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Abstract Peroxisome proliferator-activated receptor Æ (PPARÆ) is a ligand-activated transcrip-

tion factor belonging to the nuclear hormone receptor superfamily. It is expressed by

cardiomyocytes and regulates gene expression of key proteins involved in myocardial

lipid and energy metabolism. Accordingly, the activitity of PPARÆ is an important

determinant of cardiomyocyte lipid homeostasis and ATP production. Currently,

animal and human data suggest that deactivation of PPARÆ may contribute

substantially to phenotypic changes that accompany cardiac growth in conditions

of pressure overload, and the hypothesis emerges that a compromised PPARÆ activity

may participate in the transition from compensated left ventricular hypertrophy to

heart failure in hypertensive heart disease. The availability of PPARÆ activators (e.g.

fibric acid derivates and statins) must stimulate investigation into the potential

cardioprotective actions of these compounds beyond their hypolipidaemic effects and

via restoration of PPARÆ activity in the hypertrophied and failing heart.

1. Introduction

The essential criterion in defining hypertensive

heart disease is a greater than normal left ven-

tricular mass in the absence of a cause other than

arterial hypertension. However, it is now accepted

that, besides left ventricular hypertrophy (LVH),

alterations in diastolic or systolic cardiac function,

or both, are frequently present in hypertensive

patients and may evolve to overt heart failure. In

fact, as demonstrated in the Framingham study,

arterial hypertension is the most common risk

factor for congestive heart failure.
[1]

In addition,

hypertension has been shown to contribute to a

large proportion of the cases of heart failure in

population-based samples.
[2]

From a pathophysiological point of view, hyper-

tension affects the myocardium at two different

stages.
[3]

In both humans and animal models,

pressure overload is characterised by a period of

compensation in which concentric LVH nor-

malises systolic wall stress and contractile func-

tion is preserved. The period of adaptation, which

may last for weeks in rodents and for months to

years in humans, is inexorably followed by a

transition to heart failure. This transition is

characterised by impaired survival, the onset of

chamber dilatation with the failure of further

concentric hypertrophic growth to normalise load,

and progressive contractile dysfunction. A number

of observations suggest that the transition to

failure relates to remodelling of the myocardium

secondary to several mechanisms including cardi-

omyocyte loss as a result of both apoptosis and

necrosis,
[4]

changes in the composition of the

motor unit and the cytoskeleton of cardio-

myocytes,
[5]

alterations in the turnover of extra-
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cellular matrix
[6]

and abnormalities in myocardial

energy production.
[7]

Peroxisome proliferator-activated receptors

(PPARs) are ligand-activated transcription factors

belonging to the nuclear receptor superfamily. The

PPAR family includes three members encoded by

different genes: Æ, �/� and ª.
[8]

All three PPARs

are expressed in cardiovascular tissue, where they

have several metabolic and increasingly recognised

cardiovascular effects.
[9,10]

This report focuses on

the pathophysiological implications of PPARÆ in

hypertensive heart disease. Thus, in addition to

some consideration of the mechanisms of altered

cardiac expression and activity of PPARÆ in

hypertension, its potential detrimental impact on

myocardial energetics and structure and on left

ventricular function will be addressed. In addition,

the available evidence and the perspectives of

strategies aimed at modulating PPARÆ activity in

the failing heart will be considered.

2. General Aspects of PPARÆ

PPARÆ was the first isoform to be identified in

the PPAR family. Its expression is high in most

tissues with an increased capacity for fatty acid

oxidation, such as the heart.
[11]

PPARÆ regulates

the expression of target genes via binding to DNA

response elements (called the peroxisome prolif-

erator response elements, PPRE) with their ob-

ligate heterodimeric partner, the retinoid X

receptor Æ (RXRÆ)
[12]

(figure 1). The activity of

the PPARÆ/RXRÆ complex is modulated by the

availability of ligands for PPARÆ and RXRÆ.

Whereas activating ligands for PPARÆ include

synthetic fibric acid derivatives (clofibrate and

WY-14643) and fatty acids and their derivatives,

RXRÆ is activated by 9-cis retinoic acid.
[13]

In the inactivated state, PPARÆ is bound to co-

repressor proteins such as silencing mediator of

retinoid and thyroid hormone receptor (SMRT) and
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Fig. 1. Schematic representation of the cardiac peroxisome proliferator-activated receptor Æ (PPARÆ) transcriptional regulatory
complex. PPARÆ binds to sequence-specific target elements (PPREs) as a liganded heterodimer with the retinoid X receptor (RXR).
Major target genes are in capital letters and suspected target genes are in small letters. + ¼ stimulation; 2 ¼ inhibition.
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nuclear receptor co-repressor (N-CoR)1. On ligand

binding, PPARÆ dissociates from co-repressors

and recruits co-activators mediating an interaction

with a transcriptional regulatory complex that

includes pleiotropic binding proteins, such as

CBP/p300, SRC1, PBP and PGC-1Æ. In contrast

to most known co-activators, PGC-1Æ is tissue

restricted, with high expression in brown adipose

tissue and heart.
[14]

Recent findings show that

PGC-1Æ interacts directly with PPARÆ to increase

fatty acid oxidation rates, so this co-activator could

be an important point in the regulation of PPARÆ
activity in the heart.

[15]

Two variants of the human PPARÆ transcription

factor have been described. Palmer et al.
[16]

found a

spliced isoform of PPARÆ mRNA lacking the exon

6 in human liver. Later on, this isoform was also

reported in other human tissues, including the

heart.
[17]

Whereas the native PPARÆ mRNA gives

rise to an active PPARÆ protein (53 kDa), the

truncated PPARÆ mRNA gives rise to a form of

PPARÆ protein (30 kDa) that lacks the ligand-

binding domain.
[18]

In addition, recent findings

suggest that, on nuclear translocation, the truncated

isoform of PPARÆ has a repressive activity on the

native PPARÆ function, probably through competi-

tion for essential co-activators.
[18]

So it is possible

that the ratio between native and truncated PPARÆ
isoforms could be an index of the transactivation

activity of PPARÆ on its target genes.

Cardiac PPARÆ is a critical regulator of

myocardial fatty acid uptake and oxidation,

through the activation of some genes encoding

key-limiting steps in the fatty acid utilisation

pathway:
[13,19,20]

(i) fatty acid transport and ester-

ification; (ii) fatty acid mitochondrial import; and

(iii) mitochondrial and peroxisomal fatty acid

oxidation. Until now, two genes have been identi-

fied in the human heart that have one functional

PPRE within the promoter sequence: carnitine

palmitoyl-transferases-I and -II.
[21]

These proteins

control mitochondrial fatty acid uptake. As a fatty-

acid-activated transcription factor, PPARÆ also

serves to match cardiac lipid delivery to oxidative

capacity, a ‘lipostat’ function.
[13,19,20]

It has been

shown that PPARÆ inhibits expression of the

glycolysis-activating pyruvate dehydrogenase ki-

nase 4 gene in the heart.
[22]

The activity of the cardiac PPARÆ is devel-

opmentally regulated.
[14]

Its expression and activ-

ity are low in the foetal heart, in which glucose and

lactate serve as the chief energy substrates. During

the foetal period, the transcriptional repressor of

PPARÆ target genes, the orphan nuclear receptor

chicken ovalbumin upstream promoter-transcrip-

tion factor (COUP-TF), dominates the foetal

metabolic programme. After birth, the PPARÆ
complex activates the expression of its targets to

meet the high energy needs of the heart. Ageing is

associated with reduced mRNA and protein ex-

pression of myocardial PPARÆ, and a diminished

binding to PPRE.
[23]

Emerging evidence suggests that PPARÆ may be

involved in the regulation of other cardiac pro-

cesses. For instance, it has been shown that PPARÆ
activators inhibit cardiac expression of the proin-

flammatory genes tumour necrosis factor Æ and

nuclear factor-kB
[24]

and increase the anti-inflam-

matory cytokine interleukin-10.
[25]

Moreover, car-

diac PPARÆ has been implicated in the regulation

of extracellular matrix, as a result of its inhibitory

effect on the expression of collagen types I and

III.
[26]

Finally, the findings of in vitro
[27,28]

and in

vivo
[29]

studies suggest that PPARÆ may exert an

inhibitory effect on cardiac growth responses to

different stimuli.

Recent findings suggest that PPARÆ may have

functions similar to those of other PPARs also

expressed in the heart. For instance, it has been

demonstrated that, next to PPARÆ, PPAR�/� has a

prominent role in the regulation of cardiac lipid

metabolism.
[30]

In contrast, preliminary data would

suggest that some of the non-metabolic cardiac

actions of PPARÆ are also shared by PPARª.
[31-33]

3. Alterations in Cardiac PPARÆ in
Pressure Overload and Heart Failure

During the development of ventricular hyper-

trophy induced by pressure overload, the PPARÆ
complex is deactivated at several levels, including

by transcriptional and post-translational mechan-
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isms. Sack et al.
[34]

found diminished expression of

the 53 kDa PPARÆ protein in hypertrophied right

ventricles of mice with pulmonary artery banding.

Coincident with the reduction in PPARÆ expres-

sion, the expression of COUP-TF increased in the

hypertrophied heart. In addition, expression of

genes involved in transport and utilisation of fatty

acids was coordinately downregulated after 7 days

of right ventricular pressure overload. Barger et

al.
[35]

reported that PPARÆ mRNA levels were

reduced within 7 days of LVH induced by pressure

overload in mice submitted to aortic binding.

Interestingly, PPARÆ deactivation was associated

with a reduction in the cardiac capacity for fatty

acid oxidation and cellular lipid metabolism.
[35]

Finally, in rats, pressure overload induced by

constriction of the ascending aorta for 7 days

resulted in LVH and decreased expression of

PPARÆ and several PPARÆ-regulated genes.
[22]

Lower PPARÆ concentrations have also been

reported in the human hypertrophied left ventricle.

Karbowska et al.
[36]

reported a 54% decrease in the

expression of the 53 kDa PPARÆ protein in the left

ventricle of patients with heart failure who had

normal coronary arteries compared with non-

failing donor hearts. Another study reported a

significant decrease in PPARÆ mRNA levels in the

hypertrophied left ventricle of non-ischaemic

diabetic and non-diabetic patients with heart fail-

ure compared with donors.
[37]

The transcript levels

of some PPARÆ-regulated genes were decreased in

both failing groups when compared with the non-

failing group.

3.1 Potential Origin

Alterations in the expression and activity of

PPARÆ in the pressure-overloaded left ventricle

may occur as a consequence of primary cell

responses or paracrine signals induced by mech-

anical stress on the cardiac muscle. In support of

the first possibility is the observation that a

diminished expression of PPARÆ and PGC-1Æ
genes occurred in a model of gross and cellular

hypertrophy secondary to cardiac overexpression

of a constitutively active mutant of serine-threo-

nine kinase (Akt).
[38]

In support of the second

possibility are findings demonstrating that PPARÆ
activity was diminished by a post-transcriptional

mechanism mediated by the extracellular signal-

regulated kinase mitogen-activated protein kinase

(ERK-MAPK) pathway, confirming that signal

transduction cascades linked to G protein-coupled

receptors can affect the activity of PPARÆ.
[35]

In

this conceptual framework, it is surprising that a

recent study showed that phosphorylation of

PPARÆ by p38 MAPK resulted in activation of

PPARÆ function in cultured cardiomyocytes.
[39]

Collectively, these data would suggest that distinct

limbs of the MAPK network, namely ERK and

p38, have opposing effects with respect to the

activity of PPARÆ in the heart.

Whatever the molecular mechanism(s) under-

lying the differential response of PPARÆ to MAPK

signalling is/are, the possibility exists that some

humoral factors that interact with cardiac cells

through G protein-coupled receptors may modulate

PPARÆ. Interestingly, some of these factors have a

role in the development of hypertensive LVH and

the transition to heart failure.
[40]

For instance, it has

been shown that Æ1-adrenergic agonist-induced

cardiomyocyte hypertrophy is associated with a

rapid reduction in PPARÆ activity in a system in

which recombinant PPARÆ is overexpressed, im-

plicating post-translational regulatory mechan-

isms.
[35]

Although angiotensin II has been shown

to decrease PPARÆ mRNA and protein in the aortic

wall,
[41]

no changes in expression of PPARÆ have

been observed in the left ventricle of angiotensin

II-infused rats.
[42]

Recently, activation of PPARÆ
has been shown to interfere with the signalling

pathway of endothelin-1 in rat cardiomyocytes,
[27]

suggesting that endothelin-1 could also regulate

PPARÆ in these cells.

Myocardial expression of the PPARÆ gene and

PPARÆ-regulated genes has been found to be

diminished in two rat models of systemic

hypoxia.
[43]

In addition, it has been shown that

exposure to hypoxia reduces PPARÆ/RXRÆ DNA

binding activity in cultured rat cardiomyocytes.
[44]

Thus hypoxia may interfere with PPARÆ activity at

different levels. The potential pathophysiological
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relevance of these findings is shown by the fact that

structural and functional alterations in the intra-

myocardial vessels and the capillary network

account for myocardial ischaemia in patients with

hypertensive heart disease, even in the absence of

coronary atherosclerosis.
[45]

Finally, emerging evidence suggests that PPARÆ
activity can be genetically determined. The gene

encoding PPARÆ is located on the long arm of

chromosome 22.
[46]

Several polymorphisms of the

human PPARÆ gene have been described. Of these,

a cysteine (C) to glycine (G) transversion at

position 484 in exon 5 leads to a substitution of

valine (V) for leucine (L) at codon 162

(L162V).
[47,48]

The V162 allele encodes a protein

with altered ability to activate transcription in vitro.

In fact, whereas the V162 variant showed a

diminished unstimulated baseline transcriptional

activity compared with the L162 variant in transfec-

tion assays, in the presence of the PPARÆ ligand

WY-14643, V162 showed greater transcriptional

activity than L162.
[48]

This difference was not the

result of enhanced protein production by the V162

variant, because protein concentrations of both

variants were similar after transfection. The poten-

tial clinical meaning of these data is shown by the

fact that the V162 allele is in allelic association with

the C allele of a G/C polymorphism in intron 7 of

the human PPARÆ gene,
[46]

which appears to

influence left ventricular growth in response to

exercise and hypertension.
[49]

3.2 Potential Consequences

Deactivation of cardiac PPARÆ may be involved

in some structural and functional changes that

characterise the hypertensive myocardium (figure

2). Two lines of evidence link alterations in cardiac

Cardiomyocyte
hypertrophy

Intracellular
lipid accumulation

Cardiomyocyte
apoptosis

Chronic pressure
overload

PPARα
deactivation

Diminished fatty
acid oxidation

Diminished
ATP availability

Cardiac
dysfunction/failure

Perivascular
inflammation

Perivascular and
interstitial fibrosis

Fig. 2. Potential pathways mediating the involvement of cardiac peroxisome proliferator-activated receptor Æ (PPARÆ)
deactivation in some structural and functional changes that develop in the hypertensive myocardium.
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lipid metabolism with cardiac hypertrophy. First,

genetic defects in several energy transduction/

production pathways cause hypertrophic forms of

cardiomyopathy.
[50,51]

Secondly, it has been shown

in rats with spontaneous hypertension
[52]

and

patients with essential hypertension
[53]

that de-

pressed myocardial fatty acid metabolism is a

primary determinant of left ventricular mass in

hypertensive heart disease. Thus downregulation of

PPARÆ may be linked to cardiac hypertrophic

growth via derangements in myocardial metabo-

lism. Is this a cause–effect relationship, or an

association related to secondary effects? The

observation that pharmacological inhibition of the

mitochondrial fatty acid oxidation pathway leads to

ventricular hypertrophy
[54]

strongly suggests that a

reduction in myocardial fatty acid utilisation is a

primary trigger for cardiac growth. However, the

mechanistic links remain unknown. It is possible

that deactivation of PPARÆ leads directly to

cardiomyocyte growth through metabolic signals

arising from metabolic cell derangements (see

below).
[55]

Alternatively, deactivation of PPARÆ
may result in stimulation of transcription factors

required for the hypertrophic response of cardio-

myocytes (e.g. activator protein [AP]-1 and nuclear

factor-kB).
[56]

Given the pivotal role of PPARÆ in the main-

tenance of cellular energy and lipid balance,

reduced myocardial fatty acid oxidation rates,

as demonstrated in the hypertensive left ven-

tricle,
[52,53]

would be predicted to become detri-

mental for several reasons. First, despite the

substrate switching to glucose that occurs in the

hypertrophied heart, the energy reserve may

become limited, given that the amount of ATP

produced per mole of energy substrate is greater

for fatty acids than for glucose. In addition, the

failing heart does not develop a sufficiently high

compensatory increase in glucose oxidation.
[57,58]

At a molecular level, the expression of glucose

transporters-1 and -4 is severely downregulated in

the failing human heart,
[59]

as is PPARÆ. There-

fore, ATP production has been found to be

diminished in the failing human heart compared

with the non-failing hypertrophied heart.
[58]

As

ATP availability and function of the heart are

closely linked, it is reasonable to assume that

deactivation of PPARÆ leading to diminished fatty

acid oxidation and reduced production of ATP

might be involved in the compromise of cardiac

function. However, the involvement of PPARÆ in

cardiac dysfunction is controversial. Whereas

reactivation of PPARÆ with its agonist WY-14643

results in contractile dysfunction in rats submitted

to cardiac pressure overload,
[22]

left ventricular

diastolic dysfunction may be prevented with the

PPARÆ agonist fenofibrate in diabetic rats.
[60]

Clearly, further studies are necessary to ascertain

the role of PPARÆ in the derangement of cardiac

function involved in the transition from LVH to

heart failure.

In contrast, the capacity for maintenance of

cellular lipid homeostasis becomes limited. This

prediction is supported by results demonstrating

marked intracellular lipid accumulation in re-

sponse to oleate loading in hypertrophied cardi-

omyocytes
[35]

and by the observation that PPARÆ-

null mice develop massive cardiomyocyte accu-

mulation of long-chain fatty acid intermediates.
[61]

Some of these compounds, for example acylcarni-

tines, have been implicated in the genesis of

ventricular rhythm disorders during myocardial

ischaemia
[62]

and in patients with cardiomyopathy

as a result of inborn errors of fatty acid oxi-

dation.
[63]

Other compounds, for example cera-

mide, can induce the accumulation of reactive

oxygen species, expression of inducible nitric

oxide synthase and cardiomyocyte apoptosis.
[64]

Conversely, some lipid intermediates may be

capable of activating cellular signalling pathways

linked to cardiomyocyte growth pathways. In

support of this notion, a recent study demonstrated

that transgenic mice with increased myocardial

uptake of fatty acids because of overexpression of

fatty acyl-coenzyme A synthetase exhibit ventri-

cular hypertrophy.
[65]

Finally, some preliminary evidence suggests that

deactivation of PPARÆ might also play a part in the

myocardial fibrosis that is present in the hyper-

tensive heart. The heart from PPARÆ-null mice

shows progressive myocardial degeneration asso-
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ciated with contraction band necrosis, inflamma-

tory infiltrates and diffuse fibrosis in an age-

dependent manner.
[61]

In contrast, PPARÆ activa-

tion prevents myocardial fibrosis in mineralocorti-

coid- and angiotensin II-treated rats.
[29,42]

Moreover, in a model of cardiac pressure overload

induced by abdominal aortic banding, PPARÆ
activation decreased interstitial and perivascular

cardiac fibrosis.
[26]

Whether alteration in PPARÆ-

dependent regulation of inflammation mediates the

connection between depressed PPARÆ activity and

fibrosis in these models of cardiac injury deserves

further study.

4. Pharmacological Modulation of
Cardiac PPARs

It is unclear at present to what extent myocardial

growth and reprogramming of cardiac gene ex-

pression are adaptive to haemodynamic overload

and when they become detrimental as a result of

the development of other structural and functional

changes leading to the remodelling of the hyper-

tensive myocardium. In this setting, modulation of

cardiac PPARÆ activity aimed at restoring the

expression of its target genes might be of interest

to protect the heart in hypertension. Fibric acid

derivatives mimic the structure and biological

functions of free fatty acids and, in this way, they

bind to PPARÆ. Besides ligand activation of

PPARÆ, fibric acid derivatives can induce PPARÆ
at the level of mRNA and protein also.

[66]
It is

interesting to consider that myocardial fibrosis has

been shown to be effectively inhibited by fenofi-

brate through suppression of AP-1-mediated aug-

mentation of the endothelin 1 gene in the pressure-

overloaded heart caused by aortic banding in

rats.
[26]

HMG-CoA reductase inhibitors induce

expression of PPARÆ mRNA, as has been shown

by in vitro and in vivo studies
[67,68]

(figure 3). In

addition, it has been demonstrated that HMG-CoA

reductase inhibitors can activate PPARÆ by a

reduction of the phosphorylative state via inhibi-

tion of the Rho signalling pathway.
[69]

Recent

studies have reported antihypertrophic and antifi-

brotic properties of HMG-CoA reductase inhibi-

tors in experimental models of LVH.
[70-72]

Finally,

9-cis retinoic acid, a ligand of RXRÆ, has also been

shown to inhibit hypertrophy of primary cardi-

omyocytes.
[73]

As mentioned previously, PPARª may also be

involved in myocardial remodelling. This is sup-

ported by in vivo
[31,33]

and in vitro
[32]

findings

showing that thiazolidinediones inhibit LVH and

fibrosis in conditions of pressure overload and

ischaemia. Thus, besides activation of PPARÆ,

stimulation of PPARª may represent a comple-

mentary approach to the prevention or correction

of the cardiac remodelling that is associated with

pressure overload.

5. Conclusions and Perspectives

A growing body of evidence suggests that

PPARÆ downregulation and deactivation may

participate in the pathophysiology of hypertensive

heart disease. More specifically, decreased PPARÆ
activity may be critical in hypertensive patients

with LVH at risk for developing heart failure. It is

clear that future studies are required to test this

possibility definitively. In contrast, PPARÆ ago-

nists with cardiac activity already exist as hypo-

lipidaemic agents, although the potential

0

100

200

300

 In
cr

ea
se

 (%
)

PPARα
mRNA

CPT-I
mRNA

Fatty acid
oxidation activity

Fig. 3. Changes in liver peroxisome proliferator-activated
receptor Æ (PPARÆ) and carnitine palmitoyl-transferase-I (CPT-
I) mRNAs, and hepatic fatty acid oxidation in rats fed fructose
for 2 weeks and treated with atorvastatin (30 mg/kg), com-
pared with untreated fructose-fed rats. (Adapted with per-
mission from Roglans N, Sanguino E, Peris C, et al.
Atorvastatin treatment induced peroxisome proliferator-acti-
vated receptor alpha expression and decreased plasma
nonesterified fatty acids and liver triglyceride in fructose-fed
rats. J Pharmacol Exp Ther 2002; 302: 232-9[68])
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mechanisms involved in their cardioprotective

effects are multifactorial and not completely

understood. Thus more investigations, especially

clinical studies, are required. This is of particular

importance considering that recent evidence in-

dicates that chronic activation of the cardiac

PPARÆ pathway, such as occurs in the diabetic

heart, may lead to myocardial lipid accumulation

and features of diabetic cardiomyopathy.
[74]

References
1. Levy D, Larson MG, Vasan RS, et al. The progression from

hypertension to congestive heart failure. JAMA 1996;
275: 1557-62

2. Kannel WB, Belanger AJ. Epidemiology of heart failure.
Am Heart J 1991; 121: 951-7

3. Phillips RA, Diamomd JA. Left ventricular hypertrophy,
congestive heart failure, and coronary flow reserve
abnormalities in hypertension. In: Oparil S, Weber MA,
editors. Hypertension. Philadelphia: WB Saunders Com-
pany, 2000: 244-77

4. Dı́ez J, Fortuño MA, Ravassa S. Apoptosis in hypertensive
heart disease. Curr Opin Cardiol 1998; 13: 317-25

5. Wagoner LE, Walsh RA. The cellular pathophysiology of
progression to heart failure. Curr Opin Cardiol 1996; 11:
237-44

6. Weber KT. Extracellular matrix remodeling in heart failure.
A role for de novo angiotensin II generation. Circulation
1997; 96: 4065-82

7. Stanley WC, Chandler MP. Energy metabolism in the
normal and failing heart: potential for therapeutic
interventions. Heart Fail Rev 2002; 7: 115-30

8. Michalik L, Wahli W. Peroxisome proliferators-activated
receptors: three isotypes for a multitude of functions.
Curr Opin Biotechnol 1999; 10: 564-70

9. Plutzky J. Peroxisome proliferators-activated receptors in
vascular biology and atherosclerosis: emerging insights
for evolving paradigms. Curr Atheroscler Rep 2000; 2:
327-35

10. Schiffrin EL, Amiri F, Benkirane K, et al. Peroxisome
proliferator-activated receptors. Vascular and cardiac
effects in hypertension. Hypertension 2003; 42: 664-8

11. Escher P, Braissant O, Basu-Modak S, et al. Rat PPARs:
quantitative analysis in adult rat tissues and regulation
in fasting and refeeding. Endocrinology 2001; 142:
4195-202

12. Ijpenberg A, Jeannin E, Wahli W, et al. Polarity and specific
sequence requirements of peroxisome proliferator-acti-
vated receptor (PPAR)/retinoid X receptor heterodimer
binding to DNA: a functional analysis of the malic
enzyme gene PPAR response element. J Biol Chem 1997;
272: 20108-17

13. Finck BN, Kelly DP. Peroxisome proliferator-activated
receptor Æ signaling in the gene regulatory control of
energy metabolism in the normal and diseased heart.
J Mol Cell Cardiol 2002; 34: 1249-57

14. Lehman JJ, Kelly DP. Transcriptional activation of energy

metabolic switches in the developing and hypertrophied
heart. Clin Exp Pharmacol Physiol 2002; 29: 339-44

15. Vega RB, Huss JM, Kelly DP. The coactivator PGC-1Æ
cooperates with peroxisome proliferators-activated re-
ceptor Æ in transcriptional control of nuclear genes
encoding mitochondrial fatty acid oxidation enzymes.
Mol Cell Biol 2000; 20: 1868-76

16. Palmer CNA, Hsu MH, Griffin KJ, et al. Peroxisome
proliferator activated receptor-Æ expression in human
liver. Mol Pharmacol 1998; 53: 14-22

17. Hanselmann JC, Vartanian MA, Koester BP, et al. Expres-
sion of the mRNA encoding truncated PPARÆ does not
correlate with hepatic insensitivity to peroxisome pro-
liferators. Mol Cell Biochem 2001; 217: 91-7

18. Gervois P, Torra IP, Chinetti G, et al. A truncated human
peroxisome proliferator-activated receptor Æ splice var-
iant with dominant negative activity. Mol Endocrinol
1999; 13: 1535-49

19. Djouadi F, Brandt J, Weinheimer CJ, et al. The role of the
peroxisome proliferator-activated receptor Æ (PPARÆ) in
the control of cardiac lipid metabolism. Prostaglandins
Leukot Essent Fatty Acids 1999; 60: 339-43

20. Barger PM, Kelly DP. PPAR signalling in the control of
cardiac energy metabolism. Trends Cardiovasc Med
2001; 10: 238-45

21. Mandard S, Müller M, Kersten S. Peroxisome proliferator-
activated receptor Æ target genes. Cell Mol Life Sci 2004;
61: 393-416

22. Young ME, Laws FA, Goodwin GW, et al. Reactivation of
peroxisome proliferator-activated receptor Æ is associated
with contractile dysfunction in hypertrophied rat heart.
J Biol Chem 2001; 276: 44390-5

23. Iemitsu M, Miyauchi T, Maeda S, et al. Aging-induced
decrease in the PPAR-Æ level in heart is improved by
exercise testing. Am J Physiol Heart Circ Physiol 2002;
283: H1750-60

24. Takano H, Nagai T, Asakawa M, et al. Peroxisome
proliferator-activated receptor activators inhibit lipopo-
lysaccharide-induced tumor necrosis factor-alpha expres-
sion in neonatal rat cardiac myocytes. Circ Res 2000; 87:
596-602

25. Maruyama S, Kato K, Kodama M, et al. Fenofibrate, a
peroxisome proliferator-activated receptor alpha activa-
tor, supresses experimental autoimmmune myocarditis by
stimulating the interleukin-10 pathway in rats. J Ather-
oscler Thromb 2002; 9: 87-92

26. Ogata T, Miyauchi T, Sakai S, et al. Stimulation of
peroxisome-proliferator-activated receptor Æ (PPARÆ)
attenuates cardiac fibrosis and endothelin-1 production
in pressure-overloaded rat hearts. Clin Sci 2002; 103:
284-8S

27. Irukayama-Tomobe Y, Miyauchi T, Sakai S, et al. En-
dothelin-1-induced cardiac hypertrophy is inhibited by
activation of peroxisome proliferator-activated receptor-
Æ partly via blockade of c-jun NH2 terminal kinase
pathway. Circulation 2004; 109: 904-10

28. Liang F, Wang F, Zhang S, et al. Peroxisome proliferator
activated receptor (PPAR) alpha agonists inhibit hyper-
trophy of neonatal rat cardiac myocytes. Endocrinology
2003; 144: 4187-94

29. Iglarz M, Touyz RM, Viel EC, et al. Peroxisome prolif-

16 Goikoetxea et al.

& Adis Data Information BV 2004. All rights reserved. Drugs 2004; 64 Suppl. 2



erator-activated receptor-alpha and receptor-gamma
activators prevent cardiac fibrosis in mineralocorticoid-
dependent hypertension. Hypertension 2003; 42: 737-43

30. Gilde AJ, van der Lee KAJM, Willemsen PHM, et al.
Peroxisome proliferators-activated receptor (PPAR) Æ
and PPAR �/�, but not PPARª, modulate the expression
of genes involved in cardiac lipid metabolism. Circ Res
2003; 92: 518-24

31. Asakawa M, Takano H, Nagai T, et al. Peroxisome
proliferator-activated receptor gamma plays a critical
role in inhibition of cardiac hypertrophy in vitro and in
vivo. Circulation 2002; 105: 1152-4

32. Yamamoto K, Ohki R, Lee RT, et al. Peroxisome prolif-
erator-activated receptor gamma activators inhibit cardiac
hypertrophy in cardiac myocytes. Circulation 2001; 104:
1670-5

33. Shiomi T, Tsutsui H, Hayashidani S, et al. Pioglitazone, a
peroxisome proliferator-activated receptor-gamma ago-
nist, attenuates left ventricular remodeling and failure
after experimental myocardial infarction. Circulation
2002; 106: 3126-32

34. Sack MN, Disch DL, Rockman HA, et al. A role for Sp and
nuclear receptor transcription factors in a cardiac
hypertrophic growth program. Proc Natl Acad Sci USA
1997; 94: 6438-43

35. Barger PM, Brandt JM, Leone TC, et al. Deactivation
of peroxisome-activated receptor receptor Æ during
cardiac hypertrophic growth. J Clin Invest 2000; 105:
1723-30

36. Karbowska J, Kochan Z, Smolenski RT. Peroxisome
proliferator-activated receptor Æ is downregulated in the
failing human heart. Cell Mol Biol Lett 2003; 8: 49-53

37. Razhegi P, Young ME, Tonya CC, et al. Downregulation of
myocardial myocyte enhancer factor 2C and myocyte
enhancer 2C-regulated gene expression in diabetic pa-
tients with nonischemic heart failure. Circulation 2002;
106: 407-11

38. Cook SA, Matsui T, Li L, et al. Transcriptional effects of
chronic Akt activation in the heart. J Biol Chem 2002;
277: 22528-33

39. Barger PM, Browning AC, Garner AN, et al. p38 mitogen
protein kinase activated peroxisome proliferator-acti-
vated receptor Æ. A potential role in the cardiac metabolic
stress response. J Biol Chem 2001; 44: 44495-501

40. Frohlich ED. Overview of hemodynamic and non-hemody-
namic factors associated with left ventricular hypertro-
phy. J Mol Cell Cardiol 1989; 21: 3-10

41. Tham DM, Martin-McNulty B, Wang Y, et al. Angiotensin
II is associated with activation of NF-kB-mediated genes
and downregulation of PPARs. Physiol Genomics 2002;
11: 21-30

42. Diep QN, Benkirane K, Amiri F, et al. PPARalpha activator
fenofibrate inhibits myocardial inflammation and fibrosis
in angiotensin II-infused rats. J Mol Cell Cardiol 2004;
36: 295-304

43. Razeghi P, Young ME, Abbasi S, et al. Hypoxia in vivo
decreases peroxisome proliferator-activated receptor Æ-
regulated gene expression in rat heart. Biochem Biophys
Res Commun 2001; 287: 5-10

44. Huss JM, Levy FH, Kelly DP. Hypoxia inhibits the
peroxisome proliferator-activated receptor Æ/retinoid X

receptor gene regulatory pathway in cardiac myocytes.
J Biol Chem 2001; 276: 27605-12

45. Houghton JL, Carr AA, Prisant LM, et al. Morphologic,
hemodynamic and coronary perfusion characteristics in
severe left ventricular hypertrophy secondary to systemic
hypertension and evidence for nonatherosclerotic myo-
cardial ischemia. Am J Cardiol 1992; 69: 219-24

46. Sher T, Yi HF, McBride OW, et al. cDNA cloning,
chromosomal mapping, and functional characterization
of the human peroxisome proliferator activated receptor.
Biochemistry 1993; 32: 5598-604

47. Flavell DM, Pineda Torra I, Jamshidi Y, et al. Variation in
the PPAR alpha gene is associated with altered function in
vitro and plasma lipid concentrations in type II diabetic
subjects. Diabetologia 2000; 43: 673-80

48. Sapone A, Peters JM, Sakai S, et al. The human peroxisome
proliferator-activated receptor alpha gene: identification
and functional characterization of two natural allelic
variants. Pharmacogenetics 2000; 10: 321-33

49. Jamshidi Y, Montgomery HE, Hense H-W, et al. Peroxi-
some proliferator-activated receptor Æ gene regulates left
ventricular growth in response to exercise and hyper-
tension. Circulation 2002; 105: 950-5

50. Roe CR, Coates PM. Mitochondrial fatty acid oxidation
disorders. In: Scriver CR, Beaudet AI, Sly WS, editors.
The metabolic and molecular basis of inherited diseases.
New York: McGraw-Hill, 1995: 1501-33

51. Kelly DP, Strauss AW. Inherited cardiomyopathies. N Engl J
Med 1994; 330: 913-19

52. Hajri T, Ibrahimi A, Coburn CT, et al. Defective fatty acid
uptake in the spontaneously hypertensive rat is a primary
determinant of altered glucose metabolism, hyperinsuli-
nemia, and myocardial hypertrophy. J Biol Chem 2001;
276: 23661-6

53. de las Fuentes L, Herrero P, Peterson LR, et al. Myocardial
fatty acid metabolism: independent predictor of left
ventricular mass in hypertensive heart disease. Hyper-
tension 2003; 41: 83-7

54. Rupp H, Jacob R. Metabolically-modulated growth and
phenotype of the rat. Eur Heart J 1992; 13: 56-61

55. Kelly DP. Peroxisome proliferator-activated receptor Æ as a
genetic determinant of cardiac hypertrophic growth.
Culprit or innocent bystander ? Circulation 2002; 105:
1025-7

56. Pineda Torra I, Gervois P, Staels B. Peroxisome proliferator-
activated receptor alpha in metabolic disease, inflamma-
tion, atherosclerosis and aging. Curr Opin Lipidol 1999;
10: 151-9

57. Davila-Roman VG, Vedala G, Herrero P, et al. Altered
myocardial fatty acid and glucose metabolism in idio-
pathic dilated cardiomyopathy. J Am Coll Cardiol 2002;
40: 271-7

58. Beer M, Seyfarth T, Sandstede J, et al. Absolute concentra-
tions of high-energy phosphate metabolites in normal,
hypertrophied, and failing human myocardium measured
noninvasively with 31P-SLOOP magnetic resonance
spectroscopy. J Am Coll Cardiol 2002; 40: 1267-4

59. Razeghi P, Young ME, Alcorn JL, et al. Metabolic gene
expression in fetal and failing human heart. Circulation
2001; 104: 2923-31

60. Kim SK, Zhao ZS, Lee JK, et al. Left-ventricular diastolic

PPARÆ and Hypertension 17

& Adis Data Information BV 2004. All rights reserved. Drugs 2004; 64 Suppl. 2



dysfunction may be prevented by chronic treatment with
PPAR-Æ or -ª agonists in a type 2 diabetic animal model.
Diabetes Metab Res Rev 2003; 19: 487-93

61. Watanabe K, Fujii H, Takahashi T, et al. Constitutive
regulation of cardiac fatty acid metabolism through
peroxisome proliferator-activated receptor alpha asso-
ciated with age-dependent cardiac toxicity. J Biol Chem
2000; 275: 22293-9

62. Corr PB, Creer MH, Yamada KA, et al. Prophylaxis of early
ventricular fibrillation by inhibition of acylcarnitine
accumulation. J Clin Invest 1989; 83: 927-36

63. Stanley CA, Hale DE, Berry GT, et al. Brief report: a
deficiency of carnitine-acylcarnitine translocase in the
inner mitochondrial membrane. N Engl J Med 1992; 327:
19-23

64. Bielawska AE, Shapiro JP, Jiang L, et al. Ceramide is
involved in triggering of cardiomyocyte apoptosis in-
duced by ischemia and reperfusion. Am J Pathol 1997;
151: 1257-63

65. Chiu H-C, Kovacs A, Ford DA, et al. A novel mouse model
of lipotoxic cardiomyopathy. J Clin Invest 2001; 107:
813-22

66. Gebel T, Arand M, Oesch F. Induction of the peroxisome
proliferator activated receptor by fenofibrate in rat liver.
FEBS Lett 1992; 309: 37-40

67. Inoue SG, Mizotani K, Awata T, et al. Lipophilic HMG-
CoA reductase inhibitor has an anti-inflammatory effect.
Reduction of mRNA levels of interleukin-1, interleukin-
6, cyclooxygenase-2 and p22phox by regulation of
peroxisome proliferator-activated receptor (PPAR) in
primary endothelial cells. Life Sci 2000; 67: 863-76

68. Roglans N, Sanguino E, Peris C, et al. Atorvastatin
treatment induced peroxisome proliferator-activated re-
ceptor alpha expression and decreased plasma nonester-

ified fatty acids and liver triglyceride in fructose-fed rats.
J Pharmacol Exp Ther 2002; 302: 232-9

69. Martin G, Duez H, Blanquart C, et al. Statin-induced
inhibition of the Rho-signaling pathway activates PPAR-
alpha and induces HDL apoA-I. J Clin Invest 2001; 107:
1423-32

70. Lou JD, Zhang WW, Zhang GP, et al. Simvastatin inhibits
cardiac hypertrophy and angiotensin-converting enzyme
activity in rats with aortic stenosis. Clin Exp Pharmacol
Physiol 1999; 26: 903-8

71. Patel R, Nagueh SF, Tsybouleva N, et al. Simvastatin
induces regression of cardiac hypertrophy and fibrosis
and improves cardiac function in a transgenic rabbit
model of human hypertrophic cardiomyopathy. Circula-
tion 2001; 104: 317-24

72. Dechend R, Flebeler A, Parl JK, et al. Amelioration of
angiotensin II-induced cardiac injury by a 3-hydroxy-3-
methylglutaryl coenzyme A reductase inhibitor. Circula-
tion 2001; 104: 576-81

73. Zhou MD, Sucov HM, Evans RM, et al. Retinoid-dependent
pathways suppress myocardial cell hypertrophy. Proc Natl
Acad Sci USA 1995; 92: 7391-5

74. Finck B, Lehman JJ, Leone TC, et al. The cardiac
phenotype induced by PPARÆ overexpression mimics
that caused by diabetes mellitus. J Clin Invest 2002; 109:
121-30

Correspondence and offprints: Dr Javier Dı́ez, Area de
Fisiopatologı́a Cardiovascular, CIMA-Facultad de
Medicina, C/Irunlarrea 1, 31080 Pamplona, Spain.
E-mail: jadimar@unav.es

18 Goikoetxea et al.

& Adis Data Information BV 2004. All rights reserved. Drugs 2004; 64 Suppl. 2


	1. Introduction
	2. General Aspects of PPARa
	3. Alterations in Cardiac PPARa in Pressure Overload and Heart Failure
	3.1 Potential Origin
	3.2 Potential Consequences

	4. Pharmacological Modulation of Cardiac PPARs
	5. Conclusions and Perspectives
	References

