflammatory genes, leading to a subclinical 

inflammatory state that compromises insulin responsiveness [4]. The pro-inflammatory ATM phenotype is associated 

with increased lipid accumulation, and obesity progression thus promotes inflammatory cytokine production in adipose 

tissue [120]. 

Differentiation of monocytes into macrophages is associated with increased PPARγ expression, and PPARs 

also determine the acquisition of the inflammatory (M1) or anti-inflammatory (M2) macrophage phenotypes [4]. 

Activation of PPARγ has been related to differentiation of monocytes into M2-type macrophages in humans and mice 

[4]. Studies with macrophage-specific deletion of PPARγ show that inflammatory M1 macrophage polarization is 

increased by PPARγ deficiency during obesity progression, which leads to the development of IR [36, 121]. In the 
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absence of PPARγ, M1 inflammatory macrophages also invade adipose tissue and skeletal muscle, further aggravating 

insulin responsiveness [36]. In the liver, PPARδ/β might play a similar role, since deletion of PPARδ/β in Kupffer-cells 

leads to proinflammatory phenotype acquisition and IR [26]. Administration of TZDs reduces the macrophage 

inflammatory phenotype and thus ameliorates IR [36]. PPARδ/β ligands may play a similar role by mitigating 

proinflammatory Kupffer-cell activation [26], in addition to the beneficial effects of PPARδ/β activation on glucose 

metabolism [25]. Activation of PPARδ/β in adipocytes prevents IL-6-induced desensitization of the insulin signaling 

pathway, thereby protecting adipose tissue from IR [122]. Administration of PPARδ/β ligands also mitigates 

inflammatory gene expression in other tissues [123-125], demonstrating that the anti-inflammatory effects of PPARδ/β 

are not confined to macrophages.  

 

2.1.3.4. Future challenges and perspectives on the use of PPAR ligands to treat metabolic disorders 

 

Following the early success of TZDs in T2DM management, side effects of these ligands (such as unwanted weight 

gain, water retention and edema, cardiac events and reduced bone mineral density) led to the withdrawal of RSG 

(market name Avendia) from the European markets, and its use with caution in the USA [126]. Another TZD, 

pioglitazone (Actos) is still used to treat T2DM [127]. Moreover, many efforts have been made to find new PPAR 

ligands and to test clinical settings in which the metabolic benefits of PPAR activation (insulin sensitization with 

reduction of body adiposity) could be combined with mitigation of the side effects. To date, promising results have been 

obtained with PPARδ/β-PPARα dual agonists (e.g. bezafibrate and tetradecylthioacetic acid) and the combined 

administration of PPAR ligands (e.g. GW501516/fenofibrate or TZDs/fenofibrate combinations) [82]. Recent clinical 

studies show that dual activation of distinct PPAR isotypes has clinical potential [32]. Design of selective PPARγ 

modulators (SPPARMs) and specific PPARγ/RXR activators is today a subject of intense research. Nutrients or 

modified lipids that are low-affinity agonists of PPARs have also attracted interest for the selective targeting of PPAR-

related metabolic pathways [32]. 

Recent findings place PPARγ and PGC1α at the center of a regulatory loop between circadian networks and 

metabolic performance of the liver and adipose tissue [128]. The expression patterns of PPARγ and PGC1α show a 

circadian pattern in several tissues [128]. Notably, liver oscillations of PPARγ levels are increased by excess lipid 

consumption, and the diurnal rhythm of blood pressure is altered in T2DM patients under treatment with RSG [128]. 

Gene deletion of PGC1α in mice disrupts circadian feeding behavior and energy expenditure [129]. The major circadian 

regulator of PPARγ is nocturnin, which reaches its peak expression level in the dark cycle in metabolic tissues [128]. 

Mice deficient for nocturnin exhibit impaired circadian expression of PPARγ and interestingly are protected from diet-

induced obesity and have increased bone mass [128]. Recent advances show that bone is an important but still 

unexplored player in glucose homeostasis [130]. For instance, osteocalcin, a bone-derived mediator that increases bone 

mineralization, may act as a regulator of fat mass and glucose utilization [130]. Increased levels of osteocalcin are 

associated with β-cell hyperplasia in mice and with elevated levels of fasting glucose in T2DM patients [70, 131]. The 

increased osteocalcin levels and consequent hyperinsulinemia in mice is due to deficiency in the forkhead transcription 

factor FoxO1 [130], which is essential for adipocyte differentiation, [132]. In skeletal muscle PPARδ/β regulates FoxO1 

expression, thereby affecting metabolism [96]. It is still unknown whether PPARγ targets FoxO1 in the skeleton. These 

novel findings on circadian PPARγ expression and the involvement of bone in glycemic control add new facets to our 

understanding of PPAR biology in homeostasis regulation.  
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2.3. PPARs and cardiovascular disease (CVD) 

 

Since the discovery of the PPAR family, its potential as a therapeutic target in CVD has received much attention. 

PPARα and PPARγ have been shown to exert important functions in atherosclerosis, cardiac fibrosis, angiogenesis, 

cardiac ischemia-reperfusion (I/R) injury, infarct healing and cardiac hypertrophy (for reviews see [51, 133]). Although 

many studies point to beneficial effects of PPAR ligands in CVD, the exact molecular mechanism is still largely 

unsolved. Unlike the great majority of clinical trials with fibrates, which point to a reduced risk of coronary and 

cardiovascular events (reviewed in [16]), the effects of TZDs on human CVD are hotly debated. An update on the 

cardiovascular safety of PPARγ agonists is available in another article in this issue. Due to the later development of 

PPARδ/β-specific ligands, their potential in CVD remains controversial. 

Below, we present an overview of the molecular and cellular events connected with the expression, function, 

and regulation of PPARs in the vascular system, and discuss the diverse biological actions of PPAR ligands on CVD 

processes.  

2.3.1. PPARs and atherosclerosis 

Atherogenesis is a combination of events in the wall of large arteries resulting in the formation of a lipid plaque. If the 

plaque continues to develop, it can promote the formation of a thrombus, causing ischemia in the surrounding tissues. 

According to Russell Ross’s “response to injury” hypothesis, atherosclerosis is a response to damage, primarily to the 

endothelium, followed by an increase in the expression of adhesion molecules and chemokines that promotes the 

infiltration of atherogenic lipoprotein and the entry of monocytes and T-cells into the subendothelial space. This allows 

adhesion of monocytes and their differentiation into macrophages, accumulation of lipid by these cells leading to the 

formation of foam cells, and finally production of a lesion known as a fatty streak. At later stages, proliferation and 

migration of VSMCs results in expansion of the lesion, with death of both macrophages and VSMCs and further 

accumulation of lipid, producing the characteristic necrotic core of an advanced fibro-fatty lesion.  

PPAR isotypes are expressed in VSMCs and cells of the immune system in varying amounts and these cells are 

therefore potential targets of PPAR agonists. Several lines of evidence indicate that PPARs exert anti-atherogenic 

effects by modulating the recruitment of monocytes to the arterial wall, their differentiation into macrophages, and the 

migration and proliferation of VSMCs. However, the principal atheroprotective effects of PPAR ligands are related to 

their negative influence on the two crucial atherogenic processes: lipid accumulation and inflammation in vascular wall 

cells.  

 

2.3.1.1. PPARs and lipid homeostasis: link to atherogenesis 

Macrophages localized in the arterial vessel wall are the most important regulators of lipid metabolism in this context in 

both normal and pathological conditions. They normally reverse cholesterol transport by endocytosis of LDL, 

cholesterol transfer to newly formed HDL, and their later elimination by the liver. If modified LDL (mLDL) 

accumulates in the subendothelium, macrophages become unable to perform this function, begin to accumulate lipids, 

and transform into foam cells. The balance between cholesterol uptake and reverse cholesterol transport determines the 

transformation of macrophages into foam cells in the atherosclerotic plaque.  
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PPARs, as systemic lipid sensors, play a crucial role in almost all these processes (reviewed in [134]). A 

number of studies in mice and humans have provided direct evidence for a critical role of PPARα and PPARγ in the 

regulation of cholesterol and fatty acid homeostasis in macrophages. Generally speaking, the effects of PPARα and 

PPARγ ligands on the expression of genes involved in macrophage cholesterol homeostasis are the same, the net effect 

being a reduction in cholesterol content. The mechanism mediating these effects implies the modulation of macrophage 

scavenger receptors, including scavenger receptor A (SR-A) and CD36, which mediate uptake of modified lipoproteins, 

especially oxidized LDL (oxLDL). The involvement of PPARγ in the regulation of lipid metabolism in macrophages 

was initially suggested by the discovery of CD36 as a positive PPARγ target gene in macrophages [135]. Other studies 

showed that SR-A, another receptor for mLDL uptake, is a negative target of PPARγ in macrophages [136]. Later 

studies showed that oxLDL transactivates CD36 in macrophages through a mechanism dependent on the expression of 

PPARγ [137] or PPARα [138]. Although these findings suggested that transcriptional activation of PPARs might 

promote foam-cell formation resulting from increased uptake of oxLDL by CD36, several studies involving activation 

or deletion of PPARs in animal models of atherogenesis provide direct evidence for antiatherogenic roles of PPARα 

[139-142] and PPARγ [140, 141, 143-146] (Tables 5 and 6). However, in some studies PPARα ligands either do not 

influence or even enhance atherosclerotic lesion area [147, 148], and in a mouse model of hyperlipidemia PPARα-

deficiency reduced rather than increased the atherosclerotic area [149].  

PPARs also control genes implicated in cholesterol efflux pathways, including ATP-binding cassette (ABC) 

transporters (ABCA-1, ABCG-1, and ABCG-4), the scavenger receptor B1 (SR-B1), and caveolin-1 (the main 

component of caveolae). The expression of ABCA-1 and ABCG-1 is induced by PPARα and PPARγ either directly 

[150], or indirectly via the liver-X-receptor (LXR), the expression of which is enhanced by PPARs [151]. In human 

macrophages, PPARα ligands enhance the expression of SR-B1 via an uncharacterized posttranslational mechanism 

[152]. ABCG-1, some apolipoproteins and caveolin-1 have also been identified as PPARα or PPARγ target genes [153-

155], thus corroborating the role of PPARα and PPARγ in cholesterol removal from macrophages.  

PPARs also modulate the expression of enzymes involved in lipid processing. For instance, PPARγ inhibits 

acyl-coenzyme A (CoA):cholesterol acyltransferase 1 (ACAT-1), thereby limiting the storage of cholesterol in lipid 

droplets in the form of cholesteryl esters [156]. A recent report indicates that ghrelin, an endogenous ligand of the 

growth hormone secretagogue receptor (GHS-R) with known cardioprotective effects, inhibits foam cell formation via 

simultaneous PPARγ-dependent down-regulation of ACAT-1 and up-regulation of ABCA-1 [157]. PPARα activation 

reduced ACAT-1 activity, and contributes to reduced cholesterol esterification by inducing the expression of carnitine 

palmitoyltransferase-1 (CPT1), a key enzyme in mitochondrial fatty acid catabolism [158]. Increased expression of 

CPT1 might result in reduced availability of fatty acids as substrates for ACAT-1, which could explain the decreased 

cholesterol esterification. In addition, PPARα and PPARγ activation might influence hydrolysis of cholesterol esters by 

increasing gene expression of neutral cholesteryl ester hydrolase (NCEH) [156, 159]. Furthermore, PPARα induces the 

expression of Niemann Pick type C (NPC) proteins 1 and 2 (NPC1 and NPC2), thereby stimulating post-lysosomal 

mobilization of stored cholesterol and leading to an enrichment of cholesterol in the plasma membrane [160].  

Although available data are conflicting, a role for PPARδ/β in macrophage lipid homeostasis has been 

suggested. Work by Li et al. in 2001 indicated that agonists of PPARα and PPARγ, but not PPARδ/β, inhibit 

macrophage foam-cell formation in vivo [140]. However, in the three other mouse studies published to date, PPARδ/β 

ligands were found to reduce the atherosclerosis lesion area (Table 5) [123, 161, 162]. In addition, selective deletion of 

PPARδ/β in macrophages reduces lesion area in LDLR-/- mice [9] (Table 6). The mechanism mediating this anti-

atherogenic effect is not likely to be regulation of cholesterol homeostasis. Indeed, in vitro studies indicated that 
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PPARδ/β might promote loading and storage of VLDL, TGs and cholesterol in macrophages via the induction of SR-A, 

CD36, the adipogenic gene A/FABP, and adipophilin (ADRP), which is a ubiquitous component of lipid droplets [163, 

164]. In contrast, activation of PPARδ/β has been shown to reverse cholesterol transport by inducing expression of 

ABCA-1 [165] and Apo-E [163]. However, most studies suggest that PPARδ/β has an anti-atherogenic effect through 

the control of macrophage inflammation, as discussed below (section 2.3.1.2). 

Apart from their direct effects in the vessel wall, PPARs also influence atherosclerosis by modulating lipid 

homeostasis in other tissues, such as liver, muscle, and adipose tissue. As described above, PPARα and PPARδ/β 

promote the clearance of TGs and LDL from the circulation, primarily by increasing tissue FAO and HDL metabolism. 

PPARγ achieves a similar effect by promoting the storage of lipids in adipose tissue. Because increased levels of HDL 

and decreased levels of TG and LDL are associated with low atherosclerosis risk, net effects of PPAR ligands on lipid 

metabolism may protect against atherosclerosis. Other effects of PPAR ligands in other tissues affecting lipid 

homeostasis have been reported. For example, activation of PPARα and PPARδ/β has been shown to reduce intestinal 

cholesterol absorption by inhibiting the expression of NCP1 in the proximal small intestine [166, 167].  

 

2.3.1.2. PPARs and vascular wall inflammation  

 

Accumulation of oxidized mLDL in the subendothelial space, induced by endothelial injury, infections or other 

pathogenic factors, leads to further weakening of the endothelium, accompanied by increased inflammatory potential of 

VSMCs and resident macrophages. In parallel, production of reactive oxygen species (ROS) by macrophages in 

response to inflammatory stimuli increases production of mLDL in the vascular wall, thus generating a vicious cycle of 

inflammation and lipid accumulation. 

Several studies suggest a potential role of PPAR ligands in inflammatory processes in the vessel wall and in 

macrophages. For example, PPARα and PPARγ ligands have been shown to inhibit the synthesis of pro-inflammatory 

agents such as IL-6, IL-8, PGs, and COX-2 in the vascular wall [168]. Other studies demonstrated that the 

antiatherogenic effect of PPARγ ligands in LDLR-/- knockout mice correlates with decreased tissue expression of TNF-

α [143]. Attenuation of the expression of pro-inflammatory mediators by PPAR ligands probably occurs through 

inhibition of the master transcription factor NF-κB in VSMCs. 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 [168].  

Apart from controlling endothelium inflammation, PPAR activation also confers other vasoprotective effects, 

such as vasodilation and suppression of VSMC growth. ECs regulate vascular tone by balancing the release of the 

vasoconstrictor endothelin-1 (ET-1, which also regulates VSMC proliferation) and the vasodilator nitric oxide (NO), 

generated by endothelial NO synthase (eNOS). Disturbed NO release, for example in the context of a lipid disorder, is 

associated with endothelial dysfunction and local lesion development. PPARα and PPARγ ligands have been shown to 

enhance eNOS expression and NO release, suggesting a vasoprotective effect [169-171]. Moreover, PPARα ligands 

inhibit the synthesis of ET-1 in ECs through the repression of AP-1 [172].Taking these effects together, PPAR 

activators may counterbalance endothelial dysfunction at various steps, including inhibition of inflammation and 

vasoconstriction. 

Besides these direct effects on ECs, PPARα and PPARγ activation also interferes with the recruitment of 

inflammatory cells to the vascular endothelium. This effect is mediated through the regulation of chemokines and 

adhesion molecules needed for the recruitment of these cells to the damaged endothelium in the early steps of 
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atherogenesis. PPARα and PPARγ ligands have been shown to reduce expression of vascular cell adhesion molecule 1 

(VCAM-1), intercellular adhesion molecule 1 (ICAM-1), PECAM-1, E-selectin, MHC-II, and monocyte 

chemoattractant protein-1 (MCP-1) in response to various pro-inflammatory stimuli in vitro [173-176]. In addition, 

PPARγ, but not PPARα, inhibits INF-γ-induced expression of the chemokines IP-10, Mig, and I-TAC, with a 

subsequent decrease in lymphocyte chemotaxis [177]. PPARδ/β ligands have also been shown to attenuate the 

expression in aortic lesions in vivo of inflammatory genes and adhesion molecules associated with atherosclerosis, such 

as IFN-γ, TNF-α, MCP-1, VCAM-1 and ICAM-1 [123, 161, 178]. Deletion of PPARδ/β from foam cells by bone 

marrow transplantation from PPARδ/β-/- mice into LDLR-/- mice increases the availability of inflammatory suppressors, 

which in turn reduces atherosclerotic lesion area by more than 50% [9]. The authors of this study showed that ligand-

activation of PPARδ/β also decreases the production of inflammatory molecules, and proposed an unconventional 

ligand-dependent transcriptional pathway in which PPARδ/β controls an inflammatory switch through its association 

with and disassociation from transcriptional repressors. In another study, using a model of angiotensin II (AngII)-

accelerated atherosclerosis, which is characterized by increased vascular inflammation related to repression of the anti-

inflammatory corepressor B cell lymphoma-6 (Bcl-6), the authors suggested that the effects of PPARδ/β ligands are 

based on the physical interaction between unliganded PPARδ/β and Bcl-6 [162]. 

As we have mentioned in previous sections, activation of PPARs leads to inhibition of macrophage functions 

related to inflammation. PPAR ligands have the potential to dampen inflammation in the vascular endothelium. Apart 

from direct effects, PPARs can modulate inflammation indirectly by regulating monocyte/macrophage differentiation. 

M1 and M2 macrophages are both found in undamaged regions of vessels and in atherosclerotic lesions, but in different 

ratios: M2 cells are present in undamaged vessels, while M1 cells predominate in atherosclerotic lesions. Under the 

influence of macrophage colony-stimulating factor (M-CSF), secreted by the endothelium and VSMCs, monocytes 

differentiate into macrophages with a prevalent M1 phenotype, which promotes a pro-inflammatory environment in the 

endothelial space; M1 macrophages secrete pro-inflammatory cytokines and growth factors, matrix proteinases, and 

pro-coagulants, and are active in triggering innate immune reactions in response to bacterial infection. Since activation 

of PPARγ is related to the differentiation of monocytes into M2-type macrophages in humans and mice [179], PPARγ 

might contribute to the mitigation of inflammation in this environment. Moreover, PPARγ was recently shown to be 

more highly expressed in circulating anti-inflammatory monocytes (Ly6Clow monocytes) than in pro-inflammatory 

Ly6Chigh monocytes in mice, but not in humans [180]. Although there are no available data on the ability of PPAR 

ligands to alter the profile of circulating monocyte populations, it is reasonable to propose that PPAR activation would 

modulate the formation and fate of these subpopulations, thus ameliorating the inflammatory state in the whole 

organism, including the subendothelial space. 

Finally, activation of PPARα and PPARγ limits the expression of Th1cell-derived proinflammatory cytokines, 

such as INF-γ, TNF-α and IL-2, which can activate other cells of the vessel wall during the initial stages of 

atherogenesis [181]. PPAR ligands can also modulate circulating levels of atherosclerosis-associated inflammatory 

markers such as TNFα, IL-1, IL1, and hepatic C-reactive protein (CRP) (reviewed in [182]).  

 

2.3.1.3. PPARs and VSMC proliferation and migration  

 

The chronic inflammatory response in the arterial wall stimulates VSMCs to migrate and proliferate, which contributes 

to neointima formation and plaque growth. Activated VSMCs synthesize and deposit extracellular matrix, contributing 
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to the formation of the fibrous cap of the atheroma. Thinning of the fibrous cap renders the plaque more vulnerable, 

increasing the risk of plaque rupture and subsequent thrombus formation. 

PPARs have also been shown to influence proliferation, migration, extracellular matrix production, and 

apoptosis in VSMCs. Activation of PPARα, PPARδ/β, and PPARγ inhibits proliferation and migration of VSMCs both 

in vitro and in vivo (reviewed in [133]). The mechanisms responsible of these effects are related to the antiproliferative 

action of these NRs, via a mechanism involving control of DNA replication, cell-cycle progression, and apoptosis. 

Genes implicated in these processes include cyclin D1, the cyclin-dependent kinases CDK2 and CDK4, and CDK 

inhibitors such as p21, p16, p21, p53 and p27 [183]. PPAR activation also inhibits retinoblastoma protein (Rb) 

phosphorylation [184] and interferes with E2F signaling [185]. In addition, PPARα and PPARγ activation was shown to 

suppress telomerase activity in VSMCs [186]. Moreover, PPAR activation also interferes with endothelial expression of 

VEGFR2 (vascular endothelial growth factor receptor 2) and ET-1 [168, 172], both of which are involved in VSMC 

growth and proliferation. 

PPAR activators also inhibit the release of matrix-degrading enzymes such as metalloproteinases (MMPs) and 

the expression of the AngII type receptor, and induce the expression of proteinase inhibitors [187]. These effects could 

modulate fatty streak formation and attenuate the arterial response to injury that occurs after coronary intervention. 

Aside from their effects on proliferation, PPAR ligands decrease the migration of VSMCs and reduce neointima 

formation in vitro and in vivo, possibly due to reduced MMP activity [188]. Moreover, specific PPARα ligands inhibit 

VSMC migration by reducing TGF-β-induced integrin expression [189]. All these PPAR actions could render the 

fibrous cap less vulnerable. 

In conclusion, the potential involvement of PPARs in the development and progression of atherosclerotic 

lesion formation remains inconclusive; however, much of the existing data suggest that PPAR activation has an overall 

anti-atherosclerotic effect. 

 

2.3.2. PPARs and heart disease 

 

In addition to the well-studied role of PPARs in atherosclerosis, recent studies have demonstrated numerous pleiotropic 

effects of their ligands on the heart and cardiovascular system. Both the regulation of energy metabolism and the anti-

inflammatory properties of PPARs are likely to play a role here. This suggests additional potential of PPAR ligands in 

the prevention of hypertensive heart damage, cardiac hypertrophy, and other vascular endothelial dysfunction-

associated heart abnormalities such as heart failure, myocardial infarction and stroke. 

 

 

2.3.2.1. PPARs and hypertensive heart disease 

 

Persistent hypertension enhances the risk of cardiovascular abnormalities. Increased arterial blood pressure is associated 

with microvascular dysfunction, increased peripheral vascular resistance, and impaired post ischemic 

neovascularization in clinical studies and animal models of hypertension [190]. Recent research has revealed roles for 

PPARα and PPARγ in blood pressure regulation, expanding the possible therapeutic use of PPAR ligands (for reviews 

see [8, 51]). PPAR gene mutations lead to disturbances in blood pressure regulation. In humans, both the Pro12Ala 

polymorphism and mutations in the PPARγ gene contribute to hypertension [191]. Animal models of hypertension 

support these data (Table 6). Indeed, mice lacking PPARγ in VSMCs and ECs show altered vascular NO production 
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and hypertension [192-195], while systemic PPARα-knockout mice develop salt-sensitive hypertension [196]. In 

addition, transgenic mice expressing a dominant-negative PPARγ P465L mutation show a similar hypertensive 

phenotype to patients with an equivalent PPARγ P465L mutation [197, 198], and VSMC-selective PPARγ deletion 

leads to hypotension [199]. Blood-pressure-lowering effects of PPAR ligands have been demonstrated in several studies 

(Table 5). The PPARα ligand fenofibrate reduces blood pressure in stroke-prone spontaneously-hypertensive rats and 

salt-sensitive rats [200], and also in hypertensive transgenic mice expressing human renin and human angiotensinogen 

transgenes [201]. Importantly, several clinical studies have demonstrated the blood pressure-lowering effect of TZDs in 

humans [202]. 

The anti-hypertensive effects of PPARα and PPARγ ligands are mediated by several mechanisms. For instance, 

TZDs have been shown to inhibit VSMC L-type Ca2+-channels [203]. In hypertensive rats, the prevention of heart 

damage and myocardial fibrosis by fenofibrates is mediated by reduction of NF-κB-induced myocardial inflammatory 

gene expression [204]. Furthermore, fenofibrate prevents cardiac fibrosis and abrogates overexpression of ET-1in the 

left ventricle (LV) of hypertensive rats [205]. Many of the anti-hypertensive effects of PPAR ligands are mediated by 

modulation of the renin-angiotensin-aldosterone system (RAAS), a major regulator of systemic blood pressure and 

interstitial fluid volume [8]. AngII is a pivotal molecule in RAAS, regulating blood pressure and contributing to 

endothelial dysfunction and atherosclerosis progression. Interestingly, activation of PPARα by fenofibrate prevents the 

development of hypertension, myocardial inflammation and fibrosis in AngII-infused rats by decreasing the cardiac 

expression of VCAM-1, PECAM, ICAM-1 and TGF-β and preventing collagen deposition [206]. Recent studies 

indicate that PPARα- and PPARγ-regulated gene expression can also influence the function of RAAS via the 

transcriptional control of renin, angiotensinogen, angiotensin converting enzyme (ACE), and AngII receptor 1 (AT-R1) 

(reviewed in [8]). Blockade of RAAS is an important therapeutic target in hypertension management and attenuates 

microvascular damage, glomerular inflammation and LV hypertrophy in hypertensive patients, and shows antidiabetic 

effects, thus reducing morbidity and mortality in patients with heart failure. Interestingly, telmisartan, a clinically 

approved RAAS inhibitor and AT-R1 blocker (ARB), is a partial agonist of PPARγ [8]. The clinical effectiveness of 

telmisartan has been demonstrated for the control of blood pressure and vascular risk in the elderly [207].  

 

2.3.2.2 PPARs and cardiac hyperthophy 

 

Cardiac hypertrophy, a dominant risk factor for the development of cardiac abnormality, is characterized by increased 

cardiomyocyte size and re-induction of the fetal gene program. Cardiac hypertrophy is generally considered to be an 

adaptive mechanism to compensate for a chronic increase in workload secondary to hypertension or regional 

myocardial infarction. Over the long-term, however, it becomes maladaptive: fibrosis takes place, and compensated 

hypertrophy can evolve into decompensated cardiac failure [208]. It has been postulated that the failing heart suffers 

from “energy starvation”, resulting from a diminished capacity to oxidize fatty acids, the main source of energy in the 

healthy heart [209]. Concurrently, activation of inflammatory signaling pathways, especially NF-κB, promotes both 

hypertrophy and fibrosis [210]. 

The role of PPARs in cardiac hypertrophy is unclear; although control of inflammation by PPARs is beneficial, 

the regulation of energy metabolism in the heart by PPARs has been shown to promote the progression of cardiac 

hypertrophy (reviews in [51, 133]). Many studies have reported the efficiency of PPAR ligands in ameliorating cardiac 

hypertrophy (Table 5). For example, in vitro studies using isolated cardiomyocytes showed that fenofibrates inhibit ET-

1-induced cardiomyocyte enlargement and protein synthesis, and that antagonism of PPARγ enhances the promoter 
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activity of brain natriuretic peptide (BNP), a marker of transcriptional activation in hypertrophy [211]. Ligand 

activation of PPARδ/β inhibits hypertrophy of neonatal rat cardiomyocytes following α1-adrenergic stimulation [212]. 

Moreover, in an in vivo model of congestive heart failure, PPARδ/β normalizes cardiac substrate metabolism and 

reduces cardiac hypertrophy [213]. Activation of PPARα attenuates LV hypertrophy and cardiac fibrosis [172, 211], 

and its deletion in mice results in increased cardiac hypertyrophy and fibrosis [214-216]. PPARγ activators inhibit 

cardiac hypertrophy in cardiac myocytes [217], and heterozygous PPARγ mice and cardiac-specific PPARγ-/- mice 

display a more pronounced increase than wild-type mice in cardiac mass following pressure-overload [218-220]. These 

beneficial effects of the three PPAR isoforms have been linked to their anti-inflammatory properties, mainly to the 

inhibition of the essential hypertrophic growth signal NF-κB.  

In spite of these positive effects, PPARα and PPARγ ligands have been shown to promote hypertrophy (Table 

5). The negative effects of PPARα are linked to its role in the regulation of energy metabolism in the hypertrophied 

heart. During hypertrophy, PPARα, its heterodimerization partner RXR and the coactivator PGC1-α are down-regulated 

[221]. This leads to a decrease in FAO capacity, which can lead to energy starvation in the long-term [209]. Although 

the well-known function of PPARα ligands in the activation of β-oxidation should help to restore cardiac pump 

function, available data do not support this supposition. Indeed, treatment with PPARα ligands decreases glucose 

oxidation rather than increasing FAO, leading to a poor hemodynamic function of the hypertrophied heart [222]. 

Moreover, cardiac overexpression of PPARα in mice resulted not only in reduced myocardial glucose oxidation, but 

also in increased FAO, a metabolic phenotype strikingly similar to that of the diabetic heart [223-225]. In contrast, in a 

cardiac-specific PPARδ/β knockout mouse model, myocardial FAO production was decreased, oxidative damage 

increased, and the animals consequently developed cardiac hypertrophy and lipotoxic cardiomyopathy [226, 227]. This 

shift in substrate utilization has been linked to impaired cardiac function and the development of a cardiomyopathic 

phenotype. These findings suggest that stimulation of FAO in heart failure patients is not a desirable therapeutic goal. 

The role of PPARγ in the development of cardiac hypertrophy is highly controversial. In spite of its above-described 

anti-inflammatory properties, evidence acquired in recent years suggests that activation of PPARγ is pro- rather than 

anti-hypertrophic; indeed, cardiomyocyte expression of PPARγ leads to cardiac dysfunction in mice [228]. These 

negative effects have been linked to an increase in blood volume, suggesting that the observed development of 

hypertrophy in rodents treated with TZDs [219, 220, 229] might be due to volume overloading secondary to PPARγ-

mediated effects on renal sodium reabsorption [230]. Indeed, PPARγ ligands have been reported to increase the risk of 

edema in cardiac patients, which is one of the main reasons why TZDs are contraindicated in patients with type II 

diabetes at risk of developing heart disease. 

 

2.3.3.1 PPARs and heart failure 

 

Heart failure is an outcome of various cardiovascular disorders including cardiac hypertrophy and hypertension, 

myocardial infarction and other forms of ischemic heart disease. Interruption of blood supply eventually results in loss 

of functional tissue through cardiomyocyte necrosis and apoptosis. The subsequent infarct healing process is 

characterized by distinct phases: the early infiltration of inflammatory cells, mainly neutrophils and monocytes, is 

followed by the replacement of necrotic tissue by granulation tissue (wound repair) and the development of a mature 

scar. Paralleling this, there is remodeling of the non-infarcted myocardium, characterized mainly by cardiomyocyte 

hypertrophy and interstitial fibrosis. 



18 
 

Recent studies suggest that PPAR ligands have the potential to prevent the progression of heart failure 

(reviewed in [51, 133, 231]) (Table 5). Apart from the described effect on the prevention of hypertension and 

hypertrophy, PPAR ligands have been shown to attenuate reperfusion injury after coronary artery occlusion, and to 

influence the fibrotic process that takes place during remodeling. 

The role of PPAR in cardiac protection under transient I/R conditions has been described. Most in vivo studies 

performed with PPARα- and PPARγ-specific ligands point to a protective role for these molecules. For example, pre-

treatment of rodents with PPARα- and PPARγ agonist causes a marked decrease in infarct area and improves cardiac 

function post I/R [232-235]. In addition, hearts from PPARα-null mice exhibit augmented susceptibility to ischemic 

damage [234, 235]. In vivo studies attribute these beneficial effects of PPARα and PPARγ ligands to their anti-

inflammatory properties, mainly the attenuation of NF-κB signaling [235]. This is important since limitation of 

inflammatory responses during reinstallation of flow (reperfusion) is a major target for limiting I/R-induced injury. The 

PPAR-mediated decline in NF-κB activation has also been linked to a reduction of apoptosis in the reperfused ischemic 

myocardium [236], which might also contribute to the cardioprotective effects of PPAR ligands. Given the low 

expression of PPARγ in the heart, it is possible that the effect of its ligands on heart failure might be also attributable to 

their systemic insulin-sensitizing effects in adipose tissue and skeletal muscle. In fact, ex vivo studies with PPARγ 

ligands have mainly been performed in diabetic heart models [237], thus making it difficult to extrapolate the results 

obtained to the non-diabetic heart. Contrasting with these studies, investigations in ex vivo-perfused hearts showed 

improved post-ischemic functional recovery in PPARα-null mice, while PPARα overexpression was associated with 

depressed functional recovery [225]. It has been argued that this negative effect of PPARα could be mediated by the 

above-mentioned effects of PPARα on cardiac energy homeostasis, since the observed decline in GLUT4 expression 

might force the reperfused myocardium to use fatty acids instead of glucose, its preferred substrate in the early 

reperfusion phase [49, 223]. Consistent with this, one of the few studies addressing the role of PPARδ/β in I/R 

demonstrated that its overexpression in cardiomyocytes attenuates myocardial injury induced by transient artery 

occlusion, due to its stimulation of the uptake and metabolism of glucose rather than fatty acids [238]. This correlates 

with a study showing a cardioprotective effect of PPARδ/β agonists, involving the amelioration of lipotoxicity and anti-

inflammation and up-regulation of pro-survival signaling [239]. 

Few studies have addressed the role of PPARs in permanent coronary artery occlusion (Table 5). After 

myocardial infarction, the loss of viable myocardium and the remodeling of the surviving myocardium eventually 

decrease cardiac function, predisposing to heart failure. Several studies performed in rodents suggest that PPAR ligands 

protect against these events only when applied in the early phase of infarct healing. For example, PPARα and PPARγ 

ligands preserve LV function and attenuate LV remodeling only if their administration begins within the first 24 h after 

coronary artery occlusion [240-242]. The need for early administration of PPAR ligands implies that PPARs are 

primarily involved in local inflammation or the formation of granulation tissue. These studies suggest that the interval 

between the onset of infarction and the start of treatment is critical. 

Activation of PPARα and/or PPARγ has been shown to suppress myocardial fibrosis and cardiac dysfunction 

in rodent models of cardiac-pressure-overload [205, 243], rat models of hypertension [205], and in type II diabetic rats 

[244]. No in vivo studies into the effect of PPARδ/β activation on cardiac fibrosis have been performed, but in vitro 

activation of PPARδ/β has been shown to inhibit proliferation and differentiation of neonatal rat fibroblasts and 

myofibroblasts [245]. The suppression of myocardial fibrosis was shown to occur through attenuation of collagen 

synthesis. PPARs might influence the fibrotic process directly by modulating cardiac fibroblast phenotype and function 

or indirectly by modulating the synthesis of pro- and anti-fibrotic factors from neighboring or infiltrating cells. Indeed, 
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the inhibition of cardiac fibrosis by PPAR ligands in these rodent models has been ascribed to the suppression of ET-1 

activity and NF-κB signaling. Regulation of ET-1 and proteins involved in cell-cycle progression might result in 

fibroblast proliferation. In addition, interaction of PPARs with the pro-fibrotic TGFβ-SMAD2/3 signaling pathway 

might inhibit the production of extracellular matrix constituents such as collagen-I and III and the myofibroblast marker 

smooth muscle α-actin [206]. 

In in vitro assays, both telmisartan and TZDs increase the number of human peripheral-blood derived and 

bone-marrow derived endothelial progenitor cells (EPCs) via a PPARγ-dependent pathway [246, 247]. The number of 

EPCs in peripheral blood is inversely correlated with mortality and the occurrence of cardiovascular events, since they 

contribute to postnatal vessel repair and neovascularization. EPC dysfunction may also contribute to the pathogenesis of 

hypertension [248]. Thus in a clinical setting, PPARγ ligands might be expected to improve vascular function and 

promote neovascularization via the proliferation of EPCs in ischemic tissue. 

These studies reveal therapeutic potential for PPAR agonists in ischemic myocardial injury and cardiovascular 

diseases associated with endothelial dysfunction. PPAR ligands exert anti-ischemic effects through their anti-

inflammatory properties. In addition, PPAR-ligand-induced improvement of NO-mediated responses and enhancement 

of EPC function probably enhances the antioxidant capacity of the vessel wall and its neovascularization in response to 

injury. The effect of PPAR ligands on infarct healing and the remodeling of the viable myocardium need further study. 

 

2.3. PPAR ligands in acute and chronic inflammation 

 

2.3.1. Anti-inflammatory profile of PPAR ligands 

 

Beneficial effects of PPAR ligands in the treatment of IR and atherosclerosis involve anti-inflammatory mechanisms, as 

described above. Activation of PPARγ interferes with several signaling pathways regulating the expression of pro-

inflammatory cytokines, chemokines and cell-adhesion molecules, thereby limiting the recruitment of inflammatory 

cells [4]. Modulation of PPARs, especially PPARγ and PPARδ/β, also has the potential to resolve inflammation. PPAR 

ligands are therefore of growing interest for the possible treatment of inflammatory diseases such as osteoarthritis, 

diabetic and autoimmune nephritis, chronic bowel disease, and psoriasis [7, 249-251]. 

 

2.3.2. Potential use of PPAR ligands in arthritis treatment: pros and cons  

 

Osteoarthritis, one of the most prevalent chronic inflammatory diseases, is characterized by cartilage damage at the 

joints, synovitis, and remodeling of the subchondral bone in the inflamed region. Inflammatory cytokines such as IL-1β, 

TNF-α and IL-17, and prostaglandin E2, decrease PPARγ1 expression in chondrocytes through activation of MAPKs 

(p38 and JNK) and NF-κΒ signaling [252]. Advanced glycation end products, which can accumulate with aging or in 

diabetes, also reduce PPARγ expression in chondrocytes, and thus might promote osteoarthritis development [253]. In 

experimental models of osteoarthritis, pioglitazone reduces cartilage lesions, possibly through resolution of the 

prevailing inflammatory condition and by inhibiting cartilage degradation [249]. TZDs also inhibit NF-κΒ associated 

downstream COX-2 and iNOS signaling in osteoblasts, and thus might improve the inflammatory environment at 

ossification sites [254]. Recent findings show that extracellular matrix production by chondrocytes is controlled not 

only by PPARγ but also by PPARα and PPARβ/δ [255]. In an experimental model of rheumatoid arthritis, 
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administration of the PPARα ligand fenofibrate reduces skeletal muscle wasting, thus alleviating the external symptoms 

of arthritis [256]. The possible effects of PPARα and PPARβ/δ ligands on cartilage homeostasis should be determined, 

however. Interestingly, chondrocyte lipid metabolism is a target of PPARs, since PPARγ2 increases expression of 

hormone sensitive lipase during the chondrocyte differentiation program [257]. Toxic lipid derivatives contribute to 

cartilage and bone loss [258], thus the normalization of chondrocyte lipid handling is another possible PPAR target in 

osteoarthritis management. 

Although PPARγ activation has chondroprotective effects in vivo, overall bone homeostasis is negatively affected by 

TZDs [259]. Activation of PPARγ reduces osteoblast differentiation and promotes adipocyte and osteoclast 

differentiation [260, 261]. Adipocytes and osteoblasts are derived from the same mesenchymal precursors, and PPARγ 

promotes adipogenic differentiation, explaining the reduced osteoblast activity in response to PPARγ ligand treatment 

[260]. Accordingly, mice with PPARγ haploinsufficiency develop elevated bone mineral density as a consequence of 

enhanced ossification [46](Table 1). Moreover, in mouse osteoblastic cell cultures the PPARγ ligand 15-deoxy-∆-

12,14-prostaglandin J2 (15d-PGJ2) causes oxidative stress, Akt inactivation, transient activation of ERK1/2, sustained 

activation of JNK, and mitochondrial injury with consequent apoptosis [262]. Two TZDs, troglitazone and ciglitazone, 

also trigger osteoblast apoptosis through free radical generation and the activation of ERK, p38 and caspase-3 [263, 

264]. Ciglitazone-induced osteoblast cell death can be prevented by antioxidants, suggesting a primary role of reactive 

oxygen species [264]. The cytotoxicity of troglitazone and ciglitazone can be blocked by the PPARγ antagonist 

GW9662, confirming the active participation of PPARγ in osteoblast apoptosis [263, 264]. In addition to their pro-

apoptotic effects, ciglitazone and 15d-PGJ2 decrease mineralized bone nodules, alkaline phosphatase activity and 

osteocalcin transcription in cultured osteoblasts [263, 264]. In rats, oral administration of RSG decreases tibia BMD and 

serum ALP levels, indicating diminished osteoblast activity [254]. Clinical observations also reflect these findings, 

showing that chronic TZD treatment reduces bone volume and concomitantly increases fracture risk [265]. These 

unwanted effects of PPARγ ligands limit the use of these compounds in osteoarthritis management. 

 

2.3.3. Inflammatory kidney disease and PPAR ligands 

 

The kidney is another important target of anti-inflammatory PPAR ligand therapy. PPAR activators have well-

characterized beneficial effects on kidney function in diabetes, mainly as a consequence of their anti-inflammatory 

profile [266]. Activation of PPARγ in mesangial cells and podocytes mitigates renal inflammation, reduces mesangial 

expansion, protects against podocyte loss, and improves overall renal function [266]. Indirect PPARγ effects, such as 

interaction with the renin-angiotensin-aldosterone system and attenuation of IR, also contribute to improved kidney 

physiology [8, 266]. Increased adiponectin levels in response to PPARγ activation also reduce renal inflammation [267]. 

PPARβ/δ activation has anti-apoptotic effects in the diabetic and ischemic kidney [268], possibly through activation of 

Akt signaling [266]. This effect might delay the progression of kidney disease associated with diabetes and 

atherosclerosis. The anti-inflammatory effects of PPARα activation also impair glomerulonephritis progression [269]. 

Recently our group and others have shown that PPARγ and PPARβ/δ ligands can alleviate autoimmune kidney 

disease by increasing the removal of apoptotic cell debris by macrophages [13, 270]. Deficient clearance of apoptotic 

cells is an important mechanism underlying self-immunity, and a causal factor of kidney disease in human lupus 

erythematosus [271]. PPARγ is required for proper phagocytosis in macrophages, monocytes and foam cells [13, 272-
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275]. The ability of macrophages to engulf apoptotic cells is reduced by ablation of mouse macrophage PPARγ and by 

inhibition of PPARγ during human monocyte/macrophage differentiation [13, 275]. Similarly, non-professional 

macrophages engulf apoptotic cells more efficiently upon treatment with PPARγ ligands [276, 277]. Ligands of PPARγ 

(RSG, 15d-PGJ2) enhance phagocytosis through the transcriptional control of cell-surface receptor molecules, 

complement receptors and opsonins [13, 278]. A possible natural PPARγ ligand (trans-10, cis-12-conjugated linoleic 

acid) also facilitates phagocytosis by porcine peripheral blood polymorphonuclear cells [279]. PPARγ-dependent 

apoptotic cell clearance is also required for the anti-inflammatory reprogramming of macrophages [13]. 

Importantly, similar effects have been shown for the PPARβ/δ agonist GW0742. Activation of PPARβ/δ 

enhances the phagocytosis of apoptotic cells by mouse splenic macrophages and human monocyte-derived macrophages 

[270]. Macrophage-specific deletion of PPARβ/δ impairs the expression of complement factors and opsonins, which 

reduces the binding of apoptotic cells to macrophage cell-surface receptors [270]. These findings suggest that PPAR 

ligands can increase the expression of macrophage cell-surface receptors and bridging molecules, which promote the 

proper engulfment of apoptotic debris. Ligands of PPARγ and PPARβ/δ therefore might provide promising targets for 

the treatment of lupus nephritis.  

 

2.3.4. Psoriasis treatment and PPARγ 

 

Psoriasis is a chronic inflammatory skin disease, characterized by accelerated keratinocyte proliferation, dendritic cell 

accumulation and activation of a Th17 subset of T cells [280]. Administration of TZDs (pioglitazone and RSG) 

alleviates the symptoms of psoriasis, possibly via a mechanism involving the growth-inhibiting action of TZDs on 

rapidly proliferating epidermal keratinoctyes [281]. Treatment of keratinocytes with TZDs suppresses epidermal growth 

factor receptor autophosphorylation and inhibits signaling through the ERK/MAPK pathway, leading to suppressed 

proliferation in vitro [281]. Beneficial effects of TZDs in psoriasis might also involve inhibition of TGF-β signaling in 

keratinocytes [282]. Psoriasis is often associated with IR, obesity or metabolic syndrome [283], and is alleviated by 

improved glucose and lipid homeostasis  [284]. Administration of TZDs in patients with metabolic syndrome and 

concomitant psoriasis thus yields a dual benefit; however, further studies are needed to define the optimum therapies 

[285, 286]. 

Importantly, PPARα and PPARβ/δ are expressed in wounded skin [7], and recent studies show that PPARβ/δ 

mRNA levels are significantly elevated in skin lesions of psoriasis patients [287] and in a mouse model of psoriasis 

[280]. Key transcriptional programs activated by PPARβ/δ in psoriasis include IL-1-related signaling, cholesterol 

biosynthesis and phosphorylation of STAT3 [280, 288]. PPARβ/δ is also expressed in activated human T cells purified 

from peripheral blood as well as in T cells isolated from affected psoriasis skin lesions. PPARβ/δ enhances proliferation 

of primary T cells and blocks their apoptosis, and thus may contribute to the persistence of activated T cells in psoriasis 

skin lesions [289]. Administration of PPARγ ligands and PPARβ/δ inhibitors therefore might provide a viable strategy 

for psoriasis treatment. PPARs are involved in sebocyte and hair-follicle differentiation [7], and lipid metabolites of the 

sebaceous gland can activate PPARs. Targeting of PPARs thus has potential use in the treatment of milder skin 

inflammation, such as acne [290]. PPARγ-mediated signaling might also maintain normal hair-follicle cell function and 

reduce inflammatory skin scarring and alopecia [291]. 

 

 



22 
 

2.3.5. Inflammatory bowel disease 

 

Ulcerative colitis and Crohn’s disease, the two main forms of chronic inflammatory bowel disease (IBD), are also 

possible targets of PPAR ligand therapy. The Pro12Ala PPARγ polymorphism might predispose to a subset of 

ulcerative colitis and Crohn’s disease [292-294], and PPARγ downregulation has been detected in lesions of ulcerarive 

colitis [293, 295] and in intestinal epithelia [296]. Similarly, increased susceptibility to experimentally-induced colitis 

has been reported in mice with PPARγ haploinsufficiency [297] (Table 2). TZDs improve the impaired PPARγ activity 

in inflamed colonic epithelium, and have beneficial clinical effects in patients with active distal ulcerative colitis [250, 

298]. The protective effects of PPARγ ligands on intestinal inflammation may be due to an increased Th2 cytokine 

response [297]. Similarly to PPARγ ligands, PPARα agonists reduce colonic inflammation in experimental models of 

IBD [299-301]. The beneficial effects of treatment with 5-aminosalicylic acid or glucocorticoids are observed only in 

mice expressing PPARγ or PPARα, respectively, and not in PPARγ deficient [302] or PPARα systemic knockout [303] 

mice. These studies indicate that both PPARα and PPARγ have anti-inflammatory effects in mouse models of 

chemically-induced colitis. 

PPARγ also improves mucosal barrier function by maintaining constitutive epithelial expression of a subset of 

beta-defensins in the colon (mDefB10 in mice and DEFB1 in humans), thus improving host defense against intestinal 

microbiota [304]. In line with this finding, the colonic mucosa of PPARγ-deficient animals shows impaired microbial 

killing and compromised protection against Candida albicans, Bacteroides fragilis, Enterococcus faecalis, and 

Escherichia coli [304]. PPARγ activation thus has the potential to mitigate chronic bowel disease by reducing 

inflammation and restoring mucosal defense. Mice lacking IL-10 also develop an intestinal immunopathology 

resembling Crohn’s disease [301]. In this animal model, administration of fenofibrate delays disease onset and reduces 

lesion severity and inflammation [301]. Future studies should define the mechanisms underlying PPARα activation and 

the subsequent reduced severity of IBD. 

 

2.3.6. Action of PPARs in chronic airway inflammation and pancreatitis  

 

Beneficial effects of PPARγ have also been shown in chronic airway inflammation [305], and the treatment of chronic 

obstructive pulmonary disease has emerged as another novel candidate target of PPARγ ligands [306]. An association 

has also been demonstrated between chronic obstructive pulmonary disease (COPD) and PPARγ allele polymorphisms 

[307], underscoring the importance of PPARγ in this pathology. Pharmacological PPARγ activation reduces oxidative 

stress and chemokine expression in inflamed airways, thereby mitigating COPD and associated pulmonary pathologies 

[305, 308, 309]. Most recently, impaired activation of PPARγ has been shown to account for the inflammation that 

provokes mucus retention in cystic fibrosis patients [310]. Airway mucus is retained and thickened in these patients, 

which leads to the obstruction and inflammation of luminal organs, such as the lungs. In a mouse model of cystic 

fibrosis, RSG treatment partially normalizes the altered gene expression pattern associated with cystic fibrosis, and 

reduces mucus retention and disease severity [310]. In cystic fibrosis patients, the compromised PPARγ activation may 

be a consequence of the reduced bioavailability of an endogenous PPARγ ligand (15-keto-prostaglandin E2) [310]. 

Acute pancreatitis can lead to the activation of lung macrophages and secondary pulmonary inflammation 

[311]. This pathology is also attenuated by PPARγ ligands such as RSG and pioglitazone [312, 313]. In a pancreas-

specific PPARγ knockout mouse model, RSG fails to inhibit acute pancreatitis, showing that TZDs mitigate pancreatic 
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inflammation by targeting pancreatic cells and not immune cells [314]. But although pioglitazone has potential in the 

treatment of acute pancreatitis, RSG is linked to adverse adipose cell infiltration of the exocrine pancreas [315]. 

 

2.3.7. PPARs in neuroprotection and inflammatory hyperalgesia 

 

Recent findings show that PPARs have positive effects on neuronal survival after ischemia-reperfusion injury of the 

brain and also mitigate neuroinflammation [316-318]. The therapeutic potential of PPARs could thus be expanded to the 

treatment of neurodegenerative conditions such as stroke, Alzheimer disease, Parkinson disease, multiple sclerosis, and 

amyotrophic lateral sclerosis [318, 319]. 

PPARα activation by fenofibrate reduces stroke susceptibility in mice and protects neurons from cell death in 

cerebral ischemia [320]. A rat model of stroke showed similar improvements in cerebral lesions and survival [316]. 

Neuroprotective effects of fenofibrate are absent from mice lacking PPARα, showing that PPARα activation is pivotal 

to mitigating stroke outcome [320]. PPARα-mediated neuroprotection is mediated through improved cerebral artery 

sensitivity to endothelium-dependent relaxation, upregulation of antioxidant enzyme activities, and the prevention of 

ischemia-induced expression of adhesion molecules in cerebral vessels [320]. These effects improve blood flow, 

mitigate oxidative injury, and reduce inflammatory cell evasion. PPARα might also reduce neuronal cell death in 

neurodegenerative conditions. For instance, oxidative stress and mitochondrial dysfunction in early Alzheimer disease 

is associated with reduced PPARα expression [321] and a correlation has been detected between human PPARα 

polymorphisms and increased risk of Alzheimer disease [322]. PPARα activation reduces the activation of 

inflammatory microglia and macrophages in response to amyloid deposition, and thus could slow the development of 

Alzheimer disease [323]. The anti-inflammatory effects of PPARα agonists also reduce disease severity in animal 

models of multiple sclerosis, through reductions in IL-4 and IL-5 expression [324]. Lipid lowering drugs have the 

potential to delay the progression of Parkinson disease; however, the positive effect of fibrates in this disease is still 

debated [325]. 

Ligands of PPARβ/δ and PPARγ have antioxidant effects and reduce neuronal cell loss in models of cerebral 

ischemia [318, 326, 327]. Anti-apoptotic effects of PPARγ and PPARβ/δ agonists have also been shown in vitro: 

PPARβ/δ activation reduces neuronal apoptosis, and various TZDs (troglitazone, RSG, NP00111 and NP01138) protect 

cultured cortical neurons from cell death induced by cell-free supernatant of activated microglia [328, 329]. In most 

neurodegenerative disorders, including multiple sclerosis, Parkinson disease and Alzheimer disease, neuronal cell death 

is induced by an uncontrolled inflammatory response of activated astrocytes and microglia [330]. PPARβ/δ and PPARγ 

not only protect neurons from the apoptosis-inducing effects of these inflammatory stimuli, but also inhibit 

inflammatory activation of cultured astrocytes and microglia and diminish their neurotoxic production of IL-6, TNF-α 

and NO [329, 331]. For instance, various PPARγ agonists reduce disease severity in experimental autoimmune 

encephalomyelitis (EAE), an animal model of multiple sclerosis [332-335]. The underlying mechanisms might include 

PPARγ-mediated inhibition of IL-12 production by microglia [335], blocked proliferation and activation of neuronal 

antigen-specific Th1 cells, and reduced differentiation of Th17 cells, the main effector cells in neuroinflammation and 

autoimmunity [333, 336, 337]. Similar roles have been attributed to PPARβ/δ, since PPARβ/δ-deficient mice develop 

prolonged EAE in association with augmented Th1 and Th17 responses [338]. Accordingly, PPARβ/δ agonists show 

neuroprotective potential in in vivo models of cerebral ischemia and Parkinson disease [327]. The anti-inflammatory 

effects of PPARγ agonists also reduce cell death in experimental Parkinson disease [339], and they reduce amyloid 
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deposition, mitigating disease progression and improving learning and memory in animal models of Alzheimer disease 

[318, 340]. Clinical trials with RSG have shown significant improvement in memory and cognition in Alzheimer 

disease patients [341]. Since PPAR ligands inhibit oxidative stress, inflammation and neuron apoptosis, they have the 

potential to mitigate other neurodegenerative diseases such as amyotrophic lateral sclerosis [342] and radiation-induced 

brain injury [317]; however, these clinical implications are still largely unexplored. 

Inflammation is associated with increased pain (hyperalgesia), due at least in part to the local acidosis of the 

inflamed tissue. Interestingly, inflammatory hyperalgesia is reduced by the PPARγ ligand 15d-PGJ2 [115, 343]. This 

effect is possibly mediated by tissue macrophages and involves endogenous opioid-signaling pathways [343]. TZDs 

may play a similar role in the central nervous system [115], raising the interesting possibility that anti-inflammatory 

PPARγ ligands could be used to combat inflammatory pain. These findings suggest future applications of PPAR 

activators in the management of chronic inflammatory conditions. 

 

2.4. PPARs and cancer 

 

2.4.1. PPARs: carcinogens or tumor suppressors? 

 

Due to their anti-inflammatory, anti-angiogenic, anti-proliferative, pro-apoptotic and differentiation promoting 

activities, PPARs have been intensively studied as targets for anti-cancer therapy in preclinical models [344]. However, 

PPARs have been reported to act both as promoters and suppressors of neoplasia, and the clinical potential of PPAR 

ligands and antagonists remains controversial. In some tissues, expression or activation of these receptors correlates 

with a positive clinical outcome, while in others they have the opposite effect. Indeed, firm genetic evidence supporting 

an association between the various polymorphisms/mutations in PPAR genes and the occurrence of cancer is at present 

lacking. For instance, some studies have linked somatic mutations in the PPARγ gene or inhibition of its function to the 

frequency of colon, thyroid, or prostate tumors (reviewed in [344]); however, another study did not detect mutations in 

PPARγ in a large sample of clinical cancer specimens, including colon, prostate breast, and lung cancers and 

leukaemias [345]. Additionally, total loss of both PPARγ alleles has never been described in any tumor, which would 

indicate that PPARγ is not a true tumor suppressor.  

These contradictory findings suggest that the action of PPARs in cancer is likely to depend on several factors. 

First, the outcome might be affected by the differentiation state of cells or tumors. Second, PPAR activity is influenced 

by numerous other factors (cofactors, mutations in target genes, etc.). Third, the differing characteristics of the animal 

models studied might affect the results obtained (some models are useful for the study of spontaneous development of 

cancer, whereas others are suitable for analyzing the behaviour of clonal cancerous cell populations). Also, given the 

pleiotropic activity of PPARs and their wide expression profile, the outcome might be the average of the different 

responses of diverse cell types present in the tumor bed. Finally, outcomes could be influenced by the bioavailability 

and concentration of PPAR agonists and the duration of treatment. In this regard, it is important to note that high 

concentrations of PPAR ligands elicit biological effects that arise from the cross-reactivity with different PPAR 

isotypes, or that might even be independent of PPAR activation. Also, in preclinical studies with rosiglitazone (RGZ), 

the concentrations used were far higher than those used in clinical trials, which are in the antidiabetic therapeutic range 

and consequently might not be effective for antitumor actions. Therefore the dosage of PPAR ligands in clinical trials 



25 
 

for cancer therapy needs to be defined thoroughly and monitored closely. Below, we highlight the latest studies on the 

role of PPARs in cancer. 

 

2.4.2. PPARs and gastrointestinal neoplasia 

 

The chronic inflammation caused by infections or autoimmune diseases has been recognized to contribute to inflamed 

stroma and tumor initiation, growth, and metastasis. The proteome and transcriptome of the tumor micro-environment 

undergo dramatic changes associated with the upregulation of inflammatory cytokines, suggesting the presence of an 

inflammatory response in the host tissue surrounding the tumor. Epidemiologic studies indicate that chronic 

inflammation is associated with increased cancer risk. For example, it has long been known that patients with persistent 

infection with hepatitis B or Helicobacter pylori, or with an immune disorder such as IBD, are at increased risk of 

developing liver or gastrointestinal tract cancer.  

The anti-inflammatory effects associated with the activation of PPARs led several groups to explore the 

involvement of PPARs in colorectal cancer (CRC), which has been linked to chronic inflammatory disorders of the 

gastrointestinal tract. Direct demonstration of the link between inflammation and tumor progression comes from a 

clinical trial showing that the use of non-steroidal anti-inflammatory drugs (NSAIDs) reduces the relative risk of 

developing CRC by 40% to 50% [346].  

PPARα and PPARγ are both expressed in epithelial cells of the mouse gastrointestinal tract [347]. PPARα 

expression is higher in small intestine than in colon, whereas PPARγ shows the reverse pattern. The physiological roles 

of PPAR proteins in the intestine are not fully defined, but are thought to involve the regulatory actions of PPARα and 

PPARγ on inflammation in the colon. The expression of PPARβ/δ in the gastrointestinal tract is very high compared 

with that in other tissues [348]. However, although PPARβ/δ deletion significantly exacerbates adverse symptoms in 

mouse models of experimental colitis, treatment with PPARβ/δ agonists not only does not reduce clinical symptoms of 

colitis [349], it enhances colitis in IL-10-deficient mice [301]. In addition to epithelial cells, expression of PPARs in 

immune cells might contribute to their protective role against inflammation and cancer in the gastrointestinal tract. 

Studies of the role of PPARs in the intestinal tract suggest that PPARα and PPARγ agonists have great 

potential to alleviate the symptoms of intestinal inflammatory diseases, and could prevent the development of 

inflammation-associated cancer. 

 

2.4.3. PPARs and tumor proliferation/suppression 

 

Uncontrolled tumor cell proliferation requires the up-regulation of multiple intracellular signaling pathways, including 

those involved in survival, proliferation, and cell-cycle progression. Several studies suggest that PPAR activation results 

in growth arrest of tumor cells though the induction of cell-cycle arrest and/or apoptosis.  

 

2.4.3.1 PPARα and PPARγ 

 

Chronic administration of certain PPARα agonists induces hepatocarcinogenesis in rodents [350], and therefore PPARα 

was initially not considered as a molecular target for cancer therapy. However, epidemiologic risk evaluation studies 

showed that PPARα ligands (which include clinically used hypolipidemic fibrates and also industrial plasticizers, 

pesticides and solvents) do not trigger the same responses in human hepatocytes as they do in rodent liver, 
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demonstrating their safety [351]. Moreover, in the last decade several studies have revealed that PPARα is expressed in 

tumor cells of prostate, breast, or endometrial origin (reviewed in [344]). These findings raised great interest in the link 

between PPARα and cancer, because epidemiologic data suggest that dietary fat and cholesterol, by increasing 

circulating estrogen levels, might increase the risk of hormone-dependent cancer [352]. Importantly, several in vitro 

studies have demonstrated that activation of PPARα inhibits the proliferation of mouse and human malignant cells, 

including those derived from melanoma, skin, breast, glia, colon, endometrium, lung, and ovary (reviewed in [344]. In 

contrast to PPARα, the anticancer effects of PPARγ agonists have been extensively studied (for reviews see [344, 353]). 

PPARγ activation exerts anti-proliferative effects in several tumor cell lines, including liposarcoma, glial brain tumors, 

pituitary tumors, adrenocortical cancers, bladder cancers, and carcinomas of diverse origin including breast, prostate, 

colon, ovary, non-small cell lung, pancreas, and gastric. In addition, ligand-activation of PPARγ induces apoptosis of 

breast, prostate, brain, and non-small lung cancer cells, as well as of human monocyte leukaemia cells. Induction of 

PPARα has also been linked to the induction of apoptosis in malignant cells. PPARα-specific agonists trigger cell death 

in human glioblastomas and endometrial cancers. Also, treatment of malignant cells of different origins (particularly 

liver and brain) with conjugated linoleic acid induces PPARα expression, and there is a direct correlation between the 

highest increase in PPARα and the induction of the apoptotic program. These cytotoxic and cytostatic effects of PPARs 

are linked to changes in expression of genes that regulate cell growth and maturation and apoptosis. These genes 

include cyclin D1, the cyclin-dependent kinase inhibitors p18, p21 and p27, tumor suppressor genes such as PTEN and 

p53, oncogenes such as MDM-2, anti-apoptotic genes such as Bcl-2 and Akt, and molecules with pro-apoptotic activity 

including Bax, PARP, Caspase 3 and AP-1. In addition, PPARγ activation inhibits E2F/DP DNA binding, which is 

required for cell proliferation, and the phosphorylation of Rb, which also contributes to tumor-cell arrest. Recent studies 

suggest that PPARα activity is more related to apoptosis, while PPARγ activation is more related to the control of cell 

proliferation [354]. The authors show that treatment of human hepatocarcinoma HepG2 cells with a PPARα-specific 

ligand induces apoptosis in a time- and dose-dependent manner, whereas incubation of the same cell line with a PPARγ-

specific ligand provokes a time- and concentration-dependent inhibition of cell proliferation.  

In spite of these results, in vivo evidence for an anti-tumorigenic role of PPARγ and PPARα is controversial 

because of conflicting results from different mouse models of cancer (Table 7 and 8). On the one hand, PPARγ and/or 

PPARα activation inhibits tumor growth and progression in xenografts and chemically-induced models of colon, 

prostate, adrenocortical, pituitary, ovarian, skin, and breast cancer [355-360]. On the other hand, PPARα-specific 

knockout mice are resistant to chemically-induced carcinogenesis [361], and several studies have demonstrated that 

activation of PPARγ promotes the development of colon tumors in C57BL6J-APCmin/+ mice, a clinically-relevant model 

of familial adenomatous polyposis and sporadic colon cancer [362, 363]. However, intestinal-specific PPARγ 

knockdown promotes tumor growth in C57BL6J-APCmin/+ mice [364], and PPARγ knockdown has also been shown to 

increase the occurrence of chemically-induced ovarian and colon cancer [365, 366]. These divergent effects of PPARγ 

might be related to drug doses and bioavailability, and to the animal models used. 

Clinical studies have not provided a conclusive answer to the question of whether PPARα or especially PPARγ 

activity favors or inhibits cancer formation and progression. Clinical trials of TZD for the treatment of different types of 

solid tumors have given controversial results. Striking results were obtained in clinical trials of PPARγ-agonist 

efficiency in the treatment of liposarcomas, showing that triglitazone efficiently induced differentiation and cell-cycle 

arrest of liposarcome in three patients [367]. A few studies found a positive therapeutic effect of TZD, particularly if 

combined with chemotherapeutic and angiostatic agents [368]. Importantly, a retrospective cohort study in humans 
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revealed that treatment of diabetic patients with TZD slightly reduced the risk of CRC and prostate cancer, and reduced 

the risk of lung cancer by 33% [369]. 

 

2.4.2.2. PPARβ/δ 

 

It is unclear whether PPARβ/δ has pro- or anti-tumorigenic effects, since the evidence is conflicting. Several reports 

present evidence of a role for PPARβ/δ in cell proliferation in various cancer models, including colon, ovarian, breast 

and lung cancers. The following observations strongly suggest the existence of a crosstalk between oncogenic signaling 

and PPARβ/δ, and thus a tendency of PPARβ/δ to enhance cancer formation. First, PPARβ/δ expression is elevated in 

colon cancer cells, and its endogenous activation has been proposed to mediate the pro-tumorigenic effect of PGs in the 

colon [370]. Importantly, tissue expression of PPARβ/δ has been associated with poor prognosis in CRC patients [371], 

and its genetic disruption decreases the tumorigenicity of human colon cancer cells [372]. Moreover, repression of 

PPARβ/δ by NSAIDs has been shown to mediate the tumor suppressor activity of these agents in CRC [373] and 

ovarian cancer [374] by a mechanism that includes a decrease of COX-dependent PG production and a direct inhibition 

of the DNA-binding activity of PPARβ/δ. In a later report using NO-donating aspirin, the authors describe a 

relationship between reduced PPARβ/δ expression and the degree of chemoprevention, accompanied by a quantitatively 

corresponding induction of apoptosis [375]. Furthermore, expression of PPARβ/δ increases after activation of the 

oncogene k-Ras [376], and is repressed by the tumor suppressor APC via the β-catenin/Tcf-4 response elements in its 

promoter [373]. Indeed, pharmacological activation of PPARβ/δ has been related to an acceleration of intestinal 

adenoma growth in C57BL6J-APCmin/+ mice [377, 378], and tumorigenesis is significantly inhibited after PPARβ/δ 

knockdown [372, 379, 380]. However, several studies reported that PPARβ/δ is dispensable for polyp formation in the 

intestine and colon of C57BL6J-APCmin/+ mice [381], and several other studies point to an anti-tumorigenic activity of 

PPARβ/δ. For instance, activation of PPARβ/δ by the synthetic ligand GW0742 attenuates skin tumorigenesis, and its 

efficacy is increased when combined with COX-2 inhibitors [382]. The strongest evidence for an anti-tumor action 

comes from animal studies with PPARβ/δ–null mice. PPARβ/δ expression attenuates colon polyp formation and 

predisposition to intestinal tumorigenesis in C57BL6J-APCmin/+ mice and in mice with chemically induced cancers [383, 

384]. Moreover, a recent study demonstrated that the proliferation of colon cancer cell lines is significantly accelerated 

after PPARβ/δ knockdown [385]. Finally, in spite of a report suggesting that PPARβ/δ is elevated in most human CDRs 

[370], other reports show that PPARβ/δ expression is lower in human tumors than in normal control tissues [386]. 

 

2.4.4. PPARs and angiogenesis 

 

Cancer is not simply attributable to the loss of growth control of a single cell clone, but is rather a developmental 

disease that involves interactions between tumor cells and the stromal tissue. The microenvironment includes ECs, 

inflammatory cells, and other stromal elements. Angiogenesis and inflammation are central processes through which the 

tumor microenvironment influences tumor growth. The process of neovascularization requires that ECs proliferate, 

migrate, disrupt the matrix in order to invade, form tubes, and mature through the recruitment of surrounding pericytes. 

Angiogenesis is also tightly linked to tumor secretion of specific cytokines and inflammatory mediators (e.g. IL-6, IL-8, 

COX-2 and iNOS) [387]. PPARs have been shown to affect each stage of angiogenesis, and therefore the effects of 

PPAR ligands on cancer will not be mediated exclusively by tumor cells, thus extending the repertoire of potential 

targets of PPAR ligands beyond cell autonomous mechanisms of cancer.  
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2.4.1. PPARα 

 

PPARα is expressed in tumor, endothelial and inflammatory cells [388]. Endothelial expression of PPARα inhibits 

proliferation and migration, and induces apoptosis in vitro [389]. Other in vitro studies have revealed an anti-metastatic 

activity of PPARα ligands. Activation of PPARα inhibits proliferation of mouse lung ECs [360] and VEGF- and FGF2-

stimulated proliferation of human umbilical vein and bovine capillary ECs [390]. In addition to its anti-endothelial 

effects, fenofibrate directly suppresses VEGF production, and increases tumor-cell production of the angiogenesis 

inhibitors thrombospondin (TSP-1) and endostatin. In a study assessing the role of clofibric acid (CA, a specific ligand 

of PPARα) in human ovarian cancer, the authors showed that CA decreased PGE2 levels in correlation with decreased 

VEGF expression [359] Other studies have shown that PPARα activation leads to a down-regulation of Akt 

phosphorylation in melanoma cells [391]. Since Akt predisposes fibrosarcoma cells to an aggressive phenotype by 

increasing their migration, invasion and MMP production, the inhibition of Akt signaling might be involved in the anti-

metastatic activity of fenofibrate. Moreover, fenofibrate inhibits metastatic spread from melanoma tumors in vivo [392], 

reduces adventitial angiogenesis and inflammation in a porcine model [393], and inhibits corneal neovascularization 

induced by the angiogenic factor fibroblast growth factor 2 (FGF2) [390]. Importantly, fenofibrate has been shown to 

decrease VEGF levels in patients with hyperlipidaemia and atherosclerosis [394]. Reduction of tumor growth and 

vascularization induced by treatment with PPARα ligands has been linked to decreases in the plasma levels of pro-

angiogenic epoxygenase metabolites (ETTs), hepatic EET biosynthesis, and Cyp2c epoxygenase expression [360]. 

Panigrahy and co-workers demonstrated that systemic therapy with PPARα ligands inhibits primary tumor growth 

through a mechanism dependent on PPARα expression in host stroma, but not in tumor cells. These findings together 

suggest that PPARα activation suppresses tumor growth through direct actions on tumor cells and indirect actions on 

angiogenesis.  

 

2.4.4.2. PPARγ 

 

PPARγ is expressed in normal ECs, and also in the tumor endothelium [395]. In fact, PPARγ is more highly expressed 

in ECs of lung cancer and renal cell carcinoma than in corresponding healthy tissue [396]. In in vitro angiogenesis 

assays PPARγ agonists inhibit angiogenesis at several steps. PPARγ ligands inhibit EC growth and migration as well as 

tube formation induced by the angiogenic factors FGF2, leptin, phorbol myristate acetate (PMA) and VEGF [395]. 

PPARγ agonists also induce EC apoptosis at nanomolar doses, suggesting a specific PPARγ-mediated effect [397]. 

When used to treat tumor cells, TZDs have been shown to reduce the invasiveness of adrenocortical cancer cell lines 

(H295R and SW13) through matrigel by about 85%, and to inhibit MMP2 secretion in a dose-dependent manner [398]. 

PPARγ ligands have also been shown to inhibit fibronectin-induced expression of α5 integrin (a promotor of 

angiogenesis) and the growth of non-small lung carcinoma cells [399].  

Due to its multiple pleiotropic effects, PPARγ has been proposed to modulate angiogenesis in vivo by affecting 

the expression of molecules in tumor cells and also in the tumor microenvironment, including ECs, pericytes, and 

inflammatory cells. PPARγ ligands have been shown to directly modulate the expression of leptin [388], the anti-

angiogenic molecule maspin (mammary serine protease inhibitor) [400], the pro-angiogenic molecules TNFα and iNOS 

[136, 401], and CD36, the receptor of the anti-angiogenic molecule TSP-1. In addition, TGZs and 15d-PGJ2 have both 

been shown to suppress secretion of VEGF and/or FGF2 by human glioblastoma or lung and renal carcinoma cell lines 

[402]. However, in other cell types PPARγ ligands upregulate VEGF and/or FGF2 production [403, 404]. In fact, recent 
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studies have demonstrated that inhibition of PPARγ blocks tumor cell invasion in squamous cell and hepatocellular 

carcinoma [405, 406], suggesting a cell type- and dose-dependent effect of PPARγ. Evidence of in vivo inhibition of 

angiogenesis by PPARγ ligands has been obtained using two models of neovascularization: the corneal 

neovascularization and chorioallantroic membrane (CAM) assays [395]. The authors of this work demonstrated that the 

anti-angiogenic effect of PPARγ ligands include a component that is independent of inflammatory processes, but also 

an indirect function inhibiting macrophage activation and invasion, which are important modulators of tumor 

angiogenesis. 

Preclinical studies with PPARγ agonists have demonstrated that they may be effective in preventing metastasis. 

In a xenograft model injected subcutaneously with H295R cells and treated with RGZ, tumor growth and invasiveness 

were significantly reduced compared with the control group, correlating with a significant reduction in the expression of 

angiogenic and vascular genes such as VEGF and CD31 [407]. When non-small cell lung cancer cells overexpressing 

PPARγ were implanted orthotopically in mice, tumor number and metastasis were significantly lower compared with 

controls, correlating with improved survival [408]. PPARγ ligands improve the anti-angiogenic and anti-tumor effects 

of TSP-1 in tumor xenofrafts through the induction of endothelial CD36 expression [409]. Troglitazone potently 

inhibits human papillary thyroid tumor growth and prevents distant metastasis of thyroid tumors to the liver [410]. 

Systemic therapy with PPARγ ligands prevents metastatic invasion after removal of primary lung carcinoma [395]. In 

addition, PPARγ expression levels in human tumors correlate with positive prognosis: PPARγ levels are inversely 

associated with tumor grade and invasive capacity, and directly associated with positive clinical outcome [411, 412]. 

In conclusion, conflicting data mean that it is not possible at present to define the exact role of PPARs in cancer 

development. However, it is clear that PPAR ligand activation has a major influence on cancer development that 

requires further investigation. What is certain is that, in a limited number of patients, treatment with PPAR ligands has 

had exciting anti-cancer effects. We have presented here findings supporting the rationale for developing PPAR 

agonists as anti-tumor agents. However, early diagnosis and assessment of genetic predisposition will be pivotal for the 

success of PPAR-targeted therapy. Therefore further research is needed before PPAR modulation can be used as an 

effective therapy for chemoprevention and treatment of cancer. 

 

3. SUMMARY AND PERSPECTIVES 

 

Today PPARα and PPARγ ligands are clinically used in the management of diseases associated with IR and 

dyslipidemia. However, the abundance of pleiotropic actions of PPARs in mammalian physiology and human 

pathologies implies an enormous therapeutic potential for PPAR agonists that goes far beyond their use as lipid-

lowering and insulin-sensitizing drugs. Recent advances in the field have begun to expand the potential medical 

applications of PPAR ligands, and today we should consider the possible use of PPAR agonists in various forms of 

chronic inflammatory disorders and cancer. Since concomitant activation of PPARs in distinct target cells often leads to 

undesirable side effects, the development of cell-specific PPAR agonists and improvements to current PPAR-based 

therapies are of great interest. The achievement of cell-specific PPAR activation or overexpression is the new challenge 

in basic research into PPARs, while trials of dual agonists and SPPARMs are the new directions in clinical research 

aimed at improving PPAR applications in medicine. 
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Figure 1. Chemical structure of medically-relevant PPAR ligands 

(A) Fibrates, agonists of PPARα, are used in clinical practice, while tests of the PPARβ/δ activator GW0742 are in the 
preclinical phase. PPARα-PPARγ dual agonists have also been tested clinically. Troglitazone and ciglitazone are the 
prototypic thiazolidinedione (TZD)-type PPARγ agonists. Troglitazone has been withdrawn from the market due to its 
liver toxicity, and ciglitazone was never used in clinical practice. Today the clinically available TZDs are pioglitazone 
and rosiglitazone. 15d-PGJ2 is a non-TZD type natural PPARγ ligand. (B) Secondary structure prediction of PPAR 
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ligand binding domains (LBDs). Left: Human PPARα LBD in a complex with a synthetic agonist (PDB: 2ZNN_A, 
[413]). Middle: LBD of PPARβ/δ  complexed with a partial agonist (PDB: 2Q5G_B, [414]). Right: Human PPARγ 
LBD complexed with a potent and selective agonist (PDB: 3GBK_B, Lin [415]). The solvent-accessible ligand-binding 
pocket is shown as a dotted gray surface. Three-dimensional molecule models were reconstructed with Chimera 1.5 
software using secondary structure prediction generated with the local meta threading server (LOMETS) of the 
University of Michigan, USA. 
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Figure 2. Biology and pharmacological effects of PPARs in different organ systems 

PPARs are present in several organ systems, and are involved in their development, differentiation and metabolism by 

regulating a plethora of cellular pathways. The main pharmacological PPAR-targets are the cardiovascular system and 

the insulin-responsive metabolic organs (liver, adipose tissue and skeletal muscle). PPARs also affect inflammatory 

responses in various cell types (e.g. macrophages, microglia) in tissues including kidney, skin, mucosal barriers and 

brain.  
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Table 1. Effect of PPAR ligands in animal models of metabolic disorders 

Isoform Ligand Effect Reference 

PPARα 
WY 14,643 Improved insulin sensitivity; 

reduced liver and muscle lipid accumulation 
[416, 417] 

Fenofibrate Increased hepatic glucose production in fasting state and IR [85] 

PPARβ/δ 

GW501516 Improved glycemic control; 
increased FAO 

[54] 

GW610742 Inhibited skeletal muscle carbohydrate oxidation; 
normalized cardiac muscle carbohydrate utilization [94] 

GW0742 Increased glucose disposal to skeletal muscle [19] 

NNC61-5920 Reduced metabolic abnormalities in mice; exacerbated IR in rats [54] 

PPARγ 

RSG 

Improved glucose disposal and insulin signaling; 
increased glycogen synthesis, FAO and lipogenesis 

[24, 54] 
Troglitazone 

Pioglitazone 

Ciglitazone 

15dPGJ2 Increased adipocyte differentiation [65] 
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Table 2. Characteristic metabolic effects of PPAR gene ablations in mouse 

Gene deletion Phenotype References 

PPARα deletion 
May protect from IR, although it has no effect on high fat diet-induced IR development 
and β-cell function; disturbs the normal circadian regulation of certain SREBP-sensitive 

genes in the liver 
[23, 87, 88] 

PPARβ/δ deletion Glucose intolerance, increased hepatic gluconeogenesis; inflammatory Kupffer-cell 
phenotype; 

[25, 26] 

PPARγ systemic 
deletion 

Lethal developmental deficits; mice that survive embryonic lethality show IR and 
lipodistrophy; TZDs may increase β-cell and adipose tissue growth 

[39, 40, 42, 

418] 

PPARγ2 systemic 
deletion Decreased fat mass, severe IR, β-cell failure, and dyslipidaemia in leptin-deficient mice [419] 

PPARγ 
haploinsufficiency 

Leptin overexpression, decreased fat mass, protection from IR; increased bone mass and 
reduced leptin levels 

[43, 46, 418] 

PPARγ deletion in 
adipose tissue 

Adipocyte hypocellularity and hypertrophy, dyslipidemia, increased hepatic glucose 
production, IR 

[34] 

PPARγ deletion in  
muscle Glucose intolerance and progressive IR development [33] 

PPARγ deletion in liver Reduced liver steatosis and increased plasma lipids in leptin-deficient mice [420, 421] 

PPARγ deletion in the 
endothelium 

Decreased adiposity and increased insulin sensitivity; increased serum FFA and 
triglyceride levels; impaired response to RSG 

[37] 

PPARγ deletion in 
macrophages 

Altered cholesterol efflux and lipid metabolism; increased inflammatory macrophage 
polarization; augmented diet-induced IR 

[36, 121, 

153] 

PPARγ deletion in 
neurons 

Reduced food intake and increased energy expenditure, resulting in reduced weight gain; 
lack of RSG-induced hyperphagia and weight gain and lack of RSG effect on hepatic IR; 

silencing brain PPARγ provokes similar effects 
[38, 119] 
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Table 3. Effects of PPAR ligands on inflammation in animal models 

Isoform Ligand Effect Reference 

PPARα 

Wy 14,464 Reduced inflammatory activation of astrocytes and 
myeloid cells [323, 331] 

WY14643 Reduced inflammatory gene expression in hepatocytes [422] 

Fenofibrate Reduced inflammatory response of myeloid cells, glial cells and T cells; 
beneficial effects in neuroinflammation and fibrosis 

[206, 301, 331, 
423] 

Bezafibrate Reduced inflammation in colitis [357] 

Gemfibrozil Mitigated inflammatory activation of astrocytes, microglia and vascular cells [331, 423, 424] 

PPARβ/δ 

L-165041 Anti-inflammatory effects in renal disease; protection against neuroinflammation [327, 425] 

GW501516 Inhibited inflammatory signaling in liver and heart; 
protection from neuronal cell death, mitigated neuroinflammation 

[122, 125, 327] 

GW0742 Reduced lung inflammation and inflammatory signaling in cardiomyocytes [124, 426] 

PPARγ 

RSG 
Mitigated colitis, reduced pancreatitis and lung inflammation, diminished kidney 

diseases; neuroprotection; mitigated renal manifestation of systemic lupus 
erythematosus 

[266, 267, 297, 
315, 316, 339] 

Troglitazone Reduced colitis and autoimmune encephalomyelitis [357, 427] 

Pioglitazone Mitigated colitis, arthritis and autoimmune encephalomyelitis; neuroprotection [297, 328 , 357, 
428, 429] 

Ciglitazone Inhibited inflammatory cell activation; reduced neuroinflammation [174, 277] 
15dPGJ2 inflammatory pain reduction [115, 343] 

15-keto-PG 
E2 

 

Required for proper mucus production; may reduce mucus obstruction in cystic 
fibrosis [310] 

 

 

 

Table 4. Effects of PPAR gene ablations on the immune system in mouse 
Gene deletion Phenotype References 

PPARα deletion Increased susceptibility to glomerular damage; lack of effect of anti-inflammatory 
agents on intestinal inflammation [269, 303] 

PPARδ/β deletion 
Phagocytosis deficits; altered T-cell functions and development of autoimmune 

diseases; 
impaired anti-inflammatory macrophage polarization 

[270] [338] 

PPARγ haploinsufficiency 
Increased susceptibility to intestinal inflammation; 

protection from high fat-induced kidney inflammation; 
exacerbated experimental allergic encephalomyelitis 

[297, 302, 430, 
431] 

PPARγ deletion in 
macrophage 

Impaired phagocytosis, autoimmune disorder; 
impaired anti-inflammatory macrophage polarization; altered lipid handling and 

cholesterol efflux 

[13, 36, 121, 
153] 

PPARγ deletion in T-cells Loss of negative effect on Th17 cell differentiation; predisposes to autoimmune 
diseases [337] 

PPARγ deletion in 
pancreas Abolishes TZD effect on pancreatitis [314] 
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Table 5. Effect of PPAR ligands in preclinical models of CVDs 
Isoform Ligand Effect Reference 

PPARα 

WY 14,643 

Protection against I/R injury in mice 
Protective effect in heart hypertrophy in rodents 

 

[233] 
[211] 

Induction of cardiac lipotoxicity in I/R mice models 
Depression of cardiac power in hypertrophied hearts 

[432] 
[222] 

GW7647 Reduced atherosclerotic lesion in hyperlipidemic mice 
Protection against I/R injury in mice 

[140] 
[235] 

Fenofibrate 

Reduced atherosclerotic lesion in hyperlipidemic mice 
Protection against I/R injury in mice 

Protective effect in heart hypertrophy in rodents 
Protection against hypertension 

Attenuation of cardiac fibrosis in mice and rats 

[139] 
[234] 

[172, 211] 
[200, 201, 206] 

[204-206] 

No protection against I/R injury in pigs 
No protection against infarct healing in rodents (late treatment) 

[433] 
[242] 

Cipofibrate Increased atherosclerotic lesion in hyperlipidemic mice [147] 
Gemfibrozil Reduced atherosclerotic lesion in hyperlipidemic mice [141] 
Clofibrate Protection against I/R injury in mice [233] 

PPARβ/δ 

L-165041 Protective effect in heart hypertrophy in rodents [212] 

GW501516 Reduced atherosclerotic lesion in hyperlipidemic mice [123] 

GW0742 

Reduced atherosclerotic lesion in hyperlipidemic mice 
Protection against I/R injury in rats 

Protective effect in heart hypertrophy in rodents 
 

[161, 162] 
[239] 
[213] 

No effect on atherosclerotic lesion in hyperlipidemic mice [140] 

PPARγ 

RGZ 

Reduced atherosclerotic lesion in hyperlipidemic mice 
Protection against I/R injury in mice and rats 

Attenuation of cardiac fibrosis in mice and rats 
 

[140, 141] 
[205, 233] 

No effect on atherosclerotic lesion in hyperlipidemic mice 
Induction of heart hypertrophy in mice and rats 

[148] 
[219] 

Troglitazone 

Reduced atherosclerotic lesion in hyperlipidemic mice 
Protection against I/R injury in rats 

Protective effect in heart hypertrophy in vitro 

[144, 145] 
[232] 
[217] 

No protection against I/R injury in pigs [434] 

Pioglitazone 

Reduced atherosclerotic lesions in hyperlipidemic mice 
Protective effect in myocardial infarction in mice (early treatment) 

Protection against I/R injury in mice 
Attenuation of cardiac fibrosis in rodents 

[146] 
[241] 

[220, 233] 

No effect on atherosclerotic lesions in hyperlipidemic mice 
No protection in myocardial infarction in rodents (late treatment) 

Induction of heart hypertrophy in mice 

[148] 
[220] 

Ciglitazone Protection against I/R injury in mice 
Attenuation of cardiac fibrosis in mice and rats 

[233] 
[243] 

15dPGJ2 Protection against I/R injury in mice 
Protective effect in heart hypertrophy in vitro [217] 

T-174 Induction of heart hypertrophy in rats [229] 
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Table 6. Effects of PPAR gene ablations on CVD in mouse 
Gene deletion Phenotype References 

PPARα-/- 

 
 
 
 

PPARα-/- in ex vivo hearts 
 
 

PPARα-/- in heart 
 
 
 

PPARα-/-/ApoE-/- 

 

PPARα-/-/LDLR-/- BMT 

Increased cardiac hypertrophy and fibrosis 
Salt-sensitive hypertension 

Susceptibility to I/R damages 
Loss of ligand-mediated protection against I/R injury 

 
Decreased myocardial FAO/Increased glucose uptake 

Normal recovery after I/R 
 

Alteration in myocardial carbohydrate metabolism 
Increased FAO/Normal glucose uptake 

 
Reduced atherosclerosis and blood pressure under HFD 

 
Increased atherosclerosis under HFD 

[214-216] 
[196] 
[234] 
[235] 

 
[225] 

 
 
 

[49] 
 

[149] 
 

[142] 

PPARδ/β-/- in heart 
 
 
 

PPARδ/β-/-/LDLR-/- BMT 

Decreased myocardial FAO 
Induction of lipotoxic cardiomyopathy 

Increased oxidative damaged/Cardiac hypertrophy 
 

Reduced atherosclerotic lesion area under HFD 

[226] 
[227] 

 
 

[9] 
PPARγ+/- 

 

PPARγ-/- in heart 
 

PPARγ-/- in VSMC 
 
 

PPARγ-/- in ECs 
 
 

PPARγP465L/+ 

 
 
 
 

PPARα-/-/LDLR-/- BMT 

Tendency to hypertrophy 
 

Increased cardiac hypertrophy 
 

Altered arterial vasoconstriction 
Impaired vasoactivity and hypotension 

 
Reduced vascular NO production/hypertension 

Hypertension in response to HFD  
 

Hypertension 
 
 

Enhanced atherosclerosis under HFD 

[218] 
 

[219, 220] 
 

[195] 
[199] 

 
[193, 194] 

[192] 
 

[197] 
 
 

[151] 

Gene overexpression Phenotype References 

PPARα in heart 
 

Increased myocardial FAO/Decreased glucose uptake 
Decreased glucose uptake/Diabetic cardiac myopathy 

Detrimental to recovery after reperfusion 
 

[223, 225] 
[224] 
[225] 

 
PPARδ/β in heart 

 
 
 

Increased glucose uptake 
Attenuation of myocardial injury after I/R 

 
 

[238] 
 

PPARγ1 in heart 
 

PPARγ1 in ApoE-/- mice 

Increased myocardial FAO/Cardiac hypertrophy 
 

Reduced atherosclerosis 

[228] 
 

[435] 
           SMC: smooth muscle cells; BMT: bone marrow transplant; ECs: endothelial cells;  

           VSMC: vascular smooth muscle cells; HFD: high-fat diet 
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Table 7. In vivo effects of PPAR ligands in cancer 
Isoform Ligand Effect Reference 

PPARα 

Wy 14,464 Reduced tumorigenesis in mice [360] 

Fenofibrate Reduced tumorigenesis in mice 
Suppression of angiogenesis 

[390] 
[392] 

Bezafibrate Reduced tumorigenesis in mice [357] 

Clofibric acid Reduced tumorigenesis in mice 
Increased survival [359] 

Nafenopin Induction of hepatocarcinoma in mice [350] 

PPARβ/δ 
PGE2 Induction of tumorigenesis in APCmin/+ mice [377] 

GW501516 Induction of tumorigenesis in APCmin/+ mice [378] 
GW0742 Reduced chemically-induced tumorigenesis in mice [382] 

PPARγ 

RGZ 

Reduced tumorigenesis in mice 
Suppression of angiogenesis 

[355] 
[395] 

No objective response in humans 
Promotion of carcinogenesis in APCmin/+ mice 

[436] 
[362] 

Troglitazone 
Reduced tumorigenesis in mice 

Suppression of angiogenesis 
[358] 
[407] 

Promotion of carcinogenesis in APCmin/+ mice [362] 

Pioglitazone 
Reduced tumorigenesis in normal and APCmin/+ mice 

Reduced metastasis in humans [358, 368] 

Promotion of carcinogenesis in APCmin/+ mice [363] 
GW7845 Reduced tumorigenesis in rats [356] 

 

 

Table 8. Effects of PPAR gene ablations on cancer in mouse 

Gene deletion Phenotype References 
PPARα+/- Resistance to chemically-induced carcinogenesis [361] 

PPARδ/β-/- 

 

 

 

PPARδ/β-/- in colon 
 

PPARδ/β-/- xenograft tumors 

Increased colon polyp formation in APCmin/+ mice 
Increased chemically-induced polyp formation 

Reduced intestinal polyp formation in APCmin/+ mice 
 

Inhibition of chemically-induced carcinogenesis 
 

Decreased tumorigenesis 

[384] 
[383] 
[379] 

 
[380] 

 
[372] 

PPARγ(-/-) or (+/-) 

 

 

PPARγ(-/-) or (+/-)/ in intestine 
 

PPARγ+/- 

Increased chemically-induced skin, ovarian and breast cancer 
Increased metastasis and decreased survival 

 
Promotion of intestinal tumor growth 

 
Increased chemically-induced colon cancer 

[366] 
 
 

[364] 
 

[365] 
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