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Peroxisome proliferator-activated receptor-y (PPARy) is the members of the nuclear receptor superfamily as a master
transcriptional factor that promotes differentiation of preadipocytes by activating adipose-specific gene expression. Although
PPARYy is expressed predominantly in adipose tissue and associated with adipocyte differentiation and glucose homeostasis, PPARy
is also present in a variety of cell types including vascular cells and cardiomyocytes. Activation of PPARy suppresses production
of inflammatory cytokines, and there is accumulating data that PPARy ligands exert antihypertrophy of cardiomyocytes and
anti-inflammatory, antioxidative, and antiproliferative effects on vascular wall cells and cardiomyocytes. In addition, activation
of PPARy is implicated in the regulation of endothelial function, proliferation and migration of vascular smooth muscle cells,
and activation of macrophages. Many studies suggest that PPARy ligands not only ameliorate insulin sensitivity, but also have
pleiotropic effects on the pathophysiology of atherosclerosis, cardiac hypertrophy, ischemic heart, and myocarditis.

1. Introduction

Cardiovascular disease (CVD) is the leading cause of mor-
bidity and mortality in the western world. Major risk factors
for CVD is hypertension, dyslipidemia, and hyperglycemia
including insulin resistance [1]. Many antihypertensive drugs
are widely used to normalize blood pressure, and its evidence
of CVD preventive effect has been clarified [2]. Moreover,
several classes of drugs for dyslipidemia, including bile acid
sequestrants, fibrates, and statins, have been used historically
to reduce cholesterol levels and reduced the morbidity and
mortality of CVD [3]. Meanwhile, insulin has been used
to improve hyperglycemia as a pivotal controller of basic
glucose metabolism. Since the insulin self-injection of every
day is intolerable [4], other agents that are used to help
control elevated glucose concentrations in diabetes have
been developed. These agents can decrease glucose produc-
tion by the liver (metformin), stimulate insulin secretion
(sulfonylureas and meglitinides), retard glucose absorption
from the gastrointestinal tract (-glycosidase inhibitors),
slow intestinal motility (amylin), reduce insulin resistance

(thiazolidinediones (TZDs)), or replace gastrointestinal pep-
tides known to be active in glucose metabolism (GLP-1
analogs or dipeptidyl peptase IV inhibitors). TZDs are a
class of glucose-lowering oral medications which improve
glycemic control and improve insulin sensitivity in muscle
and liver [5]. TZDs exert their hypoglycemic properties
by reducing insulin resistance through stimulation of a
nuclear receptor, peroxisome proliferator-activated receptor
y (PPARy). PPARYy is associated with adipocyte differentia-
tion and glucose homeostasis. PPARy is expressed in a variety
of cell types, including adipocytes, macrophages, vascular
smooth muscle cells (VSMCs), endothelial cells (ECs), and
cardiomyocytes [6—11]. Since it was reported that activation
of PPARy suppresses production of inflammatory cytokines
in activated macrophages, many researchers paid attention to
PPARy as a new therapeutic target for CVD.

RXR, which interacts with the PPARy, is activated
by 9-cis retinoic acid. When combined as a PPARy:RXR
heterodimer, the PPARy ligands and 9-cis retinoic acid
act synergistically on PPARy responses. The corepressor
complex constitutes corepressor proteins, such as nuclear
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receptor corepressor (NCoR) and silencing mediator of
retinoid and thyroid hormone receptors, histone deacety-
lases (HDACs) and transducin f-like protein 1 (TBLI).
HDACs are essential in maintaining repressed chromatin
structure and TBLI exchanges a corepressor complex for a
coactivator complex in the presence of ligand [12]. Many
nuclear receptors are proposed to sequester inflammatory
transcription factors, such as nuclear factor-«B (NF-xB) and
AP-1, by inhibiting their DNA-binding activities, resulting
in inhibition of inflammatory target genes. In the presence
of ligand, PPARy also interacts with inflammatory tran-
scription factors and inhibits their DNA-binding activities.
PPARy blocks clearance of the corepressor complex in a
ligand-dependent manner, and PPARy stabilizes the core-
pressor complex bound to the promoter of inflammatory
genes [13]. It was demonstrated that PPARy associates with
the protein inhibitor of activated STAT1 (PIASI), which
is a small ubiquitin-like modifier (SUMO)-E3 ligase, in a
ligand-dependent manner. PIAS1-induced SUMOylation of
the ligand-binding domain of PPARy enables the receptor
to maintain NCoR on the promoter of inflammatory genes
[14]. These are the suggested mechanisms of PPARy transre-
pression.

Activity of PPARy is depressed by phosphorylation of a
serine residue (Ser112) in the N-terminal domain, mediated
by a member of the mitogen-activated protein (MAP) kinase
family, extracellular signal-regulated protein kinase (ERK).
In addition, another member of MAP kinase family, c-
Jun N-terminal kinase (JNK), also phosphorylates PPARy
at Ser82 and reduces the transcriptional activity of PPARy.
The association of PPARy polymorphism with metabolic
syndrome has also been examined [15, 16]. In the presence
of ligand, PPARy bind to coactivator complexes, resulting in
the activation of target genes. In the absence of ligand, PPARy
binds to the promoters of several target genes and associates
with a corepressor complex, leading to active repression of
target genes. This process is referred to as active repression.

Several ligands, which bind to PPARy, resulting in
conformational change and activation of PPARy, have been
discovered [17]. 15d-PGJ2, which is the PGD2 metabolite,
was the first endogenous ligand for PPARy to be discovered.
Although 15d-PGJ2 is the most potent natural ligand of
PPARy, the extent to which its effects are mediated through
PPARy in vivo remains to be determined. Two compo-
nents of oxidized low density lipoprotein (ox-LDL), the
9-hydroxy and 13-hydroxy octadecadienoic acids (HODE),
are also potent endogenous activators of PPARy [18, 19].
Activation of 12/15-lipoxygenase induced by interleukin
(IL)-4 also produced endogenous ligands for PPARy [20],
however, whether these natural ligands act as physiological
PPARy ligands in vivo remains unknown. TZDs, such as
troglitazone, pioglitazone, ciglitazone, and rosiglitazone are
pharmacological ligands of PPARy. They bind to PPARy
with various affinities and exerts insulin-sensitizing and
hypoglycemic effects by activating PPARy. However, the
molecular mechanisms by which TZDs affect insulin resis-
tance and glucose homeostasis are not fully understood.
They seem to mediate their effects primarily through adipose
tissue, because TZDs alter the expression level of genes
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that are involved in lipid uptake, lipid metabolism and
insulin action in adipocytes. TZDs enhance adipocyte insulin
signaling and reduce the release of free fatty acids. TZDs also
decrease the inflammation of adipose tissue that is induced
by obesity and contributes to increased insulin resistance.
TZDs improve insulin sensitivity in skeletal muscle and liver,
which is the main insulin-sensitive organs, through these
multiple adipocentric actions. TZDs has been demonstrated
to have an anti-inflammatory effect, leading to initiation
of treatment trials for patients with inflammatory diseases
including CVD [21].

2. Role of PPARy in Atherosclerosis

Atherosclerosis is a chronic, complex and progressive path-
ological process in large- and medium-sized arteries.
Atherosclerotic vascular disease is the most common cause
of vascular complications, including stroke, myocardial
infarction (MI), and aortic aneurysms/dissections. There are
multiple potential mechanisms contributing to susceptibility
to atherosclerosis. Injury of the endothelium, proliferation of
VSMCs, migration of monocytes/macrophages, and the reg-
ulatory network of growth factors and cytokines are impor-
tant in the development of atherosclerosis. Hypertension,
dyslipidemia, increased free radicals from smoking and dia-
betes causes chronic inflammation of the vascular wall and
abnormal immune response. Their formation is triggered
by endothelial cell activation and dysfunction causing the
release of vasoactive molecules and cytokines, which stimu-
late an inflammatory response and recruitment/migration of
leukocytes into the arterial wall [22]. Increased expression of
adhesion molecules such as vascular cell adhesion molecule-
1 (VCAM-1), intracellular adhesion molecule-1 (ICAM-1),
E-selectin and P-selectin within the atherosclerotic lesion
stimulates monocyte recruitment and transmigration into
the arterial intima [23], and accumulation of lipids and
extracellular matrix may further amplify the local inflam-
matory response [24]. Monocytes rapidly mature into tissue
macrophages which take up oxidized lipoproteins via scav-
enger receptors within the subendothelial space. Intracellular
accumulation of cholesterol results in the characteristic
formation of foam cells and stimulates macrophages to
secrete cytokines, growth factors, and other mediators that
promote smooth muscle cell proliferation and potentiate
the inflammatory response, leading to arterial remodeling.
A vicious circle of inflammation and cell infiltration causes
plaque progression, which interfere with the normal blood
flow. Eventually, the plaque ruptures due to degradation
by macrophage-induced matrix metalloproteinases (MMPs)
and hydrolytic enzymes, resulting in thrombus formation
and tissue infarction [22].

PPARy has anti-inflammatory effect and PPARy ligands
have been shown to reduce production of inflammatory
cytokines, such as IL-1f, IL-6, inducible nitric oxide synthase
and tumor necrosis factor-a (TNF-«), by inhibiting the
activity of transcription factors such as activator protein-
1 (AP-1), signal transducers and activators of transcription
(STAT), and NF-«B in monocytes/macrophages [6, 7]. These
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findings suggest that PPARy activation may have beneficial
effects in modulating inflammatory responses in atheroscle-
rosis [25, 26]. Interestingly, expression of PPARy has been
demonstrated in atherosclerotic plaques [25]. Macrophages
affect the vulnerability of plaque to rupture, and they are
implicated in the secretion of matrix metalloproteinases
(MMPs), enzymes that are important in the degradation of
extracellular matrix. In macrophages and VSMCs, PPARy
ligands have been shown to reduce the expression of MMP-
9, resulting in the inhibition of migration of VSMCs,
and plaque destabilization [7, 8]. Although activation of
T lymphocytes represents a critical step in atherosclerosis,
PPARy ligands also reduce the activation of T lymphocytes
[27]. T lymphocytes also express PPAR-y, cells important in
atherosclerosis, and can limit their chemokine elaboration
[28]. Classically activated macrophages (M1) express a high
level of proinflammatory cytokines and reactive oxygen
species, whereas alternatively activated macrophages (M2)
play an anti-inflammatory role in atherosclerosis. Recently,
it was reported that PPARy is a key regulator of M1/M2
polarization [29]. PPARy agonists prime monocytes into M2
and PPARy expression is enhanced by M2 differentiation
[30]. VSMC proliferation and migration are also critical
events in atherosclerosis and vascular-intervention-induced
restenosis. TZDs inhibit both these changes in the VSMCs
and neointimal thickening after vascular injury [31-34].
Furthermore, TZDs induce apoptosis of VSMCs via p53 and
Gadd45 [35, 36]. Angiotensin II (AnglI) plays an important
role in vascular remodeling via the Angll type 1 receptor
(AT1R) and accelerates atherosclerosis. Although AnglI
induces transcriptional suppression of PPARy, activation of
PPARy inhibits AT1R gene expression at a transcriptional
level in VSMCs [37-39]. Expression of adhesion molecule
by ECs, leading to adhesion of leukocytes, is a critical
early step in atherosclerosis. PPARy ligands inhibit the
expression of vascular cell adhesion molecule-1 (VCAM-
1) and intercellular adhesion molecule-1 and decreased
production of chemokines, such as IL-8 and monocyte
chemotactic protein-1 (MCP-1) via suppressions of AP-1 and
NEF-«B activities in ECs [40-42]. PPARy ligands also inhibit
MCP-1-induced monocytes migration [43]. Endothelin-1
(ET-1) is involved in the regulation of vascular tone and
endothelial functions, and induces proliferation of VSMCs.
In bovine aortic ECs, PPARy ligands suppressed transcrip-
tion of the ET-1 promoter by interfering with AP-1 [44].
PPARy activation by major oxidized lipid components of ox-
LDL, 9-HODE and 13-HODE has an important role in the
development of lipid-accumulating macrophages through
transcriptional induction of CD36, a scavenger receptor.
[45]. These findings suggest that atherogenic ox-LDL par-
ticles could induce their own uptake through activation of
PPARy and expression of CD36, leading to atherosclerosis.
However, several studies have demonstrated that activation
of PPARy does not promote lipid accumulation in either
mouse or human macrophages [46-48]. Liver X receptor «
(LXRa) is an oxysterol receptor that promotes cholesterol
excretion and efflux by modulating expression of ATP-
binding cassette transporter 1 (ABCA1l) [47, 48]. LXRa
was recently identified as a direct target of PPARy in

mouse and human macrophages [49, 50]. Although the
PPARy-induced increase in CD36 expression might accel-
erate lipid uptake in macrophages, subsequent activation
of LXRa and upregulation of ABCAl appear to induce
lipid efflux. Diep et al. have demonstrated that rosiglitazone
and pioglitazone attenuate the development of hyperten-
sion and structural abnormalities, and improve endothelial
dysfunction in Angll-infused rats [51]. These TZDs also
prevented upregulation of ATI1R, cell cycle proteins, and
inflammatory mediators. Rosiglitazone, but not the PPAR«
ligand fenofibrate, prevented hypertension and endothelial
dysfunction in DOCA-salt hypertensive rats [52]. It has been
reported that serum levels of the soluble CD40 ligand are
elevated in acute coronary syndrome and associated with
increased cardiovascular risk. Treatment with rosiglitazone
decreased the serum levels of soluble CD40 and MMP-9 in
type 2 diabetic patients with coronary artery disease [53].
Taking all the evidence together, PPARy ligands may prevent
the progression of atherosclerotic lesions, particularly in
patients with DM (Figure 1).

3. Role of PPARy in Ischemic Heart Disease

Ischemic heart disease (IHD) is a disease characterized by
ischemia to the heart muscle, usually due to coronary artery
disease (atherosclerosis of the coronary arteries). Prolonged
ischemia leads to cardiomyocyte death which is followed
by a series of structural and functional alterations in the
viable myocardium, known as cardiac remodeling. Adaptive
changes in the extracellular matrix and in cardiomyocyte
biology occur, which are initially able to maintain con-
tractile function. However, progressive cardiac remodeling
leads to chamber dilatation, contractile dysfunction and
ultimately heart failure [54, 55]. Infiltration of neutrophils
and macrophages is known to enhance the inflammatory
response to myocardial ischemia and in combination with
rapid accumulation of ROS within the ischemic zone can
lead to tissue necrosis upon reperfusion [56]. This is further
amplified by activation of redox-sensitive transcription fac-
tors, such as NF-«B and AP-1, which control the expression
of proinflammatory mediators, such as IL-12 and TNFa.
Indeed, in an experimental rat model, inhibition of NF-xB
has been demonstrated to reduce reperfusion injury after a
brief period of ischemia [57]. Furthermore, upregulation of
AP-1 has been observed in cardiomyocytes in the presence of
increased levels of ROS [58], such as those observed during
ischemia and reperfusion, suggesting that this transcription
factor may be involved in the pathogenesis of ischemia and
subsequent reperfusion.

As the effects of PPARy on the heart are not fully
understood, we and others have examined whether PPARy is
involved in various heart diseases. Although the expression of
PPARy in cardiac myocytes is low compared with adipocytes,
PPARy ligands seem to act on cardiac myocytes [11, 59].
We demonstrated that PPARy ligands inhibited the cardiac
expression of TNF-« at the transcriptional level, in part
by antagonizing NF-xB and AP-1 activity [11, 60]. Because
TNF-a expression is elevated in the failing heart and has
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FIGURE 1: Action of PPARY on atherosclerotic lesion. PPARy act on endothelial cell, smooth muscle cell, and macrophage.

a negative inotropic effect on cardiac myocytes, treatment
with PPARy ligands may prevent the development of CHE
Diabetic cardiomyopathy, which is characterized by systolic
and diastolic dysfunction, is a major complication DM,
and therefore TZDs seem to be beneficial for the impaired
cardiac function in patients with DM. Following our study;,
the role of PPARy in myocardial ischemia-reperfusion (IR)
injury has been elucidated [61-64]. In animal models,
PPARYy ligands reduced the size of the myocardial infarct and
improved contractile dysfunction after IR through inhibition
of the inflammatory response. IR injury activates JNK, and
subsequently JNK induces increases in both AP-1 DNA-
binding activity and apoptotic cells. It has been shown in
rats that rosiglitazone inhibits the activation of JNK and AP-1
after myocardial IR [62]. Furthermore, pioglitazone has been
reported to attenuate left ventricular remodeling and heart
failure after myocardial infarction (MI) in mice [65]. Both of
these effects of TZDs ligands were associated with decreases
in inflammatory cytokines and chemokines [65, 66].

4. Role of PPARY in Cardiac Hypertrophy

Cardiac hypertrophy is characterized by maladaptive changes
in myocardial structure and function, which are collectively
known as cardiac remodeling. Cardiac hypertrophy is an
independent risk factor for heart failure, arrhythmia, and
sudden death and is one of the most potent predictors of
adverse cardiovascular outcomes in hypertensive patients
[67, 68]. Initially, the heart compensates for the increased
wall stress by undergoing significant alterations in cardiomy-
ocyte biology and in the extracellular matrix. However,
progressive LV hypertrophy combined with loss of collagen
crosslinking and myocyte slippage causes increased wall
stress leading to cardiac chamber dilatation, contractile
dysfunction, and ultimately decompensated congestive heart
failure (CHF) [69]. Changes in structure and function of
the heart are mediated by a variety of mechanical, neu-
ronal and hormonal factors. Several antihypertensive drugs
such as angiotensin-converting enzyme (ACE) inhibitors,
angiotensin receptor blocker (ARB), and [-blockers are
known to attenuate cardiac remodeling and have morbid-
ity/mortality benefits [70, 71], but its effect is not enough.

The PPARy ligands, troglitazone, pioglitazone, and
rosiglitazone, inhibited Angll-induced hypertrophy of neo-
natal rat cardiac myocytes [72-74]. Because generalized
PPARy gene deletion causes embryonic lethality, we exam-
ined the role of PPARy in the development of cardiac
hypertrophy in vivo using heterozygous PPARy-deficient
(PPARy™~) mice [72]. Pressure overload-induced cardiac
hypertrophy was more prominent in heterozygous PPARy*~
mice than in wild-type (WT) mice. Treatment with pioglita-
zone strongly inhibited the pressure overload-induced car-
diac hypertrophy in WT mice and moderately in PPARy*~
mice [72]. Thereafter, 2 other groups examined the role of
PPARy in the heart by using cardiomyocyte-specific PPARy
knockout mice [75, 76]. Duan et al. reported that these
mice develop cardiac hypertrophy through elevated NF-«B
activity [75], and unexpectedly, rosiglitazone-induced car-
diac hypertrophy in both the WT mice and cardiomyocyte-
specific PPARy knockout mice through activation of p38
MAP kinase independent of PPARy. Ding et al. reported
that cardiomyocyte-specific PPARy knockout mice displayed
cardiac hypertrophy from approximately 3 months of age
and then progress to dilated cardiomyopathy (DCM), and
most mice died from heart failure within 1 year after
birth [76]. Mitochondrial oxidative damage and reduced
expression of manganese superoxide dismutase were rec-
ognized in the cardiomyocyte-specific PPARy knockout
mice [76]. These mice models demonstrate that PPARy
is essential for protecting cardiomyocytes from stress and
oxidative damage, although the expression level of PPARy
in cardiomyocytes is low. On the other hand, Son et al.
demonstrated that cardiomyocyte-specific PPARy transgenic
mice develop DCM associated with increased uptake of both
fatty acid and glucose [77]. Rosiglitazone increased this
glucolipotoxicity in cardiomyocyte-specific PPARy trans-
genic mice. If PPARy in the heart is expressed at a high
level, rosiglitazone may cause cardiotoxic effects; however,
as noted earlier the expression level of PPARy in the
heart is quite low. Because cardiac hypertrophy can be
seen even in normotensive diabetic patients, and diabetic
cardiomyopathy is a major complication of DM, antidiabetic
agents such as the TZDs would be expected to have beneficial
effects on cardiac hypertrophy and dysfunction in patients
with DM.
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FiGure 2: Histopathology of the heart section of experimental myocarditis [78]. (N); control heart, (E); heart from experimental myocarditis
treated with saline, (P); heart from experimental myocarditis treated with pioglitazone. The upper panel shows hematoxylin-eosin staining
(scale bars indicate 200 ym), the middle panel shows van Gieson staining (scale bars indicate 400 ym), and the lower panel shows
immunostaining of infiltration of inflammatory macrophages (scale bars indicate 200 ym) in the heart of experimental myocarditis rats.
The degree of inflammation, fibrosis and infiltration of inflammatory macrophages was significantly improved by the treatment with

pioglitazone.

5. Role of PPARy in Myocarditis

Myocarditis is a potentially life-threatening disease that pri-
marily affects children and young adults with sometimes dev-
astating consequences, including sudden death. The primary
long-term consequences are DCM and CHF. Myocarditis
presents with a spectrum of symptoms ranging from mild
dyspnea or chest pain that spontaneously resolves without
treatment to cardiogenic shock and sudden death. The major
long-term consequence is DCM with CHE. Common viral
infections are the most frequent cause of myocarditis, but
other pathogens, hypersensitivity reactions, and systemic and
autoimmune diseases have also been implicated.

Rat experimental autoimmune myocarditis (EAM)
model is a T cell-mediated disease characterized by infil-
tration of T cells and macrophages, leading to massive
myocarditis necrosis, which develops into heart failure in
the chronic phase [79]. Two weeks after immunization with

porcine cardiac myosin, small numbers of CD4" T cells and
macrophages start to infiltrate into the myocardium and
various cytokines are expressed. Macrophage inflammatory
protein-la (MIP-1a) is a C-C chemokine that induces
leukocyte accumulation in tissue sites of inflammation. We
previously demonstrated that MIP-1a& mRNA and protein
are highly expressed in the hearts of rats with EAM from
day 11 after first immunization (Figure2) [79]. MIP-1«
drives naive helper T (Th) cells to differentiate into type
1 helper T (Thl) cells in the early stage, and thereafter
several cytokines are secreted by Th1 cells or macrophages.
Thl cells produce interferon-y (IFN-y), which is mainly
involved in cell-mediated immune responses, whereas type
2 helper T (Th2) cells produce IL-4, IL-5, IL-6, IL-10, and
IL-13, which participate in humoral responses. Immune
dysfunction associated with autoimmune disease is known
to involve an imbalance between Th1 and Th2 cells. We and
others have reported that pioglitazone treatment markedly
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FiGure 3: Inhibitory mechanisms of PPARy on autoimmune
induced myocarditis. PPARy inhibits the progression of autoim-
mune induced myocarditis via inhibition of the activation of
Th1/Th2 balance, MIP-1«, proinflammatory cytokines TNF-a/IL-
153, and macrophage.

reduces the severity of myocarditis in a rat model of EAM
[78, 80]. Pioglitazone suppressed expression of inflammatory
cytokines and activation of myocardiogenic T cells in the
myocardium of EAM rats [80]. The mRNA levels of MIP-
la were upregulated in the hearts of EAM rats, but not in
the hearts of those in the pioglitazone group. The expression
of inflammatory cytokines such as IL-1 and TNF-a was
upregulated in EAM rats and it was reduced by the treatment
with pioglitazone. Furthermore, treatment with pioglitazone
decreased the Th1 cytokine (IFN-y) genes and increased the
expression levels of Th2 cytokine (IL-4) gene [78]. These
results suggest that PPARy ligands change the orientation of
immune responses by favoring Th2 response. The treatment
with PPARy ligands may have beneficial effects on myocardi-
tis by inhibiting MIP-1a expression and modulating the
Th1/Th2 balance (Figure 3). Further studies are necessary to
elucidate whether PPARy ligands have beneficial effects on
human myocarditis.

6. Clinical Efficacy and Safety of TZD Treatment

TZDs (or glitazones) are widely used in the treatment of type
II diabetes, respectively. Although these are their primary
indications due to positive effects on glucose homeostasis,
atherogenic proteins, endothelial function, and inflamma-
tion, these compounds may also be of benefit in other related
pathologies, such as CVD [81]. There are currently two TZDs
in clinical use, rosiglitazone and pioglitazone. The first agent
in this class (troglitazone) was withdrawn after reports of
hepatic toxicity and failure. Clinical studies have shown that
TZDs improve insulin resistance and lower blood glucose
levels in subjects with Type 2 diabetes. Growing evidence
support the concept that rosiglitazone and pioglitazone have
beneficial effects on several cardiovascular risk factors and
surrogate markers, beyond their effects on glycemic control
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and the clinical significance of the beneficial effects of TZDs
on CVD has been clarified [82].

Two studies demonstrated that treatment with piogli-
tazone inhibit the progression of carotid intima/medial
thickness (IMT) and coronary atheroma volume, which is
important surrogates of atherosclerosis [83, 84]. PROspec-
tive pioglitAzone Clinical Trial In macroVascular Events
(PROactive) trial, which was a secondary prevention trial
in patients with type 2 diabetes and preexisting CVDs
(previous MI, stroke or peripheral vascular disease), was
the first cardiovascular outcome study with a TZD to be
published [85]. It was a randomized double-blind trial
comparing the efficacy of pioglitazone in reducing the
incidence of new macrovascular events or death with placebo
in 5238 patients with type 2 diabetes and macrovascular
disease. The primary endpoint was the composite of all-
cause mortality, nonfatal MI, stroke, ACS, endovascular or
surgical intervention in the coronary or leg arteries, and
amputation above the ankle. Pioglitazone treatment resulted
in a nonsignificant 10% reduction (HR 0.90; P = .095)
in the primary composite endpoint and a significant 16%
reduction (HR 0.94; P = .027) in the main secondary
endpoint of all-cause mortality, nonfatal MI, and stroke
combined, in comparison with placebo, after a mean fol-
lowup of about 34.5 months. Although there was a 1.6%
absolute increase in heart failure hospitalizations in the
pioglitazone group compared with the placebo group, the
number of heart-failure-related deaths was almost identical.
In subgroup analysis (PROactive 05), pioglitazone treatment
resulted in a 28% reduction (HR 0.82; P = .04) of
fatal and nonfatal MI and a significant 37% reduction
(HR 0.67; P = .035) of acute coronary syndrome in
patients who had experienced a previous MI six months
or more before randomization [86]. Moreover, in patients
who had experienced a previous stroke six months or
more before randomization, there was a significant 47%
reduction (HR 0.53; P = .0085) of fatal or nonfatal
stroke and a marginally significant 28% reduction (HR 72;
P = .0467) of the composite end point of cardiovascular
death, nonfatal MI, or nonfatal stroke (PROactive 04) [87].
In meta-analysis, pioglitazone has been reported not to
associate with increased risk of either MI or CV mortality
(88, 89].

Meanwhile, it has been reported that rosiglitazone treat-
ment is associated with overall increased incidence of MI
(OR 1.43; P = .03) and a potential increase of borderline
significance in the risk of death from total CV causes (OR
1.64; P = .06) by meta-analysis [90]. Several analyses have
been performed that challenged these findings, but the CVD
risk of rosiglitazone is uncertain [91-93]. Another meta-
analyses of RCTs of rosiglitazone in patients with type 2
diabetes showed that rosiglitazone significantly increased
the risk of MI (RR 1.42; P = .02) and heart failure
(RR 2.09; P < .001), but not the risk of cardiovascular
mortality (RR 0.90; P = .53) [94]. Conversely, a pooled
analysis of 3 large rosiglitazone trials designed to specifically
test CV outcomes (a diabetes outcome progression trial,
rosiglitazone evaluated for cardiac outcomes and regulation
of glycemia in diabetes, and diabetes reduction assessment
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with ramipril and rosiglitazone medication) did not reach
statistical significance for either MI (OR 1.29; P = .12)
or death due to CV causes (OR 0.90; P = .67) [95].
Furthermore, a meta-analysis of 86 trials did not find a
statistically significant increase in the overall rate of MI in
patients on rosiglitazone [96]. A further study is needed to
establish the utility of rosiglitazone in CVD.

There are some differences in the actions of piogli-
tazone and rosiglitazone. Differences in side chains are
responsible for differences between the compounds in
pharmacodynamic and pharmacokinetic properties, as well
as the side-effect profiles. Pioglitazone has more beneficial
effects on the lipid profile than rosiglitazone [97]. As men-
tioned earlier, rosiglitazone, but not pioglitazone, induced
cardiac hypertrophy by a non-PPARy-mediated pathway
[75]. Pioglitazone represses NF-«B activation and VCAM-1
expression in a PPARa-dependent manner [98]. Pioglitazone
was recently reported to increase the number and function
of endothelial progenitor cells (EPCs) in patients with stable
coronary artery disease and normal glucose tolerance [99].
Pioglitazone may induce angiogenesis by modulating EPCs
mobilization and function. In the future, more mechanistic
studies are required to investigate the differences in action
between pioglitazone and rosiglitazone.

TZDs do not directly affect left ventricular systolic
or diastolic function and may even be beneficial [100].
However, data from the recently published meta-analyses
indicate that treatment with TZDs significantly increase the
risk of CHF (RR 1.72; P = .002) [101]. Both pioglitazone and
rosiglitazone unambiguously increase risk of CHE, poten-
tially reflecting an inherent proclivity to induce edema [102].
Pioglitazone and rosiglitazone appeared to raise the risk of
CHF by similar amounts, but neither raised the incidence of
heart-failure-associated death [101]. Clinical studies report
TZD-induced peripheral fluid retention, and an increase in
plasma volume in 2-5% of patients on monotherapy [103].
The exact mechanisms for TZD-induced fluid retention
are not well understood, and it remains unclear whether
TZDs directly cause the development of de novo CHEF. Fluid
retention was more likely to occur with concomitant insulin
use, and in patients with underlying cardiac dysfunction
or renal insufficiency. The level of vascular endothelial
growth factor is increased in the patients who develop
fluid retention with TZD therapy and this may lead to
peripheral edema through increased vascular permeability
[104]. The insulin-sensitizing action of TZDs also induces
water and salt retention. PPARy is highly expressed in the
kidney and collecting-duct-specific PPARy knockout mice
demonstrated no effects of TZD on fluid retention or the
expression level of sodium channel ENaC-y [105, 106]. These
findings suggest that activation of the sodium channel in the
collecting duct cells expressing PPARy may be a mechanism
of fluid retention. In patients without evidence of heart
failure, careful examination did not reveal any worsening of
left ventricular function by TZDs [107]. Of note, diabetes
itself affects both diastolic and systolic functions and is an
independent risk factor for the development of CHF [108].
The American Heart Association (AHA) and American Dia-
betes Association (ADA) have released a consensus statement

that advises caution regarding the use of TZDs in patients
with known or suspected heart failure [108]. Because there is
a possibility that TZDs may unmask asymptomatic cardiac
dysfunction by increasing plasma volume, they should be
avoided in patients with CHF of New York Heart Association
(NYHA) class IIT or IV.

Angiotensin II receptor blockers (ARBs) are widely used
for the treatment of hypertension, ischemic heart disease,
and heart failure. ARBs have been reported to have protective
effects on the cardiovascular system beyond blood pressure
lowering effect in many clinical trials [109]. Telmisartan,
one of the ARBs, has recently been identified as a partial
activator of PPARy. There is evidence that, in contrast to
some other ARBs, telmisartan may exert beneficial effects
on insulin sensitivity through activation of PPAR-y [110].
There is a structural resemblance between telmisartan and
PPAR-y ligand pioglitazone, which suggests that telmis-
artan may activate the receptor. In vitro studies showed
that telmisartan acted as a partial agonist of PPAR-y and
modulated the expression of PPAR-y target genes involved
in carbohydrate and lipid metabolism [111]. Telmisartan
induces adiponectin expression via PPARy activation [112],
and adiponectin has been reported to induce angiogenesis
[113]. Telmisartan-induced proliferation of human EPCs via
PPARy-dependent PI3K/Akt signaling pathway [114]. Since
telmisartan has both effects of angiotensin II blockade and
PPARy activation as well as getting out from under the
condition of vascular dysfunction, it might be expected to
recover vascular function and promote neoangiogenesis in
the ischemic tissue via proliferation of EPCs beyond the
class effects of ARBs in the clinical setting. In the Ongoing
Telmisartan Alone and in Combination with Ramipril Global
Endpoint Trial (ONTARGET), telmisartan was reported to
be as effective as ramipril for the primary cardiovascular out-
come during a 56-month followup but was better tolerated
[115]. The utility of telmisartan by having the additional
value of PPARy activity is expected.

7. Conclusions

Since the discovery of nuclear PPARy in the early 1990s, it
becomes evident that PPARy play an important role in the
cardiovascular system and implicate in several CVDs. The
data from in vitro studies suggest that TZDs exert direct
actions on vascular cells and cardiomyocytes, independent
of their glucose-mediated mechanisms. The subsequent
development of PPARy agonists and gene-modified ani-
mals has highlighted the involvement of these receptors in
numerous biological pathways. However, the complexity of
PPARy activation, in combination with their diverse tissue
distribution and lack of specificity of currently available
PPARy agonists makes therapeutic modification of PPARy
pathways a challenging goal. A detailed understanding of the
role of PPARy in the cardiovascular system is required in
order to delineate the precise mechanisms by which PPARy
may modify cellular CVD processes and enable identification
of effective therapeutic targets. Further studies using tissue-
specific gene targeting mice are necessary to address the
pleiotropic effects of PPARy on the cardiovascular system.



Future research aimed at the development of more effective
agonists. Dual PPARa/y, PPARS/y agonist, pan PPAR«a/d/y
agonists, and combination of PPARy with other cardio-
vascular drugs will address some of the issues currently
surrounding the potential use of PPARy activators in the
treatment of CVD.

Acknowledgment

This work was supported by grants from the Ministry of
Education, Culture, Sports, and Science.

References

[1] W. B. Kannel, “Hazards, risks, and threats of heart disease

from the early stages to symptomatic coronary heart disease
and cardiac failure,” Cardiovascular Drugs and Therapy, vol.
11, 1, pp. 199-212, 1997.

C. M. Lawes, S. V. Hoorn, and A. Rodgers, “Global burden of
blood-pressure-related disease, 2001,” The Lancet, vol. 371,
no. 9623, pp. 1513-1518, 2008.

R. H. Knopp, “Drug treatment of lipid disorders,” New
England Journal of Medicine, vol. 341, no. 7, pp. 498-511,
1999.

H. E. Lebovitz, “Type 2 diabetes: an overview,” Clinical
Chemistry, vol. 45, no. 8, pp. 1339-1345, 1999.

M. N. Ghazzi, J. E. Perez, T. K. Antonucci et al., “Cardiac
and glycemic benefits of troglitazone treatment in NIDDM,”
Diabetes, vol. 46, no. 3, pp. 433-439, 1997.

[6] C.Jiang, A. T. Ting, and B. Seed, “PPAR-y agonists inhibit

[7

(11

J

|

production of monocyte inflammatory cytokines,” Nature,
vol. 391, no. 6662, pp. 82—-86, 1998.

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

N. Marx, U. Schonbeck, M. A. Lazar, P. Libby, and J.
Plutzky, “Peroxisome proliferator-activated receptor gamma
activators inhibit gene expression and migration in human
vascular smooth muscle cells,” Circulation Research, vol. 83,
no. 11, pp. 1097-1103, 1998.

K. Tijima, M. Yoshizumi, J. Ako et al., “Expression of
peroxisome proliferator-activated receptor y (PPARy) in rat
aortic smooth muscle cells,” Biochemical and Biophysical
Research Communications, vol. 247, no. 2, pp. 353-356, 1998.
S. Benson, J. Wu, S. Padmanabhan, T. W. Kurtz, and H.
A. Pershadsingh, “Peroxisome proliferator-activated receptor
(PPAR)-y expression in human vascular smooth muscle
cells: inhibition of growth, migration, and c-fos expression
by the peroxisome proliferator-activated receptor (PPAR)-y
activator troglitazone,” American Journal of Hypertension, vol.
13, no. 1, pp. 74-82, 2000.

H. Takano, T. Nagai, M. Asakawa et al, “Peroxisome
proliferator-activated receptor activators inhibit
lipopolysaccharide-induced ~ tumor  necrosis  factor-a
expression in neonatal rat cardiac myocytes,” Circulation
Research, vol. 87, no. 7, pp. 596-602, 2000.

V. Perissi, A. Aggarwal, C. K. Glass, D. W. Rose, and M.
G. Rosenfeld, “A corepressor/coactivator exchange complex
required for transcriptional activation by nuclear receptors
and other regulated transcription factors,” Cell, vol. 116, no.
4, pp. 511-526, 2004

(13]

(14]

[15]

(16]

(17]

(18]

[19]

(20]

(21]

(22]

(23]

(24]

(25]

[26]

PPAR Research

S. Ogawa, J. Lozach, K. Jepsen et al.,, “A nuclear receptor
corepressor transcriptional checkpoint controlling activator
protein 1-dependent gene networks required for macrophage
activation,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 101, no. 40, pp. 14461—
14466, 2004.

G. Pascual, A. L. Fong, S. Ogawa et al., “A SUMOylation-
dependent pathway mediates transrepression of inflamma-
tory response genes by PPAR-y,” Nature, vol. 437, no. 7059,
pp. 759763, 2005.

J. R. Eun, H. K. Chang, Y. L. Won et al., “No association
of Prol2Ala polymorphism of PPAR-y gene with coronary
artery disease in Korean subjects,” Circulation Journal, vol. 71,
no. 3, pp. 338-342, 2007.

L. Dongxia, H. Qi, L. Lisong, and G. Jincheng, “Association of
peroxisome proliferator-activated receptory gene Prol2Ala
and C161T polymorphisms with metabolic syndrome,” Cir-
culation Journal, vol. 72, no. 4, pp. 551-557, 2008.

E. Robinson and D. J. Grieve, “Significance of peroxisome
proliferator-activated receptors in the cardiovascular system
in health and disease,” Pharmacology and Therapeutics, vol.
122, no. 3, pp. 246-263, 2009.

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

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

J. T. Huang, J. S. Welch, M. Ricote et al., “Interleukin-4-
dependent production of PPAR-y ligands in macrophages by
12/15-lipoxygenase,” Nature, vol. 400, no. 6742, pp. 378-382,
1999.

R. Chen, E Liang, J. Moriya et al., “Peroxisome proliferator-
activated receptors (PPARs) and their agonists for hyperten-
sion and heart failure: are the reagents beneficial or harmful?”
International Journal of Cardiology, vol. 130, no. 2, pp. 131—
139, 2008.

R. Ross, “Atherosclerosis—an inflammatory disease,” New
England Journal of Medicine, vol. 340, no. 2, pp. 115-126,
1999.

A. Faggiotto, R. Ross, and L. Harker, “Studies of hypercholes-
terolemia in the nonhuman primate. I. Changes that lead to
fatty streak formation,” Arteriosclerosis, vol. 4, no. 4, pp. 323—
340, 1984.

A. C. Van der Wal, P. K. Das, A. J. Tigges, and A. E. Becker,
“Adhesion molecules on the endothelium and mononuclear
cells in human atherosclerotic lesions,” American Journal of
Pathology, vol. 141, no. 6, pp. 1427-1433, 1992.

N. Marx, G. Sukhova, C. Murphy, P. Libby, and J.
Plutzky, “Macrophages in human atheroma contain PPARy:
differentiation-dependent peroxisomal proliferator-activated
receptor y (PPARy) expression and reduction of MMP-9
activity through PPARy activation in mononuclear phago-
cytes in vitro,” American Journal of Pathology, vol. 153, no.
1, pp. 17-23, 1998.

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



PPAR Research

(27]

(32]

(33]

(40]

N. Marx, B. Kehrle, K. Kohlhammer et al., “PPAR activa-
tors as antiinflammatory mediators in human T lympho-
cytes: implications for atherosclerosis and transplantation-
associated arteriosclerosis,” Circulation Research, vol. 90, no.
6, pp. 703-710, 2002.

N. Marx, H. Duez, J.-C. Fruchart, and B. Staels, “Peroxisome
proliferator-activated receptors and atherogenesis: regulators
of gene expression in vascular cells,” Circulation Research, vol.
94, no. 9, pp. 1168-1178, 2004.

M. A. Bouhlel, B. Derudas, E. Rigamonti et al., “PPARy
activation primes human monocytes into alternative M2
macrophages with anti-inflammatory properties,” Cell
Metabolism, vol. 6, no. 2, pp. 137-143, 2007.

J. I. Odegaard, R. R. Ricardo-Gonzalez, M. H. Goforth et al.,
“Macrophage-specific PPARy controls alternative activation
and improves insulin resistance,” Nature, vol. 447, no. 7148,
pp. 1116-1120, 2007.

R. E. Law, W. P. Meehan, X.-P. Xi et al., “Troglitazone inhibits
vascular smooth muscle cell growth and intimal hyperplasia,”
Journal of Clinical Investigation, vol. 98, no. 8, pp. 1897-1905,
1996.

S. Goetze, X.-P. Xi, H. Kawano et al., “PPARy-ligands
inhibit migration mediated by multiple chemoattractants
in vascular smooth muscle cells,” Journal of Cardiovascular
Pharmacology, vol. 33, no. 5, pp. 798-806, 1999.

W. A. Hsueh, S. Jackson, and R. E. Law, “Control of vascular
cell proliferation and migration by PPAR-y: a new approach
to the macrovascular complications of diabetes,” Diabetes
Care, vol. 24, no. 2, pp. 392-397, 2001.

Y. Takata, Y. Kitami, T. Okura, and K. Hiwada, “Perox-
isome proliferator-activated receptor-y activation inhibits
interleukin-1p-mediated platelet-derived growth factor-a
receptor gene expression via CCAAT/enhancer-binding
protein-§ in vascular smooth muscle cells,” Journal of
Biological Chemistry, vol. 276, no. 16, pp. 12893-12897, 2001.
T. Okura, M. Nakamura, Y. Takata, S. Watanabe, Y. Kitami,
and K. Hiwada, “Troglitazone induces apoptosis via the
p53 and Gadd45 pathway in vascular smooth muscle cells,”
European Journal of Pharmacology, vol. 407, no. 3, pp. 227—
235, 2000.

Y. Aizawa, J.-I1. Kawabe, N. Hasebe, N. Takehara, and K.
Kikuchi, “Pioglitazone enhances cytokine-induced apoptosis
in vascular smooth muscle cells and reduces intimal hyper-
plasia,” Circulation, vol. 104, no. 4, pp. 455-460, 2001.

A. Sugawara, K. Takeuchi, A. Uruno et al., “Transcriptional
suppression of type 1 angiotensin II receptor gene expression
by peroxisome proliferator-activated receptor-y in vascular
smooth muscle cells,” Endocrinology, vol. 142, no. 7, pp.
3125-3134, 2001.

K. Takeda, T. Ichiki, T. Tokunou et al., “Peroxisome
proliferator-activated receptor y activators downregulate
angiotensin II type 1 receptor in vascular smooth muscle
cells,” Circulation, vol. 102, no. 15, pp. 1834-1839, 2000.

D. M. Tham, B. Martin-McNulty, Y.-X. Wang et al,
“Angiotensin II is associated with activation of NF-xB-
mediated genes and downregulation of PPARs,” Physiological
Genomics, vol. 11, pp. 21-30, 2003.

S. M. Jackson, F Parhami, X.-P. Xi et al, “Peroxi-
some proliferator-activated receptor activators target human
endothelial cells to inhibit leukocyte-endothelial cell interac-
tion,” Arteriosclerosis, Thrombosis, and Vascular Biology, vol.
19, no. 9, pp. 2094-2104, 1999.

(41]

[42]

[43]

[44]

(45]

[46

(47]

(48]

(49]

(51]

(52]

(53]

V. Pasceri, H. D. Wu, J. T. Willerson, and E. T. H. Yeh,
“Modulation of vascular inflammation in vitro and in vivo
by peroxisome proliferator-activated receptor-y activators,”
Circulation, vol. 101, no. 3, pp. 235-238, 2000.

H. Lee, W. Shi, P. Tontonoz et al., “Role for peroxisome
proliferator-activated receptor « in oxidized phospholipid-
induced synthesis of monocyte chemotactic protein-1
interleukin-8 by endothelial cells,” Circulation Research, vol.
87, no. 6, pp. 516-521, 2000.

U. Kintscher, S. Goetze, S. Wakino et al., “Peroxisome
proliferator-activated receptor and retinoid X receptor
ligands inhibit monocyte chemotactic protein-1-directed
migration of monocytes,” European Journal of Pharmacology,
vol. 401, no. 3, pp. 259-270, 2000.

P. Delerive, F. Martin-Nizard, G. Chinetti et al., “Per-
oxisome proliferator-activated receptor activators inhibit
thrombin- induced endothelin-1 production in human vas-
cular endothelial cells by inhibiting the activator protein-1
signaling pathway,” Circulation Research, vol. 85, no. 5, pp.
394-402, 1999.

J. Han, D. P. Hajjar, J. M. Tauras, J. Feng, A. M. Gotto
Jr., and A. C. Nicholson, “Transforming growth factor-$1
(TGF-f1) and TGF-f2 decrease expression of CD36, the
type B scavenger receptor, through mitogen-activated protein
kinase phosphorylation of peroxisome proliferator-activated
receptor-y,” Journal of Biological Chemistry, vol. 275, no. 2,
pp. 1241-1246, 2000.

J. J. Repa, S. D. Turley, J.-M. A. Lobaccaro et al., “Regulation
of absorption and ABCl-mediated efflux of cholesterol by
RXR heterodimers,” Science, vol. 289, no. 5484, pp. 1524—
1529, 2000.

A. Venkateswaran, B. A. Laffitte, S. B. Joseph et al., “Control
of cellular cholesterol efflux by the nuclear oxysterol receptor
LXRaw,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 97, no. 22, pp. 12097-12102,
2000.

P. Costet, Y. Luo, N. Wang, and A. R. Tall, “Sterol-dependent
transactivation of the ABC1 promoter by the liver X recep-
tor/retinoid X receptor,” Journal of Biological Chemistry, vol.
275, no. 36, pp. 28240-28245, 2000.

A. Chawla, W. A. Boisvert, C.-H. Lee et al., “A PPARy-LXR-
ABCALI pathway in macrophages is involved in cholesterol
efflux and atherogenesis,” Molecular Cell, vol. 7, no. 1, pp.
161-171, 2001.

G. Chinetti, S. Lestavel, V. Bocher et al., “PPAR-a and
PPAR-y activators induce cholesterol removal from human
macrophage foam cells through stimulation of the ABCA1
pathway,” Nature Medicine, vol. 7, no. 1, pp. 53-58, 2001.

Q. N. Diep, M. E. Mabrouk, J. S. Cohn et al., “Structure,
endothelial function, cell growth, and inflammation in blood
vessels of angiotensin II-infused rats: role of peroxisome
proliferator-activated receptor-y,” Circulation, vol. 105, no.
19, pp. 2296-2302, 2002.

M. Iglarz, R. M. Touyz, F. Amiri, M.-F. Lavoie, Q. N.
Diep, and E. L. Schiffrin, “Effect of peroxisome proliferator-
activated receptor-a and -y activators on vascular remodel-
ing in endothelin-dependent hypertension,” Arteriosclerosis,
Thrombosis, and Vascular Biology, vol. 23, no. 1, pp. 45-51,
2003.

N. Marx, A. Imhof, J. Froehlich et al., “Effect of rosiglitazone
treatment on soluble CD40L in patients with type 2 diabetes
and coronary artery disease,” Circulation, vol. 107, no. 15, pp.
1954-1957, 2003.



10

(54]

[64]

(67

(68]

S. W. M. van den Borne, J. Diez, W. M. Blankesteijn, J.
Verjans, L. Hofstra, and J. Narula, “Myocardial remodeling
after infarction: the role of myofibroblasts,” Nature Reviews
Cardiology, vol. 7, no. 1, pp. 30-37, 2009.

H. M. Piper, K. Meuter, and C. Schifer, “Cellular mechanisms
of ischemia-reperfusion injury,” Annals of Thoracic Surgery,
vol. 75, no. 2, pp. S644-5648, 2003.

N. G. Frangogiannis, C. W. Smith, and M. L. Entman, “The
inflammatory response in myocardial infarction,” Cardiovas-
cular Research, vol. 53, no. 1, pp. 31-47, 2002.

Y. Onai, J.-I. Suzuki, T. Kakuta et al., “Inhibition of IxB
phosphorylation in cardiomyocytes attenuates myocardial
ischemia/reperfusion injury,” Cardiovascular Research, vol.
63, no. 1, pp. 51-59, 2004.

L-K. S. Aggeli, C. Gaitanaki, and I. Beis, “Involvement of
JNKs and p38-MAPK/MSK1 pathways in H202-induced
upregulation of heme oxygenase-1 mRNA in H9c2 cells,”
Cellular Signalling, vol. 18, no. 10, pp. 1801-1812, 2006.

M. R. Mehrabi, T. Thalhammer, P. Haslmayer et al., “The
peroxisome proliferator-activated receptor gamma (PPARy)
is highly expressed in human heart ventricles,” Biomedicine
and Pharmacotherapy, vol. 56, no. 8, pp. 407-410, 2002.

P. J. H. Smeets, A. Planavila, G. J. Van Der Vusse, and M.
Van Bilsen, “Peroxisome proliferator-activated receptors and
inflammation: take it to heart,” Acta Physiologica, vol. 191,
no. 3, pp. 171-188, 2007.

T.-L. Yue, J. Chen, W. Bao et al., “In vivo myocardial
protection from ischemia/reperfusion injury by the peroxi-
some proliferator-activated receptor-y agonist rosiglitazone,”
Circulation, vol. 104, no. 21, pp. 2588-2594, 2001.

N. Khandoudi, P. Delerive, I. Berrebi-Bertrand, R. E. Buck-
ingham, B. Staels, and A. Bril, “Rosiglitazone, a peroxisome
proliferator-activated receptor-y, inhibits the Jun NH2-
terminal kinase/activating protein 1 pathway and protects the
heart from ischemia/reperfusion injury,” Diabetes, vol. 51,
no. 5, pp. 1507-1514, 2002.

N. S. Wayman, Y. Hattori, M. C. Mcdonald et al., “Ligands of
the peroxisome proliferator-activated receptors (PPAR-y and
PPAR-«) reduce myocardial infarct size,” FASEB Journal, vol.
16, no. 9, pp. 1027-1040, 2002.

P. Zhu, L. Lu, Y. Xu, and G. G. Schwartz, “Troglitazone
improves recovery of left ventricular function after regional
ischemia in pigs,” Circulation, vol. 101, no. 10, pp. 1165-1171,
2000.

T. Shiomi, H. Tsutsui, S. Hayashidani et al., “Pioglitazone, a
peroxisome proliferator-activated receptor-y agonist, attenu-
ates left ventricular remodeling and failure after experimental
myocardial infarction,” Circulation, vol. 106, no. 24, pp.
3126-3132, 2002.

H. Ikejima, T. Imanishi, H. Tsujioka et al, “Effect of
pioglitazone on nitroglycerin-induced impairment of nitric
oxide bioavailability by a catheter-type nitric oxide sensor,”
Circulation Journal, vol. 72, no. 6, pp. 998-1002, 2008.

J. S. Healey and S. J. Connolly, “Atrial fibrillation: hyperten-
sion as a causative agent, risk factor for complications, and
potential therapeutic target,” American Journal of Cardiology,
vol. 91, no. 10, pp. 9G-14G, 2003.

A. H. Gradman and E. Alfayoumi, “From left ventricular
hypertrophy to congestive heart failure: management of
hypertensive heart disease,” Progress in Cardiovascular Dis-
eases, vol. 48, no. 5, pp. 326-341, 2006.

N. Frey and E. N. Olson, “Modulating cardiac hypertrophy
by manipulating myocardial lipid metabolism?” Circulation,
vol. 105, no. 10, pp. 1152-1154, 2002.

(70]

(71]

[72]

(73]

(74]

[75]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

PPAR Research

G. S. Francis and J. B. Young, “The looming polypharmacy
crisis in the management of patients with heart failure.
Potential solutions,” Cardiology Clinics, vol. 19, no. 4, pp.
541-545, 2001.

M. E. Otto, M. Belohlavek, B. Khandheria, G. Gilman, A.
Svatikova, and V. Somers, “Comparison of right and left
ventricular function in obese and nonobese men,” American
Journal of Cardiology, vol. 93, no. 12, pp. 1569-1572, 2004.
M. Asakawa, H. Takano, T. Nagai et al, “Peroxisome
proliferator-activated receptor y plays a critical role in
inhibition of cardiac hypertrophy in vitro and in vivo,”
Circulation, vol. 105, no. 10, pp. 1240-1246, 2002.

H. Takano, Y. Zou, H. Akazawa et al., “Inhibitory molecules
in signal transduction pathways of cardiac hypertrophy,”
Hypertension Research, vol. 25, no. 4, pp. 491-498, 2002.

K. Yamamoto, R. Ohki, R. T. Lee, U. Ikeda, and K.
Shimada, “Peroxisome proliferator-activated receptor y acti-
vators inhibit cardiac hypertrophy in cardiac myocytes,”
Circulation, vol. 104, no. 14, pp. 1670-1675, 2001.

S. Z. Duan, C. Y. Ivashchenko, M. W. Russell, D. S. Milstone,
and R. M. Mortensen, “Cardiomyocyte-specffic knockout
and agonist of peroxisome proliferator-activated receptor-
y both induce cardiac hypertrophy in mice,” Circulation
Research, vol. 97, no. 4, pp. 372-379, 2005.

G. Ding, M. Fu, Q. Qin et al., “Cardiac peroxisome
proliferator-activated receptor y is essential in protect-
ing cardiomyocytes from oxidative damage,” Cardiovascular
Research, vol. 76, no. 2, pp. 269-279, 2007.

N.-H. Son, T.-S. Park, H. Yamashita et al., “Cardiomyocyte
expression of PPARy leads to cardiac dysfunction in mice,”
Journal of Clinical Investigation, vol. 117, no. 10, pp. 2791-
2801, 2007.

H. Hasegawa, H. Takano, Y. Zou et al., “Pioglitazone,
a peroxisome proliferator-activated receptor y activator,
ameliorates experimental autoimmune myocarditis by mod-
ulating Th1/Th2 balance,” Journal of Molecular and Cellular
Cardiology, vol. 38, no. 2, pp. 257-265, 2005.

T. Toyozaki, T. Saito, H. Shiraishi et al., “Macrophage inflam-
matory protein-la relates to the recruitment of inflamma-
tory cells in myosin-induced autoimmune myocarditis in
rats,” Laboratory Investigation, vol. 81, no. 7, pp. 929-936,
2001.

Z. Yuan, Y. Liu, Y. Liu et al., “Peroxisome proliferation-
activated receptor-y ligands ameliorate experimental
autoimmune myocarditis,” Cardiovascular Research, vol. 59,
no. 3, pp. 685-694, 2003.

B. Verges, “Clinical interest of PPARs ligands,” Diabetes and
Metabolism, vol. 30, no. 1, pp. 7-12, 2004.

P. C. Stafylas, P. A. Sarafidis, and A. N. Lasaridis, “The
controversial effects of thiazolidinediones on cardiovascular
morbidity and mortality,” International Journal of Cardiology,
vol. 131, no. 3, pp. 298304, 2009.

T. Mazzone, P. M. Meyer, S. B. Feinstein et al., “Effect of
pioglitazone compared with glimepiride on carotid intima-
media thickness in type 2 diabetes: a randomized trial,”
Journal of the American Medical Association, vol. 296, no. 21,
pp. 2572-2581, 2006.

S. E. Nissen, S. J. Nicholls, K. Wolski et al., “Comparison
of pioglitazone vs glimepiride on progression of coro-
nary atherosclerosis in patients with type 2 diabetes: the
PERISCOPE randomized controlled trial,” Journal of the
American Medical Association, vol. 299, no. 13, pp. 1561—
1573, 2008.



PPAR Research

[85] J. A. Dormandy, B. Charbonnel, D. J. Eckland et al.,

(86

[90

]

“Secondary prevention of macrovascular events in patients
with type 2 diabetes in the PROactive Study (PROspective
pioglitAzone Clinical Trial in macroVascular Events): a
randomised controlled trial,” Lancet, vol. 366, no. 9493, pp.
1279-1289, 2005.

E. Erdmann, J. A. Dormandy, B. Charbonnel, M. Massi-
Benedetti, I. K. Moules, and A. M. Skene, “The effect of
pioglitazone on recurrent myocardial infarction in 2,445
patients with type 2 diabetes and previous myocardial infarc-
tion. Results from the PROactive (PROactive 05) study,”
Journal of the American College of Cardiology, vol. 49, no. 17,
pp. 1772-1780, 2007.

R. Wilcox, M.-G. Bousser, D. J. Betteridge et al., “Effects of
pioglitazone in patients with type 2 diabetes with or without
previous stroke: results from PROactive (PROspective piogli-
tAzone Clinical Trial In macroVascular Events 04),” Stroke,
vol. 38, no. 3, pp. 865-873, 2007.

E. Mannucci, M. Monami, C. Lamanna, G. F. Gensini, and
N. Marchionni, “Pioglitazone and cardiovascular risk. A
comprehensive meta-analysis of randomized clinical trials,”
Diabetes, Obesity and Metabolism, vol. 10, no. 12, pp. 1221—
1238, 2008.

R. Wilcox, S. Kupfer, and E. Erdmann, “Effects of piogli-
tazone on major adverse cardiovascular events in high-risk
patients with type 2 diabetes: results from PROspective
pioglitAzone clinical trial in macro vascular events (PROac-
tive 10),” American Heart Journal, vol. 155, no. 4, pp. 712—
717, 2008.

S. E. Nissen and K. Wolski, “Effect of rosiglitazone on the
risk of myocardial infarction and death from cardiovascular
causes,” New England Journal of Medicine, vol. 356, no. 24, pp.
2457-2471, 2007.

G. A. Diamond, L. Bax, and S. Kaul, “Uncertain effects
of rosiglitazone on the risk for myocardial infarction and
cardiovascular death,” Annals of Internal Medicine, vol. 147,
no. 8, pp. 578-581, 2007.

A. V. Hernandez, E. Walker, J. P. A. Ioannidis, and M. W.
Kattan, “Challenges in meta-analysis of randomized clinical
trials for rare harmful cardiovascular events: the case of
rosiglitazone,” American Heart Journal, vol. 156, no. 1, pp.
23-30, 2008.

G. Riicker and M. Schumacher, “Simpson’s paradox visual-
ized: the example of the rosiglitazone meta-analysis,” BMC
Medical Research Methodology, vol. 8, article no. 34, 2008.

S. Singh, Y. K. Loke, and C. D. Furberg, “Long-term risk
of cardiovascular events with rosiglitazone: a meta-analysis,”
Journal of the American Medical Association, vol. 298, no. 10,
pp. 1189-1195, 2007.

L. J. Dahabreh and K. Economopoulos, “Meta-analysis of rare
events: an update and sensitivity analysis of cardiovascular
events in randomized trials of rosiglitazone,” Clinical Trials,
vol. 5, no. 2, pp. 116-120, 2008.

M. Monami, N. Marchionni, and E. Mannucci, “Winners
and losers at the rosiglitazone gamble. A meta-analytical
approach at the definition of the cardiovascular risk profile
of rosiglitazone,” Diabetes Research and Clinical Practice, vol.
82, no. 1, pp. 48-57, 2008.

R. B. Goldberg, D. M. Kendall, M. A. Deeg et al., “A
comparison of lipid and glycemic effects of pioglitazone
and rosiglitazone in patients with type 2 diabetes and
dyslipidemia,” Diabetes Care, vol. 28, no. 7, pp. 1547-1554,
2005.

(98]

[99]

[100]

[101]

[102]

(103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

11

G. Orasanu, O. Ziouzenkova, P. R. Devchand et al., “The
peroxisome proliferator-activated receptor-y agonist piogli-
tazone represses inflammation in a peroxisome proliferator-
activated receptor-a-dependent manner in vitro and in vivo
in mice,” Journal of the American College of Cardiology, vol.
52, no. 10, pp. 869-881, 2008.

C. Werner, C. H. Kamani, C. Gensch, M. Bochm, and U. Laufs,
“The peroxisome proliferator-activated receptor-y agonist
pioglitazone increases number and function of endothelial
progenitor cells in patients with coronary artery disease and
normal glucose tolerance,” Diabetes, vol. 56, no. 10, pp. 2609—
2615, 2007.

H. J. Dargie, P. R. Hildebrandt, G. A. J. Riegger et al., “A
randomized, placebo-controlled trial assessing the effects
of rosiglitazone on echocardiographic function and cardiac
status in type 2 diabetic patients with New York heart
association functional class I or II heart failure,” Journal of
the American College of Cardiology, vol. 49, no. 16, pp. 1696—
1704, 2007.

R. M. Lago, P. P. Singh, and R. W. Nesto, “Congestive heart
failure and cardiovascular death in patients with prediabetes
and type 2 diabetes given thiazolidinediones: a meta-analysis
of randomised clinical trials,” Lancet, vol. 370, no. 9593, pp.
1129-1136, 2007.

H. D. Berlie, J. S. Kalus, and L. A. Jaber, “Thiazolidinediones
and the risk of edema: a meta-analysis,” Diabetes Research and
Clinical Practice, vol. 76, no. 2, pp. 279-289, 2007.

C.-H. Wang, R. D. Weisel, P. P. Liu, P. W. M. Fedak, and S.
Verma, “Glitazones and heart failure: critical appraisal for the
clinician,” Circulation, vol. 107, no. 10, pp. 1350-1354, 2003.
K. B. Sotiropoulos, A. Clermont, Y. Yasuda et al., “Adipose-
specific effect of rosiglitazone on vascular permeability
and protein kinase C activation: novel mechanism for
PPARgamma agonist’s effects on edema and weight gain,”
The FASEB Journal, vol. 20, no. 8, pp. 1203-1205, 2006.

H. Zhang, A. Zhang, D. E. Kohan, R. D. Nelson, E. J.
Gonzalez, and T. Yang, “Collecting duct-specific deletion
of peroxisome proliferator-activated receptor gamma blocks
thiazolidinedione-induced fluid retention,” roceedings of the
National Academy of Sciences of the United States of America ,
vol. 102, no. 26, pp. 9406-9411, 2005.

Y. Guan, C. Hao, D. R. Cha et al.,, “Thiazolidinediones
expand body fluid volume through PPARgamma stimulation
of ENaC-mediated renal salt absorption,” Nature Medicine,
vol. 11, no. 8, pp. 861-866, 2005.

M. St John Sutton, M. Rendell, P. Dandona et al., “A
comparison of the effects of rosiglitazone and glyburide on
cardiovascular function and glycemic control in patients with
type 2 diabetes,” Diabetes Care, vol. 25, no. 11, pp. 2058—
2064, 2002.

R. W. Nesto, D. Bell, R. O. Bonow et al., “Thiazolidinedione
use, fluid retention, and congestive heart failure: a consensus
statement from the American Heart Association and Amer-
ican Diabetes Association,” Circulation, vol. 108, no. 23, pp.
2941-2948, 2003.

R. E. Schmieder, “Mechanisms for the clinical benefits
of angiotensin II receptor blockers,” American Journal of
Hypertension, vol. 18, no. 5, pp. 720-730, 2005.

S. C. Benson, H. A. Pershadsingh, C. I. Ho et al., “Iden-
tification of telmisartan as a unique angiotensin II recep-
tor antagonist with selective PPARy-modulating activity,”
Hypertension, vol. 43, no. 5, pp. 993—-1002, 2004.



12

[111]

[112]

[113]

(114]

[115]

A. B. Benson III, J. A. Ajani, R. B. Catalano et al., “Recom-
mended guidelines for the treatment of cancer treatment-
induced diarrhea,” Journal of Clinical Oncology, vol. 22, no.
14, pp. 2918-2926, 2004.

R. Clasen, M. Schupp, A. Foryst-Ludwig et al., “PPARy-
activating angiotensin type-1 receptor blockers induce
adiponectin,” Hypertension, vol. 46, no. 1, pp. 137-143, 2005.
N. Ouchi, H. Kobayashi, S. Kihara et al., “Adiponectin stim-
ulates angiogenesis by promoting cross-talk between AMP-
activated protein kinase and Akt signaling in endothelial
cells,” The Journal of Biological Chemistry, vol. 279, no. 2, pp.
1304-1309, 2004.

A. Honda, K. Matsuura, N. Fukushima, Y. Tsurumi, H.
Kasanuki, and N. Hagiwara, “Telmisartan induces prolif-
eration of human endothelial progenitor cells via PPARy-
dependent PI3K/Akt pathway,” Atherosclerosis, vol. 205, no.
2, pp. 376-384, 2009.

S. Yusuf, K. K. Teo, J. Pogue et al., “Telmisartan, ramipril, or
both in patients at high risk for vascular events,” New England
Journal of Medicine, vol. 358, no. 15, pp. 1547-1559, 2008.

PPAR Research



	Introduction
	Role of PPAR in Atherosclerosis
	Role of PPAR in Ischemic Heart Disease
	Role of PPAR in Cardiac Hypertrophy
	Role of PPAR in Myocarditis
	Clinical Efficacy and Safety of TZD Treatment
	Conclusions
	Acknowledgment
	References

