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Oulu, P.O. Box 5000, FI-90014 University of Oulu, Finland 
Acta Univ. Oul. D 888, 2006
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Abstract
Cardiac hypertrophy and remodelling are mechanisms of adaptation to increased workload and acute
injuries of the heart. In the long-term, these initially beneficial mechanisms become detrimental and
ultimately lead to the development of heart failure. The molecular determinant of myocardial
remodelling and heart failure is altered intracellular signal transduction and a modified gene
expression pattern in the individual cardiomyocyte. This study was aimed at characterising the
changes in mitogen-activated protein kinases (MAPKs) and their nuclear effector, GATA-4, and their
functional significance and interaction in experimental models of increased cardiac workload and
remodelling.

To study the effects of increased cardiac workload on MAPKs and GATA-4, isolated perfused rat
hearts were subjected to increased left ventricular wall stress and their activities were determined
using western blot and gel mobility shift assays. Left ventricular wall stress rapidly activated the
DNA binding of GATA-4, and this activation was abolished in the presence of endothelin-1 (ET-1)
and angiotensin II receptor antagonists. Furthermore, the activation of GATA-4 DNA binding was
significantly attenuated by p38 MAPK and extracellular signal regulated kinase (ERK) inhibition. To
gain further insights into the role of p38 MAPK as a regulator of cardiac transcription factors, gene
expression and remodelling, a gene transfer protocol of increased p38 MAPK activity was
established. Direct adenovirus-mediated gene transfer of wild-type p38α and constitutively active
upstream kinase mitogen-activated kinase kinase 3b (MKK3b) selectively increased p38 MAPK
activity in the left ventricle, which was followed by up-regulation of cardiac gene expression,
myocardial inflammation and fibrosis. Using a DNA microarray approach, the cardiac target genes
of p38 MAPK were identified, including several cell division, inflammation and signal transduction-
associated genes. Furthermore, p38 MAPK over-expression was found to increase the DNA binding
activities of several transcription factors, including GATA-4. Finally, the functional role of p38
MAPK was determined using adenovirus-mediated gene transfer in an experimental model of
myocardial infarction. Post-infarction remodelling was characterised by a sustained down-regulation
of p38 MAPK, while rescue of p38 MAPK activity attenuated post-infarction remodelling through
anti-apoptotic and angiogenic mechanisms.

These results indicate that p38 MAPK is a key regulator of GATA-4 transcription factor and
cardiac gene expression during left ventricular wall stress and remodelling. They demonstrate that
p38 MAPK, being cardioprotective in the infarcted heart but promoting inflammation and fibrosis in
the normal heart, has a unique dual role in the myocardium.

Keywords: mitogen-activated protein kinases, signal transduction, transcription factors,
ventricular remodelling
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1 Introduction 

Chronic heart failure is a major cause of morbidity and mortality in industrialised 
societies (Jessup & Brozena 2003). The prevalence of symptomatic heart failure in 
Europe is estimated to be 0.4-2.0% and is rising as the proportion of the elderly 
population increases (Remme et al. 2001). Despite appropriate pharmacological and 
operative interventions, symptomatic heart failure continues to confer a poor prognosis, 
with a one-year mortality of approximately 45%. The aetiology of heart failure is multi-
factorial, and it can be considered the final pathway for a number of diseases affecting the 
heart. Two primary causes account for the majority of heart failure cases, however: 
hypertension and hypertensive cardiomyopathy, and myocardial infarction with 
subsequent left ventricular remodelling. (Francis 2001, Jessup & Brozena 2003.)  

Hypertension and other forms of cardiac overload initiate cardiac hypertrophy and 
hypertensive remodelling as an adaptive process to counterbalance the increased wall 
stress (Lorell & Carabello 2000). At the physiological level, they are characterised by an 
increase in the myocardial mass and alterations in ventricular structure, while at the 
cellular level, both the size of individual myocytes and sarcomeric assembly of 
myofibrils are increased (Sugden & Clerk 1998a). Myocardial infarction in turn induces a 
unique pattern of myocardial remodelling characterised by an early phase with infarct 
expansion and a late phase with progressive scar formation and hypertrophy of the non-
infarcted area. Eventually both types of myocardial remodelling lead to a progressive loss 
of systolic and diastolic function and symptomatic heart failure. (Sutton & Sharpe 2000.) 

The cellular and structural changes in the myocyte in hypertrophy and remodelling 
result from alterations in gene expression and protein synthesis. For these to occur, the 
primary stimulus has to be transduced from the cell membrane to the nucleus of the 
myocyte. Indeed, both cardiac hypertrophy and post-infarction remodelling involve 
changes in intracellular signalling pathways (Sugden & Clerk 1998a, Swynghedauw 
1999). However, due to the complex nature of intracellular signal transduction pathways, 
the specific changes in signalling molecules remain poorly understood and it is not 
known which of them contribute to the pathogenesis of heart failure. Mitogen-activated 
protein kinases (MAPKs) represent one of the best-conserved cytoplasmic signal 
transduction systems in the myocyte, and previous studies have suggested that they may 
be involved in the development of different forms of cardiac hypertrophy and ischaemia-



 18

reperfusion injury (Sugden & Clerk 1998b, Behr et al. 2001). There is a limited amount 
of evidence regarding their functional importance in ventricular remodelling in vivo, 
however, and the downstream targets connecting MAPKs to gene expression remain 
poorly understood, even though it is evident that the alterations in cardiac gene 
expression are not directly controlled by them but require specific changes in nuclear 
transcription factors. GATA-4, a conserved cardiac-restricted zinc finger transcription 
factor, has been identified as a regulator of cardiac development, hypertrophy and 
myocyte apoptosis (Kuo et al. 1997, Molkentin et al. 1997, Liang et al. 2001a, Kim et al. 
2003, Pikkarainen et al. 2003, Suzuki & Evans 2004), but it is not known whether 
MAPKs and GATA-4 are linked to each other in vivo in order to coordinate cardiac gene 
expression, hypertrophy and remodelling. 

 In the present study experimental approaches representing the two major primary 
stimuli for heart failure, increased wall stress and myocardial infarction, were used to 
examine the changes in cytoplasmic signal transduction pathways and nuclear 
transcription factors. More specifically, the aim was to characterise the changes in GATA-
4 activity and the role of MAPKs in the regulation of GATA-4 and cardiac gene 
expression during increased wall stress and remodelling. In addition, the functional role 
of p38 MAPK in the myocardium was determined. 



2 Review of the literature 

2.1  Pathophysiology of heart failure 

2.1.1  Definition and aetiology of heart failure 

Heart failure is defined as the inability of the heart to pump a sufficient amount of blood 
to the peripheral organs to meet the metabolic requirements of the body (Jessup & 
Brozena 2003, Liew & Dzau 2004). It is a complex clinical syndrome manifested by 
impairment of cardiac function and circulatory congestion and by many extra-cardiac 
features, including neuroendocrine activation (Francis 2001, Jessup & Brozena 2003). In 
this context it can be regarded as a continuous process of ventricular remodelling initiated 
by an index event, followed by progressive changes in shape, size and function of the 
heart and culminating in the clinical symptoms (Francis 2001). Heart failure is divided 
into two broad categories, systolic heart failure and diastolic heart failure. Systolic heart 
failure is characterised by impaired systolic function and contractility, while the most 
typical features of diastolic heart failure are abnormal filling characteristics due to 
impaired ventricular relaxation (Jessup & Brozena 2003). 

Heart failure has diverse etiologies, including both inherited and environmental factors 
(Jessup & Brozena 2003), but as defined above, it is almost universally a consequence of 
antecedent cardiovascular disease (Fig. 1). Two major causes can be distinguished among 
these: coronary artery disease with myocardial infarction, and prolonged systemic 
hypertension. Indeed, clinical studies have demonstrated that previous myocardial 
infarction can be found in over 60% of patients with heart failure and a history of 
hypertension in up to 90% (Bourassa et al. 1993, Levy et al. 1996). Uncorrected valvular 
disease, such as aortic stenosis or mitral regurgitation, may also lead to heart failure via 
pressure-volume overload (Francis 2001, Jessup & Brozena 2003). Also among the 
known causes are idiopathic cardiomyopathies, the use of chemotherapeutic drugs and 
toxic agents such as alcohol (Jessup & Brozena 2003). Mutations of single genes 
encoding structural proteins of the sarcomere, for instance, have been identified as rare 
genetic causes of heart failure (Morita et al. 2005).  
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Fig. 1. A summary of the mechanisms involved in myocardial remodelling. For reviews, see 
Jessup & Brozena (2003) and Swynghedauw (1999). 

2.1.2  Cardiac hypertrophy and hypertensive heart failure 

Normal adult cardiomyocytes are terminally differentiated cells, and instead of cellular 
hyperplasia, the heart shows primarily a hypertrophic response to increased workload. 
Cardiac hypertrophy in its broadest sense is defined as an increase in myocardial muscle 
mass due to the enlargement of individual myocytes. (Lorell & Carabello 2000.) 
Functionally, it is considered an adaptive response aimed at alleviating the elevation in 
wall stress according to LaPlace’s principle (Lips et al. 2003). Two morphological 
phenotypes of cardiac hypertrophy are classically distinguished: concentric hypertrophy, 
characterised by parallel addition of sarcomeres and lateral growth of cardiomyocytes, 
and eccentric hypertrophy, characterised by the addition of sarcomeres in series and 
longitudinal cell growth (Lorell & Carabello 2000, Dorn et al. 2003). Although increased 
wall stress represents the major stimulus for both phenotypes, concentric hypertrophy is 
generally observed in response to pressure overload, whereas eccentric hypertrophy more 
often occurs due to volume overload or prior infarction (Lorell & Carabello 2000).  

 The course of hypertrophic transformation has been traditionally divided into three 
stages: (1) developing hypertrophy, in which the load exceeds the output, (2) 
compensatory hypertrophy, characterised by a normalised workload/mass ratio and 
maintained cardiac output, and (3) overt heart failure, with progressive ventricular 
dilatation and functional decline (Meerson 1961). The initial functional benefits of 
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developing and compensatory hypertrophy include an increase in the number of 
contractile elements and in stroke volume and a lowering of wall stress and oxygen 
consumption (Grossman et al. 1975). Even though the phases of hypertrophic 
transformation have been known for decades, the exact pathophysiological mechanisms 
whereby the initially beneficial and compensatory response progresses to overt heart 
failure remain poorly understood. The increased left ventricular stiffness that is 
characteristic of the hypertrophied heart may directly lead to diastolic dysfunction via 
abnormal left ventricular filling, but the mechanisms leading to systolic dysfunction are 
presumably far more complex (Jessup & Brozena 2003, Kass et al. 2004). The structural 
abnormalities that are observed in the transition from hypertrophy to heart failure include 
ventricular dilatation, excessive interstitial fibrosis and loss of myocytes due to an 
increased rate of apoptosis (Meerson 1961, Bing 1994, Lips et al. 2003). At the functional 
level, afterload excess due to the inability of the heart to compensate for the wall stress 
itself reduces systolic performance, and subendocardial ischaemia due to a reduced 
coronary flow reserve may also limit the exercise reserve (Gunther & Grossman 1979, 
Nakano et al. 1989). Functional perturbations include changes in intracellular calcium 
handling, which may contribute to the depression of the force-frequency relationship 
predispose the subject to increased arrhythmogenicity (Hill 2003). Complex alterations in 
structure, intracellular signalling and energy metabolism are observed within the 
myocytes (Lorell & Carabello 2000, Lips et al. 2003).  

2.1.3  Post-infarction remodelling and heart failure 

Acute myocardial infarction induces a unique pattern of left ventricular remodelling 
affecting the structural and functional architecture of the infarcted area, the ischaemic 
border zone and the remote, non-infarcted regions of the heart (Pfeffer & Braunwald 
1990, Sutton & Sharpe 2000). Post-infarction remodelling has been arbitrarily divided 
into an early phase (within 72 hours of the onset of myocardial infarction) and a late 
phase (beyond 72 hours) (Sutton & Sharpe 2000).  

The very first hours of myocardial infarction are characterised by an acute loss of 
cardiomyocytes, oedema and inflammation localised in the infarcted regions (Pfeffer & 
Braunwald 1990). Also associated with this early phase of remodelling are abrupt 
changes in the left ventricular loading conditions (Sutton & Sharpe 2000). The acute loss 
of myocytes is immediately followed by expansion of the infarct area, originally defined 
by Hutchins and Balkley as an acute dilatation and thinning of the area of infarction that 
cannot be explained by additional myocardial necrosis (Hutchins & Bulkley 1978). At the 
cellular level, early remodelling and infarct expansion are at least partially explained by 
degradation of the intermyocyte collagen struts by serine proteases and the activation of 
matrix metalloproteinases released from neutrophiles (Sutton & Sharpe 2000). Infarct 
expansion, in turn, results in further elevation of both systolic and diastolic wall stresses, 
an altered Frank-Starling response and deformation of the remote myocardium (Pfeffer & 
Braunwald 1990, Sutton & Sharpe 2000). Early remodelling also evokes multiple 
adaptive responses at the systemic level, e.g. sympathetic activation, activation of the 
renin-angiotensin-aldosterone system and increased production of A-type (ANP) and B-
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type (BNP) natriuretic peptides (Sutton & Sharpe 2000). Early remodelling with infarct 
expansion is most frequently observed in the case of large transmural infarctions, and 
patients with pronounced infarct expansion are more likely to develop myocardial rupture 
or aneurysm (Pfeffer & Braunwald 1990). 

The elevated wall stress and neurohumoral activation associated with early 
remodelling are powerful stimuli for the hypertrophic growth of myocytes, and thus 
partially initiate the mechanisms of late remodelling (Lorell & Carabello 2000, Lips et al. 
2003). To stabilise the distending forces and distribute the increased wall stress more 
evenly, the non-infarcted region of the heart undergoes hypertrophic growth and the 
infarcted area develops a collagen scar, which are hallmarks of late post-infarction 
remodelling (Sutton & Sharpe 2000). At the functional level, however, the loss of 
functional myocytes due to the increased rate of apoptosis gradually detracts from 
systolic function, which results in an increased end-systolic volume and ventricular 
dilatation (Olivetti et al. 1997). Hypertrophy and excessive interstitial fibrosis in turn 
result in increased diastolic pressure and volume, leading to diastolic dysfunction 
(Volders et al. 1993). Peripheral mechanisms further increase both the pre-load and after-
load in late post-infarction remodelling. Collectively, these changes lead to a progressive 
decline in both systolic and diastolic function, and eventually to clinical symptoms of 
congestive heart failure.  

2.1.4  Paracrine and neurohumoral mechanisms in heart failure 

Although the traditional haemodynamic model emphasised inadequate left ventricular 
systolic function as the key mechanism in heart failure, it has become evident from later 
studies that the circulus viciosus of neuroendocrine activation is a critical determinant of 
its pathogenesis (Francis 2001).  

In most cases of heart failure cardiac output is decreased, and this together with the 
subsequent arterial underfilling lead to baroreceptor-mediated activation of the 
sympathetic tone. The major haemodynamic consequences of this sympathetic activation 
include α-receptor-mediated peripheral vasoconstriction, increased myocardial 
contractility and tachycardia, which lead to an increase in both cardiac pre-load and 
afterload. Increased sympathetic tone and the subsequent haemodynamic changes are also 
powerful activators of other paracrine and endocrine mechanisms, such as the renin-
angiotensin-aldosterone system. (Schrier & Abraham 1999, Francis 2001.) 

2.1.4.1  The renin-angiotensin-aldosterone system 

Both the low renal perfusion pressure and the increased beta-adrenergic stimulation 
activate the renin-angiotensin-aldosterone system in the presence of heart failure (Schrier 
& Abraham 1999). The circulating renin-angiotensin-aldosterone system includes renin, 
which cleaves angiotensinogen to inactive angiotensin I, which in turn is further 
converted to the active octapeptide angiotensin II by the angiotensin-converting enzyme 
(ACE) (Kim & Iwao 2000, Bader et al. 2001).  
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Although the renin-angiotensin-aldosterone system is considered to be endocrine in 
nature, evidence is accumulating that the heart and several other tissues contain and/or 
synthesise its components in an autocrine or paracrine manner, and the functional effects 
of renin and angiotensin in remodelling and heart failure have been at least partially 
attributed to local modulation of tissue function (Bader et al. 2001). The presence of 
renin, angiotensin I, angiotensin II and angiotensin II receptors has been reported in the 
heart, and the local angiotensin production is activated in the hypertrophied heart and in 
response to pressure and volume overload (Pieruzzi et al. 1995, Bader et al. 2001). 
Furthermore, mechanical stretch has been shown to induce the local release of 
angiotensin II in the myocardium, which increases the expression of other components of 
the renin-angiotensin system via a positive feedback loop (Sadoshima et al. 1993, Tamura 
et al. 1998).  

The functional effects of angiotensin II are mediated via guanine nucleotide binding 
protein (G-protein) coupled receptors (GPCRs). Angiotensin II is bound by two distinct 
receptor isoforms, both of which are expressed in the heart (Kim & Iwao 2000). Although 
the type 1 angiotensin II receptor (AT1), which can be further divided into the subtypes 
AT1A and AT1B in rodents, shares structural homology with the type 2 receptor (AT2), they 
are functionally distinct and differentially distributed (Unger et al. 1996, Kim & Iwao 
2000). The classical systemic effects of angiotensin II include vasoconstriction via 
increased contraction of the vascular smooth muscle, aldosterone biosynthesis, increased 
sodium and water reabsorption and increased catecholamine synthesis. Angiotensin II 
increases collagen synthesis and fibrosis locally and is able to directly induce 
hypertrophic growth of the heart. Angiotensin II also has a direct positive inotropic effect. 
(Kim & Iwao 2000.)  

In addition to its effects on fluid homeostasis, aldosterone may have direct adverse 
effects in the pathophysiology of heart failure. Both cardiac myocytes and vascular 
smooth muscle cells express aldosterone receptors (Scott et al. 1987, Lombes et al. 
1992), and cardiac aldosterone levels are increased in failing human hearts, hypertensive 
rats and rats with myocardial infarction (Silvestre et al. 1999, Takeda et al. 2000, Mizuno 
et al. 2001). Treatment with the aldosterone antagonist eplerenone is able to attenuate 
post-infarction remodelling and fibrosis without affecting systemic blood pressure 
(Suzuki et al. 2002), and infusion of aldosterone will similarly induce cardiac 
hypertrophy without any effects on blood pressure (Young et al. 1995).  

2.1.4.2  Endothelin-1 

Endothelin-1 (ET-1), a 21-amino acid vasoactive peptide, was originally identified in the 
cultured media of porcine endothelial cells (Yanagisawa et al. 1988). ET-1 shares 
structural homology with three closely related isopeptides ET-2, ET-3, ET-4 and with the 
snake venom sarafotoxin (Lüscher & Barton 2000, Teerlink 2002). ET-1 is produced by a 
variety of tissues, including endothelial cells, vascular smooth muscle cells, 
cardiomyocytes, brain and kidney (MacCumber et al. 1989, Lerman et al. 1991, Suzuki et 
al. 1993). The synthesis of ET-1 from its precursor peptides prepro-ET-1 and big ET-1 is 
a complex process activated by shear stress, mechanical strain, hypoxia, other 
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vasoconstrictors, growth factors and cytokines and inhibited by nitric oxide, prostacyclin 
and ANP. ET-1 is transported and released via a constitutive pathway from secretory 
vesicles and in an inducible manner from the Weibel-Palade bodies of the endothelial 
cells in response to shear stress, angiotensin II and growth factors (Remuzzi et al. 2002). 

While ET-1 is the most powerful vasoconstrictory peptide identified, ET-2 and ET-3 
do not appear to have significant roles in cardiovascular pathophysiology (Yanagisawa et 
al. 1988, Teerlink 2002). Functionally, ET-1 is a versatile vasoactive peptide. Besides the 
well-characterised vasoconstrictory effect, it has been reported to be mitogenic, to 
stimulate the production of vascular endothelial growth factor (VEGF) and basic 
fibroblast growth factor (bFGF) and to potentiate the effects of transforming growth 
factor β (TGF-β) and platelet-derived growth factor (PDGF) (Lüscher & Barton 2000). 
ET-1 also modulates water and salt balance and has a powerful inotropic and 
chronotropic effect in the heart (Ishikawa et al. 1988a, Ishikawa et al. 1988b, Yamada & 
Yoshida 1991). The production of ET-1 is up-regulated in vivo under pathophysiological 
conditions such as pressure overload, experimental myocardial infarction, or chronic 
heart failure (Yorikane et al. 1993, Sakai et al. 1996b, Kobayashi et al. 1999).  

 The functional effects of ET-1 are mediated by two GPCR subtypes, ETA and ETB 
receptors (Arai et al. 1990, Sakurai et al. 1990). These have different tissue distributions, 
different affinities for ET isopeptides and partially distinct functional effects. ETA 
receptors are found more abundantly in cardiomyocytes and smooth muscle cells, 
whereas ETB receptors are predominantly expressed in endothelial cells (Lüscher & 
Barton 2000). The vasoconstrictory and proliferative effects of ET-1 are primarily 
mediated by ETA receptors, while the stimulation of ETB receptors promotes vasodilation 
via nitric oxide and prostacyclin. In the context of cardiovascular pathophysiology, ETA 
receptors are thought to be responsible for the majority of the effects of ET-1. (Lüscher & 
Barton 2000, Remuzzi et al. 2002.) Indeed, a specific blockade of ETA receptors with 
pharmacological inhibitors was reported to attenuate pressure overload-induced cardiac 
hypertrophy and left ventricular remodelling after experimental myocardial infarction (Ito 
et al. 1994, Sakai et al. 1996a).  

2.1.4.3  Natriuretic peptides 

The first evidence of the existence of a natriuretic substance in the atrial tissue of the 
heart was obtained in the pioneering experiments of de Bold and co-workers, which 
demonstrated a natriuretic and diuretic effect in rats after the injection of atrial tissue 
extract (de Bold et al. 1981). This was followed by the identification and cloning of atrial 
natriuretic peptide, the molecule responsible for these effects (Atlas et al. 1984). Soon 
after the characterisation of ANP, two additional peptides that shared considerable 
structural and functional homology with ANP were identified and designated as B-type 
and C-type (CNP) natriuretic peptides (Sudoh et al. 1988, Sudoh et al. 1990). As implied 
by the initial studies, the main biological function of ANP and BNP is the regulation of 
sodium and fluid homeostasis and blood pressure, while CNP is mainly involved in 
endothelial cell responses (Ruskoaho 1992).  



 25

ANP is mainly synthesised, stored and secreted by the atria of the adult heart (see 
Table 1), its protein being found in 100 times higher concentrations in the atrial tissue 
than in the ventricle, so that ANP mRNA can constitute up to 3% of all atrial mRNA 
(Gardner et al. 1986, Ruskoaho 1992). ANP is also expressed in the ventricular tissue, 
although to a lesser extent relative to tissue weight. Outside the heart, ANP mRNA or 
immunoreactivity has been detected in the lung, brain, adrenal glands, kidney, adipose 
tissue, aorta, gastrointestinal tract, thymus and eye (Ruskoaho 1992). The biological 
effects of ANP are mainly mediated by type A natriuretic peptide receptors (NPRA), 
which are most abundantly expressed in the adrenal gland, lung, kidney and aorta (Nakao 
et al. 1992). ANP is removed from the circulation by both clearance receptors and neutral 
endopeptidase-mediated hydrolysis. The circulating plasma levels of ANP and its pro-
hormone NT-proANP are increased in heart failure, and measurement of NT-proANP is 
widely recognised as being of diagnostic value for the clinical management of heart 
failure patients. The mechanism underlying the increased ANP plasma levels is the 
synthesis and release of ANP from the atrial and ventricular tissue due to increased wall 
stretch. In addition, elevated levels of circulating hormones and cytokines may contribute 
to the increased ANP release. (Ruskoaho 2003.) ANP lowers the cardiac workload 
through its effects on natriuresis and diuresis, thereby affecting blood pressure and 
vascular tone. The central role of ANP in controlling blood pressure is also reflected in 
the gain-of-function and loss-of-function studies that have demonstrated that ANP 
deletion causes salt-sensitive hypertension (John et al. 1996), and conversely, that ANP 
over-expression leads to arterial hypotension (Steinhelper et al. 1990). However, the 
effects of ANP are not restricted to the systemic maintenance of blood pressure and fluid 
homeostasis, but also include paracrine functions. Importantly, both protein synthesis and 
hypertrophic gene expression are increased when cultured cardiomyocytes are treated 
with an ANP receptor antagonist (Horio et al. 2000), and conversely, the treatment of 
cardiomyocytes with synthetic ANP attenuates GPCR-agonist-induced hypertrophic 
responses (Calderone et al. 1998).  

Although it had originally been isolated from porcine brain, it soon became evident 
that BNP is mainly expressed in cardiac ventricular myocytes (Ruskoaho 1992). Its 
ventricular expression is dramatically increased during cardiac overload and hypertrophy, 
leading to plasma levels that can exceed those of ANP in advanced cases of heart failure 
(Gardner 2003). Indeed, BNP and NT-proBNP also represent diagnostic markers of heart 
failure, as normal levels have a consistent and very high negative predictive value. 
Furthermore, these levels may also have a prognostic value, as they appear to correlate 
with the progression of heart failure (Ruskoaho 2003). ANP and BNP share several 
common functional and structural features: they contain a common structural motif 
consisting of a 17-amino-acid loop, initiate their actions mainly via NPRA receptors, and 
both have mechanical stretch as the major determinant for their release (Ruskoaho 1992, 
Ruskoaho 2003). The gene expression and secretion of both peptides are activated by a 
number of other stimuli, including GPCR agonists and cytokines. The physiological 
effects of BNP also partially resemble those of ANP, since high concentrations of BNP 
induce hypotensive, natriuretic and diuretic effects (Ogawa et al. 1994, Kuhn 2005). The 
phenotype of transgenic mice with targeted deletion of BNP differs from that of ANP 
knock-out mice, however, as they do not show signs of hypertension or hypertrophy but 
develop focal fibrotic lesions within their hearts (Tamura et al. 2000). BNP also 



 26

suppresses collagen production and induces metalloproteinase activity in cardiac 
fibroblasts (Tsuruda et al. 2002), which further supports the role of BNP as an important 
paracrine regulator of myocardial fibrosis. Nevertheless, these findings suggesting 
paracrine functions for BNP do not exclude a role for it as a systemic regulator of 
cardiovascular homeostasis in heart failure patients. Importantly, BNP and its synthetic 
analogues appear to have ameliorative effects on the central haemodynamics of heart 
failure patients, suggesting a therapeutic potential (Gardner 2003).  

The third member of the natriuretic peptide family, CNP, shares their common 17-
amino-acid ring structure, and is the most highly conserved of all of them between 
species. Circulating levels of CNP are typically low in the absence of disease, suggesting 
that CNP acts in a paracrine or autocrine rather than an endocrine fashion. (Scotland et al. 
2005.) It does indeed appear to differ functionally from the other two members of the 
natriuretic peptide family. It is mainly produced in the neural system and vascular 
endothelial cells rather than the heart (Komatsu et al. 1991, Chen & Burnett 1998), and it 
preferentially binds to NPRB receptors, which are found in the brain, kidney, adrenal 
glands and vascular smooth muscle (Levin et al. 1998, Scotland et al. 2005). It has 
recently been suggested that CNP may be a local regulator of vascular tone, since it has 
been found to cause vasodilation and increase blood flow when injected locally into the 
human forearm (Honing et al. 2001). In addition, it has been suggested that, acting via 
NPRC receptors, CNP could represent an endothelium-derived hyperpolarising factor 
(Scotland et al. 2005). Finally, CNP knock-out mice show impaired endochondral 
ossification, suggesting that CNP may be involved in bone development during 
embryogenesis (Chusho et al. 2001).  

Table 1. Comparison of receptors, tissue distribution and effects of natriuretic peptides. 
For reviews, see Ruskoaho 1992, Ruskoaho 2003 and Scotland 2005.  

 ANP BNP CNP 
Receptor NPRA NPRA NPRB 
Tissue distribution atria > ventricles ventricles > atria neural system, vascular 

endothelial cells 
Main functions natriuresis 

diuresis 
natriuresis 
diuresis 
paracrine regulation of 
fibrosis 

local regulation of vascular 
tone 
bone development 

2.2  Cellular mechanisms of myocardial remodelling 

2.2.1  Hypertrophic growth and gene expression of cardiac myocytes 

Although recent studies have suggested the existence of a small subpopulation of 
replicating myocytes, adult ventricular myocytes are considered to be terminally 
differentiated cells that have withdrawn from the cell cycle during the perinatal period. 
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Instead of mitosis, the primary response of the myocyte to increased workload is cellular 
hypertrophy, which can be defined as an increase in the content of cellular components in 
the absence of cell division. (Sugden & Clerk 1998a.) Indeed, the hallmark of cardiac 
hypertrophy is an increase in the size of the myocytes compared with normal cells (Dorn 
et al. 2003). The two macroscopic types of cardiac hypertrophy, concentric and eccentric, 
differ in terms of the cellular features of cardiomyocyte hypertrophy, the former being 
characterised by an increase in myocyte cross-sectional area relative to cell length and the 
latter by an increase in myocyte length relative to cross-sectional area (Gerdes et al. 
1988, Campbell et al. 1989, Campbell et al. 1991, Sugden & Clerk 1998a).  

The hypertrophic growth of the cardiomyocyte is a result of an accumulation of total 
cellular protein, increased sarcomerogenesis and myofibrillar assembly (Dorn et al. 2003, 
Sugden & Clerk 1998a). An increase in the rate of cardiomyocyte protein synthesis was 
originally reported in the isolated guinea-pig heart, as shown by radioactive amino acid 
labelling and confirmed in various experimental setups thereafter (Schreiber et al. 1970, 
Swynghedauw 1999). Later studies have also indicated that not only is cardiomyocyte 
hypertrophy the result of an increase in non-specific protein synthesis, but the profile of 
contractile protein expression is selectively modulated. The sarcomere consists of thick 
and thin filaments that are organised into contractile units. The thick filament is 
composed of myosin and C-protein molecules, and the myosin molecules of a pair of 
myosin heavy chains (MHC) and two different pairs of myosin light chains (MLC). The 
rat heart contains three isomyosins which differ in their MHC composition. Myosin with 
αα-type heavy chains is predominant in the adult rat heart, while β-MHC is primarily 
expressed during fetal development. The expression of β-MHC is increased in response 
to haemodynamic overload, and a molecular shift from αα-MHC to ββ-MHC is observed. 
(Swynghedauw 1999.) Modifications in sarcomeric proteins other than myosin may also 
occur in the hypertrophied myocyte, so that haemodynamic overload is associated with 
up-regulation of the skeletal isoform of α-actin (α-SkA), for instance (Sugden & Clerk 
1998a). 

The mechanism behind the selectively altered cardiomyocyte protein expression 
pattern is selective up-regulation of gene expression, i.e. activation of the hypertrophic 
gene programme, which is a common feature of various types of hypertrophy and 
therefore represents an excellent marker of cardiac hypertrophy in general. In addition to 
up-regulation of the β-MHC and α-SkA genes, this programme includes changes in 
immediate early genes and in the genes for the natriuretic peptides. (Sugden & Clerk 
1998a.) The first detectable change on the exposure of myocytes to hypertrophic stimuli 
is up-regulation of the expression of the immediate early genes c-jun, c-fos, c-myc and 
Egr-1. These are proto-oncogenes which primarily encode transcription factors, and their 
expression in cardiomyocyte hypertrophy is generally considered transient, as their levels 
may return to baseline within hours after the onset of hypertrophic stimulation. (Komuro 
et al. 1990, Sadoshima et al. 1992.) The longer-term genetic response in cardiomyocyte 
hypertrophy is the recapitulation of fetal genes, including the above mentioned β-MHC 
and α-SkA genes, and genes encoding cardiac muscle α-actin and ventricular MLC-2 
(Sugden & Clerk 1998a).  

It became evident soon after characterisation of ANP and BNP that the altered 
expression profile of their genes is a part of the hypertrophic gene expression pattern. The 
expression of BNP upon hypertrophic stimulation generally shows many of the 
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characteristics of immediate early genes, while the expression of ANP is increased 
simultaneously with the activation of the fetal gene programme (Tokola et al. 2001). The 
ANP gene responds to virtually all types of hypertrophic stimulation, such as mechanical 
stress, pressure and volume overload, GPCR agonists and growth factors (Calderone et 
al. 1995, de Bold et al. 1996). BNP gene expression is increased in vitro in response to 
GPCR agonists and mechanical stretch in cultured cardiomyocytes, and also by atrial 
stretch and increased left ventricular wall stress in the isolated heart (Magga et al. 1997a, 
Tokola et al. 2001, Tenhunen et al. 2005), while increased BNP mRNA levels are 
observed in vivo in various experimental models of haemodynamic overload (Dagnino et 
al. 1992, Magga et al. 1994). Mechanistically, both transcriptional and post-
transcriptional factors appear to mediate the up-regulation of BNP gene expression in 
response to hypertrophic stimulation (Nakagawa et al. 1995, Liang et al. 1997, Magga et 
al. 1997b, Suo et al. 2002, Tenhunen et al. 2005). 

2.2.2  Apoptotic cell death  

As a cause of the loss of functional contractile tissue, compensatory hypertrophy and 
reparative fibrosis, cell death is a critical determinant of myocardial remodelling 
(Swynghedauw 1999). Cell death can be classified on the basis of the pathophysiological 
cause, the molecular mechanism or the morphology of the cells involved. Viewed 
morphologically, it can occur via either necrosis or apoptosis, where cardiomyocyte 
apoptosis is a form of genetically controlled programmed cell death due to the activation 
of endogenous endonuclease. The typical morphological features of an apoptotic cell 
include condensation of chromatin, cell shrinkage and nuclear fragmentation, which are 
followed by cell fragmentation and rapid phagocytosis of apoptotic bodies by adjacent 
cells. (Takemura & Fujiwara 2004.) 

Even though both necrosis and apoptosis occur in response to myocardial ischaemia, 
the major cause of cell loss during ischaemia is not necrosis but apoptosis (Kajstura et al. 
1996, Swynghedauw 1999). Apoptotic cell death in response to ischaemia-reperfusion 
injury was originally reported by Gottlieb et al. (1994) in isolated rabbit hearts. A 
substantial number of apoptotic cardiomyocytes were later observed in acute ischaemia 
induced in vivo by coronary artery ligation within the ischaemic region (Fliss & Gattinger 
1996). In humans, DNA fragmentation and apoptosis are observed in cardiomyocytes at 
autopsies following fatal acute myocardial infarction (Itoh et al. 1995, Saraste et al. 
1997). At the mechanistic level, the causal relationship between heart failure and 
cardiomyocyte apoptosis was demonstrated by Wencker et al. (2003), for instance, who 
showed the development of heart failure in transgenic mice over-expressing pro-apoptotic 
caspase-8. Conversely, over-expression of anti-apoptotic Bcl-2 has recently been shown 
to attenuate heart failure in a rabbit model of ischaemia-reperfusion (Chatterjee et al. 
2002). 

An increased rate of apoptosis is observed not only during acute myocardial infarction 
but also during the chronic period of remodelling. In experimental models of myocardial 
infarction apoptotic cardiomyocytes with fragmented DNA are observed even in the 
remote non-infarcted regions at late time points, suggesting continuous and persistent 
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cardiomyocyte apoptosis during post-infarction remodelling (Oskarsson et al. 2000, Sam 
et al. 2000). In humans, apoptotic cardiomyocytes were found in samples from hearts 
explanted from patients with ischaemic heart failure or with idiopathic dilated 
cardiomyopathy (Narula et al. 1996, Olivetti et al. 1997). Furthermore, persistent and 
progressive loss of myocytes via apoptosis occurs in the ischaemic border zone of the 
infarction during the subacute stage (Baldi et al. 2002), and the rate of apoptosis is 
significantly reduced after recanalisation of the responsible coronary artery (Abbate et al. 
2002).  

Although the detailed mechanistic relationship between cardiomyocyte apoptosis and 
hypertrophy is not well established in vivo, several lines of evidence support a connection 
between these two mechanisms. A wave of apoptosis is associated with thoracic aortic 
banding-induced hypertrophy without heart failure (Teiger et al. 1996), and increased 
cardiomyocyte apoptosis is also observed in spontaneously hypertensive rats (SHR) and 
may be involved in the transition of left ventricular hypertrophy to ventricular 
dysfunction (Hamet et al. 1995, Condorelli et al. 1999). It has been proposed that 
hypertrophic stimuli such as mechanical forces, growth factors, cytokines or 
neurohormones may produce a contradictory genetic demand during the chronic phases 
of hypertrophy which would trigger the apoptotic process in the cardiomyocytes (Fortuno 
et al. 2001).  

2.2.3  Neovascularisation 

The vasculature comprises 35% of the volume of the myocardium. Endothelial cells are 
at least as susceptible to ischaemic injury as cardiomyocytes, and irreversible ischaemia 
is followed by a profound loss of myocardial reperfusion capacity. (Gavin et al. 1998.) 
Microvessel function is also impaired in the ischaemic peri-infarct region, as 
demonstrated, for instance, by the lack of corresponding improvements in microvascular 
perfusion when the coronary artery obstruction is relieved clinically (Ito et al. 1992). 
Both irreversible loss of myocardial vasculature and reversible microvascular 
dysfunction, also known as microvascular stunning, therefore contribute to the 
pathogenesis of post-infarction heart failure (Gavin et al. 1998).  

To avoid further functional and structural impairment, the heart attempts to respond to 
the loss of sufficient coronary perfusion by compensatory neovascularisation (Tabibiazar 
& Rockson 2001, Fukuda et al. 2004). The formation of new blood vessels in the 
ischaemic heart consists of angiogenesis, i.e. capillary formation and the development of 
new vessels lacking in developed media, and arteriogenesis, the appearance of new 
arteries possessing a fully developed tunica media (Simons et al. 2000). In addition to 
these two forms of myocardial neovascularisation, vasculogenesis, de novo formation of 
blood vessels from progenitor cells, has been reported to occur in the ischaemic 
myocardium (Fukuda et al. 2004). The stimuli for myocardial angiogenesis can be 
classified conceptually into three broad categories: mechanical, chemical and molecular 
factors (Tabibiazar & Rockson 2001). The mechanical factors include both increased 
haemodynamic overload and shear stress. It has been shown that small vessels with a 
chronically increased load tend to enlarge, while large vessels with low flow show a 
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tendency to decrease in endovascular diameter (Schaper & Ito 1996). Shear stress may 
induce coronary angiogenesis either directly or via the up-regulation of endothelial 
adhesion molecules or growth factors, and also by the attraction of inflammatory cells 
(Tabibiazar & Rockson 2001). Tissue ischaemia per se may not be the main trigger for an 
angiogenic response in the ischaemic heart, but it may in turn activate the expression of 
several angiogenic factors and their receptors (Simons et al. 2000, Tabibiazar & Rockson 
2001). The molecular triggers of myocardial angiogenesis also include multiple 
endothelial cell responses and alterations in various extracellular matrix proteins 
(Tabibiazar & Rockson 2001). 

The alterations in the coronary vasculature are not restricted to post-infarction 
remodelling but are also observed in the hypertrophied heart without myocardial 
infarction. The coronary haemodynamics is impaired in chronic hypertension due to 
arteriolosclerosis, and the coronary reserve may be reduced to 40% in hypertrophy 
induced by a pressure overload (Strauer 1990, Strauer et al. 1991). While young 
individuals with pressure overload hypertrophy show a preserved capillary/myocyte ratio, 
the hypertrophied adult heart is characterised by decreased capillary density and therefore 
seems to fail to maintain a sufficient blood flow (Flanagan et al. 1991, Rakusan et al. 
1992). Interestingly, a recent study employing transgenic mice over-expressing the Akt 1 
gene demonstrated that coronary angiogenesis was enhanced during the compensatory 
hypertrophy but was reduced as the hearts underwent pathological remodelling, 
suggesting that the disruption of coordinated angiogenesis may contribute to the 
transition from adaptive hypertrophy to overt heart failure (Shiojima et al. 2005).  

Nevertheless, the compensatory angiogenic response is insufficient under normal 
conditions to restore an appropriate coronary blood flow in the peri-infarct region after 
myocardial infarction (Angoulvant et al. 2004). Myocardial angiogenesis is therefore an 
emerging therapeutic target in patients who have residual symptoms or myocardial 
ischaemia despite maximal pharmacological and operative interventions. Intracoronary 
administration of FGF induced angiogenesis and attenuated post-infarction remodelling 
in an experimental myocardial infarction model (Rajanayagam et al. 2000). Similarly, 
local administration of VEGF either in an intra-coronary manner or via peri-adventitial 
mini-pumps was able to enhance coronary blood flow and collateralisation (Banai et al. 
1994, Hariawala et al. 1996). In addition to treatment with angiogenic growth factors, 
myocardial angiogenesis can be achieved using cell-based therapies. Endothelial 
progenitor cells (EPCs), bone marrow-derived progenitor cells that express endothelial 
cell markers, increase angiogenesis and attenuate adverse remodelling in rat and swine 
models of myocardial infarction (Kawamoto et al. 2001, Kawamoto et al. 2003, Kocher 
et al. 2001). In addition to EPCs, the implantation of skeletal myoblasts expressing 
VEGF may also be angiogenic, and likewise treatment with bone marrow-derived 
mononuclear cells (BMD-MCs) (Fuchs et al. 2001, Kamihata et al. 2001, Suzuki et al. 
2001). The relative accessibility of the heart and coronary vasculature also makes them 
attractive targets for angiogenic gene therapy approaches. Indeed, the gene transfer of 
angiogenic growth factors has been studied in several preclinical models (Ylä-Herttuala 
& Alitalo 2003). Direct adenoviral gene transfer of VEGF encoding complementary DNA 
(cDNA) enhanced collateralisation and myocardial perfusion in a porcine model (Mack et 
al. 1998), while post-infarction treatment of mice with an adenoviral vector over-
expressing hepatocyte growth factor (HGF) also attenuated adverse left ventricular 
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remodelling (Li et al. 2003), and beneficial effects have also been reported with gene 
transfer delivery of VEGF and HGF via the implantation of transfected cardiomyocytes 
(Miyagawa et al. 2002, Yau et al. 2001). The effects of VEGF and FGF have also been 
studied in phase I and early phase II clinical trials, but the results have been controversial 
and the final clinical applicability of the experimental observations remains to be 
elucidated (Laham et al. 1999, Hedman et al. 2003, Henry et al. 2003, Ylä-Herttuala & 
Alitalo 2003). 

2.2.4  Cardiac stem cells 

Autologous transfer of bone marrow-derived progenitor cells to infarcted hearts has been 
reported to have potentially beneficial effects in several experimental models, and early-
phase clinical trials have also been conducted (Dimmeler et al. 2005). Recent studies 
have suggested, however, that progenitor cells may also be resident in the heart. The 
existence of adult cardiomyocytes undergoing mitosis in the failing human heart was first 
reported by Kajstura et al. (1998). This recognition of a small replicating subpopulation 
of cardiomyocytes led to the discovery of their founders, cardiac stem cells (CSCs) 
(Beltrami et al. 2003).  

CSCs were originally identified as small cardiac cells distributed throughout the 
ventricular and atrial myocardium and expressing the common stem cell markers c-kit, 
Sca-1 and MDR as well as the myocyte-specific transcription factors GATA-4, Nkx-2.5 
and myocyte enhancer factor 2 (MEF-2). CSCs were shown in vitro to be self-renewing, 
clonogenic and multipotent, giving rise to three cell types: myocytes, smooth muscle cells 
and endothelial cells. (Beltrami et al. 2003.) Given these findings, the functional 
significance of CSCs in myocyte renewal and myocardial remodelling is currently a 
major area of research interest. So far, intravenously administered Sca-1-positive CSCs 
have been shown to home to the injured myocardium after reversible ischaemia injury in 
mice, constituting 5% of the myocytes in the left ventricle 2 weeks after grafting (Oh et 
al. 2003). Furthermore, c-kit-positive CSCs injected into the border zone of a new 
infarction in a rat model were able to regenerate functional myocardium (Beltrami et al. 
2003). In humans, increased CSC growth and senescence have been reported in 
ischaemic heart failure and cardiac hypertrophy (Urbanek et al. 2003, Urbanek et al. 
2005). 

2.2.5  Myocardial fibrosis 

In the context of myocardial remodelling, fibrosis is considered either reparative or 
reactive. Extensive reparative fibrosis and collagen deposition are observed as a 
compensatory phenomenon in post-infarction remodelling. Transient collagen 
degradation in the infarcted area is triggered by matrix metalloproteinases after 
myocardial infarction, but this is rapidly followed by reparative fibrosis and organised 
scar formation, a complex process initiated by the formation of a fibrin-fibronectin matrix 
preceding collagen synthesis and fibroblast transformation and regulated by various 
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cytokines, including TGF-β1, and vasoactive peptides. (Swynghedauw 1999, Sutton & 
Sharpe 2000.) Fibrosis occurs during both early and late post-infarction remodelling, and 
a definitively constituted scar composed of 40% type I collagen, 35% type III and 25% 
type V is observed as late as some weeks after myocardial infarction (Swynghedauw 
1999). The non-infarcted area is equally affected by reactive fibrosis after myocardial 
infarction, since increased collagen deposition has been reported in both the non-infarcted 
left ventricle and the right ventricle (Cleutjens et al. 1995). 

Reactive fibrosis is observed in hypertensive heart failure and in the late phases of 
hypertrophic transformation as well. At the level of hypertrophic stimulation, pressure 
and volume overload are known to increase myocardial fibrosis. Collagen mRNA levels 
increase rapidly in response to a pressure overload, and increased fibrosis has been 
documented in several models of chronic pressure overload. Fibrosis may be a direct 
consequence of cardiac overload, related to neurohumoral responses or the local 
production of vasoactive peptides. (Swynghedauw 1999.) Angiotensin II induces massive 
fibrosis in both the left and right ventricles in vivo, and it is able to increase collagen 
synthesis directly in isolated fibroblasts (Brilla et al. 1990, Brilla et al. 1994). ET-1 
increases collagen synthesis and fibroblast proliferation, and fibrosis occurs in response 
to aldosterone treatment when high sodium levels are present (Guarda et al. 1993, Young 
et al. 1995, Swynghedauw 1999).  

Functionally, myocardial fibrosis has three major adverse consequences. First, the 
increased extracellular matrix promotes mechanical stiffness and thereby contributes to 
diastolic dysfunction. Second, a fibrotic heart may be more prone to arrhythmias, as the 
increased collagen content disrupts the electrotonic connectivity between the myocytes. 
Finally, perivascular fibrosis surrounding coronary arterioles may impair myocyte oxygen 
availability. (Brown et al. 2005.) 

2.2.6  Inflammation 

Inflammation and cytokine elaboration are integral components of the host response to 
tissue injury. An inflammatory response is present at both the acute and chronic stages of 
myocardial remodelling. Among the well-characterised inflammatory mediators of 
remodelling are the pro-inflammatory cytokines interleukin-6 (IL-6), tumour necrosis 
factor α (TNF-α) and IL-1β. (Nian et al. 2004.) 

Although pro-inflammatory cytokines are not constitutively expressed in the 
myocardium, virtually all the nucleated cell types in the myocardium are able to up-
regulate their synthesis upon stress stimuli such as myocardial infarction (Mann 2003). 
Indeed, up to 50-fold increases in IL-6, TNF-α and IL-1β expression levels can be 
observed in the infarcted area within one day of the onset of myocardial infarction (Deten 
et al. 2002, Irwin et al. 1999). The up-regulation of cytokine expression is not specific to 
myocardial infarction, however, since increased cytokine levels are observed in response 
to mechanical stress or pressure overload and in acute myocarditis, for instance. 
Altogether, it appears that the heart possesses an innate cytokine response system which 
is activated by various stress stimuli. (Wilson et al. 2004.)  
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The acute inflammatory response has a dual role in early post-infarction remodelling. 
Depending on the conditions, the pro-inflammatory cytokines may promote myocyte 
hypertrophy or apoptosis, or affect cardiac contractility (Nian et al. 2004). TNF-α, in 
particular, has been reported to have paradoxal effects on cardiomyocyte survival and 
apoptosis (Engel et al. 2004, Higuchi et al. 2004). At the physiological level, these effects 
may lead to healing and restoration of cardiac function, or when unfavourable, to 
increased left ventricular dilatation or cardiac rupture (Nian et al. 2004).  

IL-6, TNF-α and IL-1β levels begin to decrease towards baseline levels within one 
week of myocardial infarction, but may remain up-regulated even beyond this time when 
the size of the infarcted area is large, and can thus contribute to late post-infarction 
remodelling (Ono et al. 1998). Most notably, the effects of pro-inflammatory cytokines 
are also pleiotropic in late remodelling, as they may exercise a protective influence by 
affecting the extracellular matrix and integrins and contributing to vascular and cardiac 
regeneration and myocardial angiogenesis (Nian et al. 2004). Conversely, a cytokine-
mediated pathogenesis for chronic heart failure has been hypothesised. Persistent 
inflammation and increased circulating levels of cytokines are present in heart failure 
patients, and by influencing heart contractility, inducing hypertrophy and promoting 
apoptosis, they may lead to a deterioration in cardiac function during the chronic phases 
of heart failure (Wilson et al. 2004, Torre-Amione 2005). 

2.3  Intracellular signal transduction pathways in myocardial 
remodelling 

The gene and protein expression patterns of the individual myocyte are altered in 
myocardial remodelling. These changes require signal transduction of the primary 
stimulus from the cell membrane to the nucleus. The cytoplasmic signal transduction 
network of the myocyte consists of a number of sequentally acting protein kinases and 
phosphatases, which transmit the signal from the cell membrane receptors to modulate 
transcription and translation. (Sugden & Clerk 1998a, Swynghedauw 1999.) An overview 
of cardiomyocyte signal transduction is provided in Figure 2. 
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Fig. 2. A schematic overview of myocyte signal transduction with special emphasis on 
MAPKs. Modified from Liang & Molkentin (2003). Activation of cell membrane GPCRs, 
receptor tyrosine kinases and stretch-activated channels activates a complex array of 
intracellular signalling molecules. The signals are re-converged in MAPKs. 

2.3.1  Mechanotransduction 

Mechanical stress triggers molecular events in the cardiomyocyte both via direct 
activation of signalling molecules and through the release of humoral or paracrine factors 
(Force et al. 2002). Even though mechanotransduction is considered a highly conserved 
process, the molecular identity of the cardiomyocyte mechanosensors is unknown and the 
detailed mechanisms by which the primary mechanical stimulus is converted to 
biochemical cellular signals remain poorly understood (Knöll et al. 2003). Three major 
groups of molecules have been suggested to be involved in the cardiomyocyte 
mechanotransduction: integrins, stretch-activated channels (SACs) of the cell membrane 
and GPCRs (Force et al. 2002). 

Integrins are heterodimeric membrane proteins that link the extracellular matrix to the 
cytoskeleton at focal adhesion sites. Mechanical stretch may therefore cause the integrins 
to transmit the signal to cytoskeletal components such as actin filaments. This process 
may require several intermediary molecules. (Ruwhof & van der Laarse 2000.) In 
addition, an alternative mechanism whereby integrins are involved in 
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mechanotransduction may exist. Focal adhesion sites are functionally associated with a 
collection of signalling molecules, such as focal adhesion kinase, non-receptor tyrosine 
kinases and Src, suggesting that mechanical stretch-activated integrins may serve as the 
true receptors that transmit the signal to these downstream kinases (Ruwhof & van der 
Laarse 2000, Force et al. 2002). Furthermore, stretch and adrenergic-mediated 
hypertrophic responses appear to require normal integrin signalling (Ross et al. 1998, 
Aikawa et al. 2002), and pressure overload induced by aortic constriction has been linked 
with the up-regulation of integrin expression (Babbitt et al. 2002). 

The cardiomyocyte SACs are mainly K+-selective channels, Ca2+-channels and non-
selective cation channels. Opening of the cardiomyocyte SACs leads to an increase in 
intracellular calcium content, since the Ca2+ influx from Ca2+ sensitive SACs causes Ca2+ 
-induced Ca2+ release. (Hu & Sachs 1997, Sadoshima & Izumo 1997.) The change in 
intracellular calcium homeostasis may lead to alterations in cardiac contractility, and as 
Ca2+ is involved in intracellular signalling in the myocyte, to the activation of several 
remodelling and hypertrophy-associated downstream pathways. Whether SACs are 
critical initiators of stress-induced myocardial remodelling remains to be determined. 
(Sadoshima & Izumo 1997.) 

Autocrine release of endogenous angiotensin II and other paracrine substances is 
obviously partially responsible for cardiomyocyte mechanotransduction. A blockade of 
AT1 receptors with pharmacological receptor antagonists attenuated stretch-induced 
myocyte signal transduction and gene expression, indicating that a paracrine release of 
angiotensin II is required (Sadoshima et al. 1993). Even so, the involvement of 
angiotensin II does not exclude other parallel mechanisms, since AT1A-deficient 
cardiomyocytes are able to develop features of cellular hypertrophy (Kudoh et al. 1998), 
and pressure overload hypertrophy is observed in AT1A knock-out mice (Harada et al. 
1998a, Harada et al. 1998b). In addition to angiotensin II, the paracrine effects of growth 
factors such as insulin-like growth factor 1 (IGF-1) and IL-6 have been suggested as 
being involved in stretch-induced responses (Force et al. 2002), and a blockade of 
endothelin receptors with bosentan was shown to attenuate stretch-induced BNP gene 
expression, suggesting a role for paracrine ET-1 (Magga et al. 1997a). Finally, it has been 
suggested that mechanical stretch per se may modulate both GPCRs and receptor tyrosine 
kinases without the presence of receptor agonists (Sadoshima & Izumo 1997, Force et al. 
2002). 

2.3.2  G proteins 

The cell membrane receptors that bind extracellular ligands can be classified into three 
categories: GPCRs, ionic channels and tyrosine kinases (Svoboda et al. 2004). GPCRs in 
themselves lack catalytic activity, but initiate their actions via heterotrimeric GTP-
proteins (G proteins), which are composed of two functional subunits, Gα and Gβγ. 
Interaction of the GPCR with an agonist induces a conformational change in the receptor 
molecule, which promotes the dissociation of G proteins into active Gα and Gβγ subunits, 
both of which are able to propagate and amplify the primary signal by interaction with 
the respective downstream effectors. (Rockman et al. 2002.) The downstream effectors of 
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Gα and Gβγ include adenylyl cyclases, phospholipases and ion channels, which in turn 
regulate the intracellular concentrations of secondary messengers such as cyclic 
adenosine monophosphate (cAMP), cyclic guanosine monophosphate (cGMP), 
diacylglycerol (DAG), phosphatidylinositol 1,4,5-trisphosphate (IP3), arachidonic acid 
and sodium, potassium or calcium ions (Svoboda et al. 2004).  

G proteins can be classified on the basis of their subunit composition. So far, 15 α-
subunit, 6 β-subunit and 12 γ-subunit variants have been cloned (Rockman et al. 2002). 
The α-subunits are then further divided into four groups according to their sequence 
homology: αs, αi, αq, and α12 (Schnabel & Bohm 1996). The G protein complexes differ 
from each other in terms of their affinity to downstream effectors (Fig. 2), so that the 
stimulation of Gαs, for example, primarily activates adenylyl cyclase to produce cAMP, 
while the stimulation of Gαq leads to the generation of IP3 and DAG by phospholipase C 
(PLC) (Rockman et al. 2002). The primary intracellular downstream target of cAMP is 
protein kinase A (PKA), while DAG preferentially activates protein kinase C (PKC) 
isoforms. IP3, in turn, regulates intracellular calcium homeostasis (Schnabel & Bohm 
1996).  

Angiotensin II, ET-1 and the sympathetic nervous system initiate their intracellular 
actions via GPCRs (Arai et al. 1990, Kim & Iwao 2000, Schrier & Abraham 1999). G 
proteins are also involved in the cardiac stretch response, Gαi and Gαq being activated 
within seconds of mechanical stretch in cardiac fibroblasts (Gudi et al. 1998), while Gαs 
and Gαi are involved in the regulation of myocardial contractility via cAMP, PKA and 
phospholamban (Molkentin & Dorn 2001). Transgenic mice over-expressing Gαs showed 
enhanced cardiomyocyte hypertrophy and apoptosis as well as increased myocardial 
fibrosis (Iwase et al. 1996, Geng et al. 1999). Gαi expression, for its part, is increased in 
experimental models of cardiac hypertrophy and heart failure (Marzo et al. 1991, Bohm 
et al. 1992), and up-regulation of Gαi is also observed in heart failure patients (Neumann 
et al. 1988).  

The role of Gαq has been most intensively studied in experimental models of cardiac 
hypertrophy. GPCR agonists activating Gαq are widely used to stimulate the hypertrophic 
growth of cardiac myocytes in vitro (Sugden & Clerk 1998a). Over-expression of heart-
specific Gαq in transgenic mice in vivo resulted in a phenotype with features of both 
compensated and decompensated hypertrophy (D'Angelo et al. 1997), and 
superimposition of a pressure overload on Gαq over-expression caused a rapid 
development of eccentric hypertrophy and functional decompensation (Sakata et al. 
1998). Over-expression of dominant negative Gαq, on the other hand, is able to attenuate 
pressure overload hypertrophy (Akhter et al. 1998). Finally, expression of Gαq has been 
reported to be increased in the peri-infarct region after experimental myocardial 
infarction in rats (Ju et al. 1998). 

2.3.3  Small G proteins 

The small G protein family consists of 5 subfamilies of approximately 21 kDA proteins, 
Ras, Rho, ADP ribosylation factors (ARFs), Rab and Ran. The role and expression of 
ARFs, Rab and Ran within the heart are unknown, whereas those of the Ras and Rho 
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subfamilies have been studied in several experimental models. The small G protein 
subfamilies can be further classified into subclasses, the Rho group consisting of RhoA, 
Rac1 and Cdc42, and the Ras group consisting of Ras, Rap and Ral. (Clerk & Sugden 
2000.)  

The hypertrophic agonists ET-1, angiotensin II and phenylephrine (PE) activate Ras 
via their GPCRs (Fig. 2) (Clerk & Sugden 2000). The upstream mechanisms that connect 
the GPCRs with Ras remain partially unknown, although a PKC-dependent mechanism 
has been suggested (Chiloeches et al. 1999). Unlike the heterotrimeric G proteins, the 
Ras group of small G proteins is activated not only by GPCRs but also by the receptor 
protein tyrosine kinases and integrins (Sugden & Clerk 2000, Sugden 2003). The 
downstream effectors of Ras include phosphoinositide 3-kinase (PI3K), c-Raf, Ral-GDS 
and PLCε (Sugden 2003). In addition, Ras activates all the MAPKs (Fig. 2) (Molkentin & 
Dorn 2001). The activation and mechanisms of Rho signalling are less well characterised 
than those of Ras, but it is known that treatment with ET-1 and PE activates both Rac1 
and RhoA (Clerk & Sugden 2000, Clerk et al. 2001). Interestingly, the downstream Rho-
dependent kinase p160ROCK is rapidly activated by pressure overload in the intact heart 
(Torsoni et al. 2003). The main downstream effectors of RhoA are Rho kinase (ROKα or 
ROCK2) and the related kinase p160ROCK, which further activate the downstream kinases, 
including MAPKs (Clerk & Sugden 2000, Galaria et al. 2004). Rac may activate MAPK 
cascades either directly by phosphorylating MEKs or via c-Raf (Clerk et al. 2001).  

Considerable indirect evidence concerning the role of small G-proteins in 
cardiovascular pathophysiology has been obtained using selective Rho kinase inhibitors 
such as Y-27632 and fasudil. ET-1-induced hypertrophy is attenuated by Y-27632 in 
cultured cardiomyocytes (Kuwahara et al. 1999), and the long-term inhibition of Rho 
kinase by fasudil suppresses angiotensin II-induced hypertrophic changes in 
cardiomyocytes and vascular smooth muscle cells in vivo (Higashi et al. 2003). 
Furthermore, the inhibition of Rho kinase by fasudil is able to attenuate post-infarction 
remodelling and monocrotaline-induced pulmonary hypertension in rats (Abe et al. 2004, 
Hattori et al. 2004). Interestingly, HMG CoA reductase inhibitors also affect the small G-
proteins, and it has been suggested that they may attenuate cardiac hypertrophy via Rac1 
and Rho A inhibition (Laufs et al. 2002). Experiments performed using dominant 
negative and activated forms of small G-proteins have provided further insights into the ir 
functional role. Microinjection of activated Ras increased ANP gene expression 
(Thorburn et al. 1993), and constitutively active Ras induced the hypertrophy associated 
with enhanced ANP, BNP, α-SkA and β-MHC transcription (Thuerauf & Glembotski 
1997, Fuller et al. 1998). Conversely, dominant negative Ras inhibited hypertrophic gene 
expression and protein synthesis (Abdellatif et al. 1998). The over-expression of Ras in 
transgenic mice induced a hypertrophic phenotype via the activation of c-jun N-terminal 
kinase (JNK) (Hunter et al. 1995, Ramirez et al. 1997). The over-expression of activated 
Rac-1 has induced myocyte hypertrophy both in vitro and in vivo (Pracyk et al. 1998, 
Sussman et al. 2000), while activated RhoA stimulated hypertrophic gene expression in 
cardiomyocytes (Sah et al. 1996), but resulted in an in vivo phenotype with atrial 
enlargement and conduction defects rather than in hypertrophy (Sah et al. 1999). 
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2.3.4  Protein kinase C 

The protein kinase C family comprises twelve serine/threonine kinases which form three 
subgroups on the basis of their activation characteristics. The subgroup of conventional, 
i.e. classical, PKCs includes isozymes α, β1, β2, and γ, which are activated by 
phosphatidylserine, DAG and Ca2+. (Malhotra et al. 2001, Vlahos et al. 2003.) The novel 
PKCs (δ, ε, θ, η, and μ) are activated by DAG but not Ca2+, and the atypical PKCs (ι, ζ 
and λ) by distinct lipids (Vlahos et al. 2003, Braz et al. 2004). Cardiomyocytes express α, 
β, δ, ε, μ, ζ, ι, and λ, PKCα being the predominant isoform (Mackay & Mochly-Rosen 
2001).  

The multiplicity of PKC family members produces variable cellular and physiological 
responses in the heart depending upon the isoform activity and physiological context. The 
activity of any given PKC isoform is dependent on three factors: expression, localisation 
within the cell and phosphorylation state (Dorn & Force 2005). The downstream 
molecular targets of the PKC isoforms that have been identified so far include troponin I, 
MAPKs, Akt, caveolae proteins, L-type calcium channels, sarcoplasmic reticulum Ca2+-
ATPase 2 (SERCA-2) and many other transcription and translation-related proteins (Ping 
2003). 

 The functional roles of PKCα, PKCβ, PKCδ, and PKCε have been studied in the 
context of cardiovascular pathophysiology, while those of PKCμ, PKCζ, PKCι, and 
PKCλ remain obscure (Mackay & Mochly-Rosen 2001, Vlahos et al. 2003). The initial 
studies of neonatal rat cardiomyocytes showed that PKCα is activated by hypertrophic 
stimuli such as norepinephrine, and that over-expression of PKCα induces hypertrophic 
growth associated with increased ANP gene expression and activation of the extracellular 
signal-regulated kinase (ERK) cascade (Disatnik et al. 1994, Braz et al. 2002). In the 
context of PKCα activation, the in vivo findings are consistent with those obtained in 
vitro, since PKCα is up-regulated in response to pressure overload and myocardial 
infarction (Simonis et al. 2002, Bayer et al. 2003). Functionally, the results regarding the 
role of PKCα seem to differ between the adult heart and cultured cardiomyocytes, since 
transgenic mice over-expressing PKCα do not show features of cardiac hypertrophy but 
instead diminished contractility, suggesting that PKCα may affect the propensity for heart 
failure (Braz et al. 2004). PKCβ is up-regulated in human heart failure and in diabetes 
mellitus (Dorn & Force 2005). Transfection of myocytes with constitutively active 
PKCβ1 in vitro induces hypertrophic gene expression (Kariya et al. 1991), while the 
effects of PKCβ over-expression in vivo appear to be dependent on the quantitative level 
of over-expression and the experimental model used (Vlahos et al. 2003). Over-
expression of PKCβ2 under the α-MHC promoter results in cardiac hypertrophy and 
subsequent heart failure accompanied by increased expression of c-fos, ANP and β-MHC 
(Wakasaki et al. 1997), whereas lower levels of PKCβ over-expression are associated 
with mild hypertrophy with impaired diastolic relaxation (Bowman et al. 1997). On the 
other hand, the hypertrophic response is not attenuated in PKCβ knock-out mice (Roman 
et al. 2001), indicating that PKCβ involvement is not a prerequisite for the development 
of cardiac hypertrophy.  

It has been suggested that PKCδ may have a more significant role in myocardial 
ischaemia and infarction than in cardiac hypertrophy. Its expression is increased in rat 



 39

hearts coincidently with the development of heart failure (Simonis et al. 2002), and it has 
been shown to mediate cardiomyocyte apoptosis in response to ischaemia-reperfusion 
injury (Murriel et al. 2004). On the other hand, a pro-hypertrophic role has been 
suggested for PKCδ in transgenic models that modify its translocation (Dorn & Force 
2005). In contrast, the role of PKCε has been more extensively studied in cardiac 
hypertrophy, although its relative involvement in adaptive and maladaptive hypertrophy 
is somewhat controversial. Mechanical stress, over-expression of Gαq and pressure 
overload are known to activate PKCε and the over-expression of PKCε in cultured 
cardiomyocytes is sufficient to induce hypertrophic gene expression, although not a 
hypertrophic phenotype (D'Angelo et al. 1997, Strait et al. 2001, Dorn & Force 2005). 
Transgenic PKCε mice develop adaptive hypertrophy (Takeishi et al. 2000, Dorn & Force 
2005), but knock-out PKCε mice do not exhibit any basal cardiac phenotype (Khasar et 
al. 1999). PKCε may be cardioprotective in ischaemic preconditioning (Qiu et al. 1998).  

2.3.5  Mitogen-activated protein kinases 

MAPKs represent one of the most conserved and widespread mechanisms of cellular 
signal transduction, as all eukaryotic cells possess multiple MAPK pathways (Kyriakis & 
Avruch 2001). All MAPKs share several common biochemical features. First, each 
MAPK cascade consists of a similar three-kinase module: a MAPK kinase kinase 
(MAPKKK, MEKK or MKKK), a MAPK kinase (MAPKK, MEK or MKK), and a 
MAPK. Activation of such a cascade is initiated by the activation of MAPKKK, which is 
followed by phosphorylation of MAPKK, leading to phosphorylation of the terminal 
MAPK. Second, in addition to the common three-kinase module, all MAPK pathways 
share common organisation features with respect to their regulation mechanisms. The 
integrities of all MAPK pathways are regulated by scaffold proteins, which are partially 
responsible for the ability of MAPKs to distinguish the specificity of the extracellular 
stimuli. Furthermore, the mechanism of activation of all MAPKKKs includes three key 
phenomena: membrane recruitment, oligomerisation and phosphorylation. Finally, the 
MAPKs have similar mechanisms of action: all MAPKs are proline-directed 
serine/threonine kinases, i.e. they preferentially initiate their actions by phosphorylating 
serine or threonine residues having proline at their immediate COOH terminal site. 
(Kyriakis & Avruch 2001, Ravingerova et al. 2003.) 

MAPKs are classified into subfamilies based on their sequence homology and the 
mechanism of their activation (Kyriakis & Avruch 2001). The first mammalian MAPK 
pathway to be identified was the ERK cascade (Cooper et al. 1982, Ray & Sturgill 1988). 
This was followed by the identification of two parallel MAPK pathways, the p38 and c-
jun N-terminal kinase pathways (Kyriakis & Avruch 1990, Han et al. 1994). In view of 
their modes of activation, the ERK cascade is also referred to as insulin/mitogen-
regulated kinase and p38 and JNK as stress-responsive MAPKs. ERK, p38, JNK are 
encoded by different genes and have different amino acid activation motifs (Kyriakis & 
Avruch 2001). At least two additional MAPK subfamilies, ERK5/big MAPK 1 (BMK1) 
and ERK 3/4, are known (Boulton et al. 1991, Zhou et al. 1995). The properties of the 
main MAPK families are summarised in Table 2. 
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Table 2. Properties of MAPKs.  

 p38 MAPK ERK 1/2 JNK 
Molecular mass in 
SDS-PAGE 

p38 kDA 44/42 kDA 46/54 kDA 

Phosphorylation motif  Thr-Gly-Tyr Thr-Glu-Tyr Thr-Pro-Tyr 
Upstream MKK  MKK3/6 MKK 1/2 MKK4/7 
Upstream MKKK unknown MKKK1-3 

Raf 
MKKK1-2 

Downstream targets ATF-2, ATF-6, AP-1, SRF, 
MEF-2, Elk-1 NF-κB, 
MAPKAPK-2, 
MAPKAPK-3, PRAK, 
Mnk1, Mnk2 

Elk-1, phospholipase A2, 
MAPKAPK-l, 
p90 S6 RSK 

c-Jun, 
ATF-2 

The three main MAPK pathways, p38, ERK and JNK, respond to a variety of 
extracellular stimuli, including cellular stress stimuli, such as ischaemia, osmotic shock 
and radiation, hormones and growth factors acting through receptor protein tyrosine 
kinases or GPCRs. The central role of the main MAPK subfamilies in cellular signal 
transduction is further emphasised by their ability to regulate an extraordinarily wide 
array of fundamental cellular processes. Depending on the cell type and stimulus, 
MAPKs may affect transcription, protein synthesis, the cell cycle machinery, cell death 
and differentiation. (Kyriakis & Avruch 2001.) As the myocyte loses its capacity for 
division and differentiation after birth, the function of MAPKs in the heart is especially 
targeted at transcriptional events, stress response and cell death (Ravingerova et al. 
2003). 

2.3.5.1  p38 MAPK 

p38 MAPK was originally identified as a 38-kDa polypeptide that underwent tyrosine 
phosphorylation in response to osmotic shock and endotoxin treatment (Han et al. 1994, 
Kyriakis & Avruch 2001). Four mammalian p38 MAPK isoforms have been described so 
far, p38α, p38β, p38γ and p38δ. The major cardiac isoform appears to be p38α, since 
p38β has been reported to be non-detectable in both the human and rodent heart and p38γ 
and p38δ show low transcript levels as well (Sugden & Clerk 1998b, Lemke et al. 2001, 
Liao et al. 2001).  

p38 MAPKs are generally considered to respond poorly to mitogenic stimuli but 
strongly to pro-inflammatory cytokines, TNF-α, IL-1, heat stress, osmotic shock and 
metabolic inhibitors. The activation of p38 MAPK requires phosphorylation of the Thr-
Gly-Tyr motif of the p38 protein, and its threonine phosphorylation is specifically 
regulated by two upstream MKKs, MKK3 and MKK6 (Fig. 3). These show some degree 
of preference with respect to the p38 MAPK isoforms, MKK3 primarily phosphorylating 
p38α and p38γ while MKK6 is able to activate p38α, p38β and p38γ. (Ravingerova et al. 
2003.) In contrast to the MKKs, the MKKKs regulating the primary activation of the p38 
cascade remain poorly understood, although it has been suggested that certain members 
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of the Ras superfamily, Src and ASK1, may be located upstream of p38 MAPK (Fig. 2) 
(Sugden & Clerk 1998b, Kyriakis & Avruch 2001, Aikawa et al. 2002). The complexity 
of the upstream mechanisms affecting p38 MAPK activity is further highlighted by the 
ability of mixed-lineage kinases (MLKs) to activate both p38 and JNK cascades (Gallo & 
Johnson 2002).  

Within the cardiomyocytes, p38 MAPK is activated in response to GPCR agonists, 
PE, ET-1 and angiotensin II (Sugden & Clerk 1998b). Mechanical stretch and electrical 
pacing in cultured cardiomyocytes and stretching in the isolated perfused heart will 
increase p38 MAPK phosphorylation (Hines et al. 1999, Liang & Gardner 1999,  
Takeishi et al. 2001). Ischaemia and ischaemia-reperfusion injury in vitro, originally 
reported by Bogoyevitch et al. (1996), are powerful activators of p38 MAPK (see also 
Ravingerova et al. 2003). The stimuli that activate p38 MAPK in vivo have been less 
extensively studied, but consistent with the in vitro studies, isoproterenol and angiotensin 
II increase its activity (Zhang et al. 2004, Zhang et al. 2005). Pressure overload resulting 
from aortic banding also activates p38 MAPK and its downstream kinases, as does 
reversible ischaemia-reperfusion injury (Fischer et al. 2001, Kaiser et al. 2004). 
Hypertensive rats also show increased p38 MAPK activity during the development of left 
ventricular hypertrophy (Behr et al. 2001). While it seems that the findings regarding p38 
MAPK activation in response to acute ischaemia and pressure overload are consistent, the 
activity of p38 MAPK in heart failure is highly controversial. Three studies have so far 
demonstrated decreased p38 MAPK activity in human heart failure (Lemke et al. 2001, 
Communal et al. 2002, Takeishi et al. 2002), two have suggested activation (Cook et al. 
1999, Haq et al. 2001) and one has demonstrated an increase in p38 MAPK activity after 
mechanical unloading of the hypertrophied heart by a left ventricular assist device 
(Flesch et al. 2001). The down-regulation of p38 MAPK in heart failure is nevertheless 
supported by experimental observations on SHRs in the phase of decompensated 
hypertrophy (Behr et al. 2001, Kacimi & Gerdes 2003). Taken together with the fact that 
the activation of p38 MAPK in most experimental models is rapid and transient in nature, 
it appears that its activity is dynamically regulated and can be either increased or 
decreased in cardiovascular diseases.  

Fig. 3. Regulation of p38 MAPK activity in the heart. p38 MAPK is activated by stress 
stimuli, ischemia and GPCR agonists. MKKKs regulating p38 MAPK pathway remain 
largely unknown. 
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p38 MAPK activates multiple downstream targets, including transcription factors and 
other kinases, by phosphorylating their serine/threonine residues (Table 2). The 
transcription factors regulated by p38 MAPK in vitro include activating transcription 
factor (ATF) 2, ATF-6, activator protein 1 (AP-1), serum response factor (SRF), MEF-2, 
Elk-1 and nuclear factor κB (NF-κB). Other kinases that have been reported to be 
sensitive to p38 MAPK are MAPK activated protein kinases 2 and 3 (MAPKAPK-2 and 
MAPKAPK-3), p38-regulated/activated kinase (PRAK), Mnk1 and Mnk2 (Kyriakis & 
Avruch 2001). At the level of cardiac gene expression in vitro, p38 MAPK activation has 
been reported to be involved in the regulation of ANP, BNP, α-SkA, Na+-Ca2+ exchanger 
(NCX), glucose transporter GLUT4 and cyclo-oxygenase 2 (COX-2) gene expression 
(Zechner et al. 1997, Thuerauf et al. 1998, Liang & Gardner 1999, Degousee et al. 2003, 
Montessuit et al. 2004, Xu et al. 2005). 

Based on findings in cultured cardiomyocytes, p38 MAPK was originally considered a 
pro-hypertrophic kinase (Table 3). Over-expression of constituvively active MKK3 or 
MKK6 induces cardiomyocyte hypertrophy associated with increased ANP gene 
expression (Nemoto et al. 1998, Wang et al. 1998). Conversely, the specific small 
molecule p38 inhibitors SB203580 and SB202190 attenuate agonist-induced 
cardiomyocyte hypertrophy and gene expression, as does inhibition of p38 MAPK 
activity by dominant negative p38 isoforms (Zechner et al. 1997, Nemoto et al. 1998, 
Wang et al. 1998). A few opposite findings have been reported in cultured 
cardiomyocytes, however, suggesting, for example, that early p38 inhibition is 
insufficient to completely inhibit the morphological changes in the myocyte in ET-1 or 
PE-induced hypertrophy (Clerk et al. 1998). The evidence obtained with transgenic 
models has nevertheless revealed that the in vivo role of p38 MAPK in cardiac 
hypertrophy is more complex. A pro-hypertrophic in vivo role for p38 MAPK was 
originally suggested by Behr et al., who demonstrated a significant attenuation of 
hypertensive end-organ damage following treatment with the p38 MAPK inhibitor 
SB239063 (Behr et al. 2001). Confusingly, none of the studies using transgenic models 
has so far confirmed this hypothesis (Table 3). Transgenic mice with targeted over-
expression of constitutively active MKK3 or MKK6 exhibit increased interstitial fibrosis 
and expression of ANP, β-MHC and α-SkA, but virtually no signs of cardiomyocyte 
hypertrophy. At the functional level, MKK3 transgenic animals developed a phenotype of 
dilated cardiomyopathy characterised by increased end-systolic chamber volumes and 
thinned ventricular walls, whereas hearts over-expressing MKK6 had reduced end-
diastolic chamber size without myocyte atrophy. (Liao et al. 2001.) Furthermore, cardiac-
specific dominant-negative p38α, MKK3 and MKK6 transgenic mice showed enhanced 
myocardial hypertrophy in response to aortic banding or treatment with hypertrophic 
agonists (Braz et al. 2003), and cardiac-specific p38α knock-out mice developed massive 
fibrosis in response to pressure overload (Nishida et al. 2004). 

Considerable attention has been focused on p38 MAPK in the context of ischaemia-
reperfusion injury. Most in vitro studies have favoured the hypothesis that p38 MAPK 
activation is detrimental in the presence of ischaemia-reperfusion injury (Ravingerova et 
al. 2003). Pharmacological inhibition of p38 MAPK activity during ischaemia-
reperfusion has been shown to enhance post-ischaemic recovery of cardiac function and 
cell survival, delay the development of infarcts and reduce apoptosis (Ma et al. 1999, 
Barancik et al. 2000, Schneider et al. 2001). Numerous opposite findings have also been 
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reported in this context, however, suggesting that p38 MAPK inhibition either fails to 
affect the extent of ischaemia-reperfusion injury or even increases it (Ravingerova et al. 
2003). The protective role of p38 MAPK is further supported by in vitro studies 
suggesting that it may act as a mediator of ischaemic preconditioning (Sato et al. 2000). 
A similar amount of controversy appears to underlie the in vivo results obtained with 
transgenic models of ischaemia-reperfusion injury. Transgenic mice expressing dominant 
negative mutants of p38α or MKK6 were reported to be protected from ischaemia-
reperfusion injury via anti-apoptotic mechanisms (Kaiser et al. 2004), but equal signs of 
functional recovery and protection were later observed in response to MKK6 over-
expression (Martindale et al. 2005). 

Table 3. Functional effects of p38 MAPK in different experimental models.  

Model Main finding  Reference 
Over-expression of constitutively active 
MKK3 and MKK6 in cultured 
cardiomyocytes 

Cardiomyocyte hypertrophy, 
increased hypertrophic gene 
expression 

Wang et al. 1998 

Pharmacological inhibition of p38 MAPK 
in cultured cardiomyocytes 

Inhibition of cardiomyocyte 
hypertrophy 

Zechner et al. 1997 
Nemoto et al. 1998 

Pharmacological inhibition of p38 MAPK 
in hypertensive rats 

Attenuation of hypertensive end-organ 
damage 

Behr et al. 2001 

Over-expression of constitutively active 
MKK3 in transgenic mice 

Dilated cardiomyopathy and thinned 
ventricular walls 

Liao et al. 2001 

Over-expression of constitutively active 
MKK6 in transgenic mice 

Reduced end-diastolic chamber size 
without myocyte atrophy 

Liao et al. 2001 

Aortic banding in dominant-negative 
p38α, MKK3 and MKK6 transgenic mice  

Enhanced hypertrophic response Braz et al. 2003 

Pressure overload in cardiac-specific p38α 
knock-out mice 

Enhanced fibrosis and cardiac 
dysfunction 

Nishida et al. 2004 

Ischemia-reperfusion in dominant 
negative p38α and MKK6 mice 

Protection from ischemia-reperfusion 
injury 

Kaiser et al. 2004 

Ischemia-reperfusion in MKK6 over-
expressing mice 

Protection from ischemia-reperfusion 
injury 

Martindale et al. 2005 

The detailed cellular mechanisms whereby the effects of p38 MAPK are mediated in 
cardiovascular pathology remain obscure, and it may therefore be these that are 
responsible for the controversial results obtained with different experimental models. 
Besides its effects on the hypertrophic growth of myocytes, p38 MAPK has been shown 
be involved in cardiomyocyte apoptosis, p38α having originally been reported to be the 
pro-apoptotic isoform (Wang et al. 1998). Processes in the extracellular matrix may also 
be involved, as demonstrated by the findings regarding fibrosis in p38 MAPK transgenic 
models (Liao et al. 2001). Finally, p38 MAPK may directly affect cardiac function, since 
it has been shown to confer a negative inotropic effect on cultured cardiomyocytes (Liao 
et al. 2002). Notably, the p38 isoforms may have differential effects on other cellular 
events as well as apoptosis, and the ability of upstream kinases to preferentially activate 
different isoforms may partially account for the persistent controversy. 
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2.3.5.2  Extracellular signal-regulated kinase 

The mammalian cell expresses five isoforms of extracellular signal-regulated kinase, 
ERK 1-5. Among these, ERK 1/2, also known as p44/42 MAPK, is the most abundantly 
expressed isoform within the cardiomyocytes. ERK 1/2 is specifically activated through 
phosphorylation of the Thr-Glu-Tyr motif by the upstream kinase MEK 1/2, which is 
activated by several MAPKKKs, including MAPKKK1-3, and Raf, which is activated by 
Ras, PKC and Src. (Sugden & Clerk 1998c.)  

Originally reported to be activated by mitogenic stimuli and growth factors via 
tyrosine kinases and GPCRs, the ERK 1/2 cascade is activated by a variety of stimuli in 
cardiomyocytes. These stimuli partially resemble those activating p38 MAPK, as 
hypertrophic GPCR agonists, ET-1 and PE as well as mechanical stretch of the myocytes 
will stimulate the ERK cascade. The paracrine and hormonal activators of ERK 1/2 
include a wide array of factors that affect cytokine receptors or receptor protein tyrosine 
kinases, such as cardiotrophin-1, interferon-γ, TNF-α, FGF, IGF-1 and insulin. (Michel et 
al. 2001, Ravingerova et al. 2003.) Receptor-independent activation has been shown by 
phorbol ester, for example, which directly activates PKC (Zou et al. 1996). In addition, 
osmotic shock and hypotonic cell swelling activate ERK 1/2 in vitro (Michel et al. 2001), 
while ERK in the intact heart is activated by ischaemia-reperfusion but not by ischaemia 
alone (Mizukami & Yoshida 1997, Omura et al. 1999). Activation by mechanical stretch 
has also been observed in the isolated heart (Takeishi et al. 2001, Domingos et al. 2002), 
and in vivo studies have confirmed activation by CPCR agonists and pressure overload 
(Pellieux et al. 2000, Rapacciuolo et al. 2001). 

Like p38 MAPK, ERK 1/2 is the converging point of a system of signal transduction 
that regulates a large number of downstream targets. Among the well-characterised 
targets are transcription factor Elk-1 and cytoplasmic phospholipase A2, but ERK 1/2 has 
also been reported to phosphorylate the downstream kinases MAPKAPK-1 and ribosomal 
p90 S6 kinase (RSK) (Ravingerova et al. 2003). RSK, in turn, regulates a variety of 
downstream effectors, including NF-κB, glycogen-synthase kinase 3β (GSK-3β), c-fos 
and cAMP response element-binding protein (Eldar-Finkelman et al. 1995, Frödin & 
Gammeltoft 1999).  

ERK 1/2 is involved in hypertrophic gene expression and growth in cultured 
cardiomyocytes, although there is no general consensus regarding its necessity in this 
process (Molkentin & Dorn 2001). Anti-sense oligonucleotide inhibition of ERK 1/2 and 
transfection of dominant negative MEK1 attenuate PE-induced ANP gene expression 
(Glennon et al. 1996), and conversely, transfection of constitutively active MEK 1 
increases ANP promoter activity (Gillespie-Brown et al. 1995). Treatment with the 
selective MEK 1/2 inhibitor PD98059 is able to partially inhibit stretch-induced BNP 
gene expression, but not PE-induced expression of ANP (Post et al. 1996, Liang et al. 
2000). Anti-sense inhibition of ERK 1/2 is also able to attenuate the morphological 
features of cardiomyocyte hypertrophy (Glennon et al. 1996), and PD98059 was 
originally reported to reverse agonist-induced sarcomeric assembly (Clerk et al. 1998). 
Furthermore, treatment of cardiomyocytes with another MEK 1/2 inhibitor, U0126, and 
the Raf inhibitor SB-386023 has been shown to attenuate PE and ET-1-induced protein 
synthesis and the increase in cell size, suggesting that ERK activation is needed for a 
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hypertrophic response (Yue et al. 2000a). Nevertheless, a number of in vitro studies have 
concluded the opposite by showing that pharmacological inhibition of ERK 1/2 fails to 
inhibit the hypertrophic morphology or cytoskeletal organisation of the cardiomyocyte 
(Molkentin & Dorn 2001). The in vivo data concerning ERK 1/2 are limited, although 
gain-of-function studies in transgenic mice have provided some support for the role of 
ERK 1/2 in the development of concentric hypertrophy. Bueno et al. (2000) demonstrated 
that transgenic mice over-expressing MEK1 develop concentric hypertrophy within 12 
months of age. Furthermore, these mice showed no signs of decompensation over time, 
but instead, were partially protected from apoptotic stimuli, suggesting that ERK 1/2 also 
possesses cardioprotective characteristics (Bueno et al. 2000). In contrast, even though 
Ras is an upstream regulator of ERK 1/2, the phenotype of Ras transgenic mice involves 
diastolic dysfunction rather than concentric hypertrophy (Hunter et al. 1995). 

Ischaemia-reperfusion studies have mostly suggested a cardioprotective role for ERK 
1/2. Its inhibition in a swine model of ischaemia-reperfusion increased the infarction size 
(Strohm et al. 2000), and a similar detrimental effect associated with enhanced apoptosis 
was observed upon ERK inhibition both in cultured neonatal cardiomyocytes and in 
isolated perfused rat hearts (Yue et al. 2000b). Similarly, MEK1 transgenic mice were 
partially protected from ischaemia/reperfusion-induced DNA laddering (Bueno et al. 
2000). Finally, the anti-apoptotic effects of IGF-1 and cardiotrophin-1 may be partially 
mediated by ERK 1/2 (Bueno & Molkentin 2002). 

2.3.5.3  JNK 

The cardiac JNK family of MAPKs consists of two major isoforms, JNK1 and JNK2. 
Differential splicing and exon usage result in the expression of at least ten JNK isoforms 
in other tissues, but their presence in the heart has not been documented. JNK1 antibody 
recognises two proteins in the heart, 46 kDa and 54 kDA isoforms, and most reports 
regarding JNK in the heart refer to these two isoforms (Michel et al. 2001).  

Like p38 MAPK, JNK is a stress-activated kinase, being responsive to heat shock, γ-
irradiation, hyperosmolarity and reactive oxygen species (Kyriakis & Avruch 2001), and 
in the cardiomyocytes, too, it is mainly activated by stress stimuli such as hypoxia, 
reactive oxygen species, mechanical stretch, anisomycin and daunomycin. The paracrine 
and endocrine JNK activators include the cytokines TNF-α and leukaemia inhibitory 
factor, as well as angiotensin II receptors and α and β-adrenoceptors (Michel et al. 2001). 
The immediate upstream kinases of JNK are MKK4 and MKK7, which activate JNK by 
phosphorylating the Thr-Pro-Tyr motif in the activation loop domain. MKK4 and MKK7 
are regulated by two upstream kinases, MEKK1 and MEKK2. The regulators of the JNK 
cascade upstream of MEKK1 and MEKK2 are poorly understood within the myocyte, 
although some evidence exists for Ras, Rac, cdc42 and Grb2 etc. in other cell types. 
(Garrington & Johnson 1999, Molkentin & Dorn 2001, Baines & Molkentin 2005.) G-
protein dependent mechanisms are also supported by the inhibition of JNK activation in a 
transgenic model over-expressing a Gq inhibitor (Esposito et al. 2001). PKC inhibition 
together with Ca2+ chelation affects angiotensin II-induced JNK activation, but phorbol 
ester alone only weakly affects JNK, suggesting that it may be synergistically regulated 
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by Ca2+ and PKC (Bogoyevitch et al. 1995, Kudoh et al. 1997). On the other hand, 
stretch-induced JNK activation was reported to be independent of PKC or Ca2+ (Komuro 
et al. 1996). JNK affects cellular processes primarily by phosphorylating nuclear 
downstream targets. The two main targets of JNK in the cardiomyocyte are c-Jun, which 
is preferentially phosphorylated by JNK, and ATF-2, which is also regulated by p38 
MAPK (Sugden & Clerk 1998b). 

JNK is sensitive to hypertrophic stimulation in vivo, as its activity is increased in load-
induced hypertrophy and in remote non-infarcted regions after experimental myocardial 
infarction (Li et al. 1998, Choukroun et al. 1999, Esposito et al. 2001). Ischaemia does 
not activate JNK in perfused rat heart or in vivo rabbit models, but ischaemia-reperfusion 
is associated with JNK activation (Yin et al. 1997, He et al. 1999). A similar level of 
confusion as with p38 activity nevertheless underlies JNK activity in cases of heart 
failure, since increased, decreased and unchanged activities have been reported 
depending on the conditions and the phase of heart failure (Cook et al. 1999, Haq et al. 
2001, Takeishi et al. 2001, Communal et al. 2002).  

Although the lack of specific pharmacological inhibitors has limited investigations 
into the functional role of JNK in cardiovascular pathophysiology in vivo, considerable 
evidence has been obtained from transgenic gain-of-function and loss-of-function studies. 
The first loss-of-function study, by Choukroun et al. (1999), suggested that the inhibition 
of JNK activity by dominant negative MKK4 prevents the development of aortic 
banding-induced pressure-overload hypertrophy, and supporting findings were obtained 
by crossing MEKK1 knock-out transgenic mice with Gq over-expressing mice, resulting 
in a significant attenuation of hypertrophy, contractile dysfunction and ANP gene 
expression (Minamino et al. 2002). In contrast, MEKK1 null mice failed to show a 
reduced hypertrophic response to aortic constriction, even though JNK activation was 
abolished (Sadoshima et al. 2002). Furthermore, targeted over-expression of MKK7 
resulted in cardiomyopathy and early lethality without any signs of cardiomyocyte 
hypertrophy (Petrich et al. 2004). Even an anti-hypertrophic role for JNK has been 
suggested in transgenic studies, because JNK dominant negative mice were reported to 
have enhanced hypertrophic responses via interaction with calcineurin-nuclear factor of 
activated T-cells (NFAT) signalling (Liang et al. 2003).  

The controversial role of JNK in cardiovascular pathophysiology does not seem to be 
restricted to the hypertrophic response, since evidence has accumulated regarding its role 
in cardiomyocyte apoptosis, where both pro-apoptotic and anti-apoptotic effects have 
been implicated (Baines & Molkentin 2005). Inhibition of JNK1, but not of JNK2, 
protected cardiomyocytes from ischaemia-induced apoptosis (Hreniuk et al. 2001), and 
the expression of dominant negative JNK inhibited β-adrenergic-stimulated apoptosis 
(Remondino et al. 2003). MEKK1 knockout mice, however, were shown to be more 
susceptible to cardiomyocyte apoptosis and inflammation (Sadoshima et al. 2002). The 
confusion regarding the role of JNK in cardiomyocyte apoptosis has been further 
extended by the very recent observations of Kaiser et al. (2005) suggesting that mice 
expressing dominant negative JNK 1/2 as well as activated MKK7 were protected from 
ischaemia-reperfusion induced apoptosis. 
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2.3.5.4  MAPK inactivation and MAPK phosphatases 

The mechanisms of MAPK inactivation in the cardiomyocyte are less well-known than 
those of MAPK activation, although it is evident that inactivation is an important 
mechanism for regulating MAPK function. MAPKs are activated by the phosphorylation 
of threonine and tyrosine residues, and conversely, their inactivation occurs via 
dephosphorylation of the same residues. The dephosphorylation of MAPKs is mediated 
via specific dual-specificity (Thr/Tyr) MAPK phosphatases (MKPs), serine/threonine 
phosphatases and tyrosine phosphatases. (Theodosiou & Ashworth 2002.) 

MKPs consist of a kinase-binding domain and a phosphatase domain, and exhibit little 
enzymatic activity in the absence of their physiological substrates. Thus their function is 
tightly coupled to MAPK activation. The MKPs are divided into three categories based 
on their preference for dephosphorylating tyrosine, serine/threonine or both tyrosine and 
threonine, and they also show specificity with respect to their substrates, p38, ERK and 
JNK. (Theodosiou & Ashworth 2002.) At least 9 families of MKPs with different 
specificities, tissue distributions, subcellular localisations and expression profiles exist. A 
significant role has been suggested for MKP-1 within the heart. (Bueno et al. 2001.) 

The role of MKPs in cardiovascular pathophysiology remains largely unknown, but it 
has been suggested that they may antagonise hypertrophic gene expression and 
cardiomyocyte growth in vitro, in coordination with ERK inhibition (Fuller et al. 1997). 
Furthermore, transgenic mice expressing physiological levels of cardiac MKP-1 showed 
no MAPK activation, diminished developmental myocardial growth and attenuated 
hypertrophic responses to pressure overload or catecholamines, implying that the 
dephosphorylation of MAPKs by MKP-1 may be of functional importance (Bueno et al. 
2001).  

2.3.6  Ca2+/calmodulin-dependent protein kinase and calcineurin 

Cardiac hypertrophy and heart failure are associated with altered Ca2+ signalling. Besides 
its well-documented role in cardiomyocyte excitation-contraction coupling, intracellular 
Ca2+ is involved in cardiomyocyte signal transduction via several kinases and 
phosphatases (Frey et al. 2000). 

Intracellular Ca2+ is functionally associated with calmodulin, and most of the calcium-
activated signal transduction events are regulated by Ca2+/calmodulin complexes. Among 
the direct targets are the Ca2+/calmodulin-dependent protein kinases (CaMKs). Several 
CaMK isoforms are known, the CaMKII isoforms being the most extensively studied in 
the heart. (Zhang & Brown 2004.) SHRs and animals with aortic constriction show 
increased CaMKII activity in vivo (Boknik et al. 2001, Hagemann et al. 2001, Colomer et 
al. 2003), whereas CAMKII is down-regulated in rats with experimental myocardial 
infarction (Netticadan et al. 2000). Transgenic mice over-expressing calmodulin and the 
CAMKIIδB isoform develop cardiac hypertrophy, suggesting a role for CAMKII in 
cardiac hypertrophy in vivo (Gruver et al. 1993, Zhang et al. 2002). 

Calcineurin, also known as protein phosphatase 2B, is a conserved serine-threonine 
phosphatase that is uniquely activated by calcium-calmodulin complexes (Molkentin 
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2000a). The downstream effector of calcineurin is NFAT, which was first identified as a 
transcriptional regulator of T-cell IL-2 gene expression (Clipstone & Crabtree 1992, Liu 
et al. 1991). NFAT is controlled by calcineurin via dephosphorylation of its N-terminal 
serine residues, leading to translocation of NFAT to the nucleus and the activation of 
NFAT-dependent gene expression (Vega et al. 2003). The transcriptional effects of NFAT 
are mediated by direct NFAT-DNA interaction, which is strengthened by interaction with 
other transcription factors such as GATA-4 or MEF-2 (Bueno et al. 2002, Wilkins & 
Molkentin 2004). 

A calcineurin-dependent transcriptional pathway in cardiac hypertrophy was identified 
by Molkentin et al. (1998), who established several transgenic lines expressing either 
activated NFATc4 or calcineurin A subunits, each of them showing variable forms of 
hypertrophic response depending on the type and level of transgene expression. They also 
demonstrated that calcineurin inhibition by cyclosporine was able to attenuate 
hypertrophic responses and described a pattern of NFATc4-GATA-4 interaction-
dependent hypertrophic gene expression (Molkentin et al. 1998). A large number of 
studies have been published since then regarding the role of calcineurin in cardiovascular 
pathophysiology. Although the results have been relatively consistent regarding the 
sufficiency of calcineurin for producing hypertrophic responses, as most models with 
transgenic calcineurin-NFAT over-expression show signs of hypertrophic growth, no 
general consensus has been reached regarding the necessity for calcineurin-NFAT 
signalling in cardiac hypertrophy. Over 30 studies employing cyclosporine or FK-506 in 
in vitro or in vivo models have been published, the majority of them reporting anti-
hypertrophic effects, but a considerable number of them reporting no effect of calcineurin 
inhibition. (Wilkins & Molkentin 2004.) Notably, cyclosporine and FK506 also have a 
number of systemic side effects, including nephrogenic and neurogenic toxicity as well as 
immunosuppression, which makes their clinical usefulness doubtful (Molkentin 2000a). 

2.3.7  The PI3K - Akt pathway 

The phosphoinositide 3-kinases are a conserved family of enzymes that possess both lipid 
and protein kinase activity. The PI3Ks are divided into three classes based on their 
structure and substrate specificity. Class I PI3Ks are heterodimers consisting of a 
regulatory subunit and a catalytic subunit (p110), and are divided into subclasses IA and 
IB. The class IA PI3Ks are composed of a p110α, p110β or p110δ catalytic subunit 
associated with a p85 regulatory subunit, whereas the single class IB member is composed 
of p110γ and the regulatory protein p101. (Prasad et al. 2003.) Class II PI3Ks have not 
been reported to be expressed in the myocardium. The functional role of the class IA 
subgroup consisting of p110α (referred to hereafter as PI3Kα) has so far been 
characterised in more detail than those consisting of p110β or p110δ. The main 
downstream effectors of PI3Ks are Akt isoforms. Akt has in turn two major downstream 
targets, GSK-3β and the mammalian target of rapamycin, mTOR. (Kis et al. 2003, Dorn 
& Force 2005.)  

Both in vitro and in vivo studies have implicated the PI3K-Akt pathway in the 
regulation of cardiomyocyte growth. Pharmacological inhibition of PI3K, for example, 
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reduces PE or insulin-induced protein synthesis in cultured cardiomyocytes (Schlüter et 
al. 1999, Pham et al. 2000). Whole-genome knockout of PI3Kα leads to embryonic 
mortality in vivo, but cardiac-specific over-expression of dominant negative PI3Kα is 
associated with reduced cardiac growth (Shioi et al. 2000). Furthermore, transgenic mice 
over-expressing constituvely active PI3Kα develop concentric hypertrophy without 
transition to maladaptive hypertrophy (Shioi et al. 2000). The findings indicating that 
PI3Kα is not required for the development of pressure overload hypertrophy nevertheless 
conflict with these observations (McMullen et al. 2003). Contrarily, PI3Kγ, which is 
regulated by GPCRs, was shown to affect pressure-overload-induced myocardial 
remodelling (Patrucco et al. 2004). The phenotype resulting from cardiac-specific Akt 
over-expression is mostly similar to that of PI3Kα over-expression (Condorelli et al. 
2002, Shioi et al. 2002). Akt has also been implicated in cardiomyocyte apoptosis and 
ischaemia-reperfusion injury, which has been shown to increase Akt activity (Mockridge 
et al. 2000, Vlahos et al. 2003).  

Observations regarding the functional role of the PI3K-Akt pathway have recently 
been extended by findings concerning the downstream target GSK-3β. Unlike other 
kinases, GSK-3β is negatively regulated by hypertrophic stimuli and negatively regulates 
the hypertrophic responses (Antos et al. 2002, Hardt & Sadoshima 2002). GSK-3β 
regulates ET-1 and beta-adrenergic stimulation-induced cardiomyocyte hypertrophy 
negatively in vitro and antagonises calcineurin-NFAT signalling (Haq et al. 2000, 
Morisco et al. 2000, Hardt & Sadoshima 2002). Consistent with these findings, cardiac-
specific GSK-3β over-expression antagonised cardiac hypertrophy in response to 
pressure overload, calcineurin activation or adrenergic stimulation (Antos et al. 2002). 

2.4  Cardiac transcription factors  

The different cell types of individual organisms share identical genomes but still 
synthesise a unique set of proteins. This tissue-specific protein synthesis is based on the 
pattern of gene expression, which is controlled at both the transcriptional and post-
transcriptional levels. Transcriptional regulation is coordinated by transcription factors, 
DNA-binding proteins that interact with specific regulatory regions of individual genes. 
Accumulating evidence has suggested that transcription factors provide the crucial link 
between intracellular signal transduction and cardiac-specific gene expression. In this 
context, cardiac transcription factors have recently been defined as essential 
transcriptional activator proteins that are predominantly expressed in the myocardium and 
regulate the expression of cardiac genes encoding structural proteins or regulatory 
proteins characteristic of cardiomyocytes. (Akazawa & Komuro 2003.) 

2.4.1  The GATA family of transcription factors 

The transcription factors of the GATA family share three major features in common: they 
bind to the consensus nucleotide sequence (A/T)GATA(A/G), contain either one or two 
distinctive DNA-binding zinc finger domains, and are highly conserved between species 
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(Patient & McGhee 2002). GATA factors are found in virtually all types of eukaryotes, 
including fungi, plants, invertebrates and vertebrates. The vertebrate GATA family 
includes six proteins, GATA-1-6, all of which have a structure consisting of two adjacent 
zinc finger domains (Cys-X2-Cys-X17-Cys-X2-Cys) (Molkentin 2000b, Patient & 
McGhee 2002). These can be classified on the basis of their expression pattern into two 
subfamilies, GATA-1, -2 and -3 and GATA-4, -5 and -6. While GATA-1,-2 and -3 are 
predominantly expressed in haematopoietic stem cells, T-lymphocytes, erythroid cells 
and megakaryotes, in which they have an important regulatory function in differentiation, 
GATA-4, -5 and -6 are expressed in various mesoderm and endoderm-derived tissues, 
including the heart. (Molkentin 2000b.)  

2.4.1.1  GATA-4 

In 1993 two independent groups identified a novel transcription factor containing the 
highly conserved DNA-binding domain of the GATA transcription factors in the 
developing heart. This factor was reported to be tissue-specific, developmentally 
regulated and retinoic acid-inducible and designated GATA-4 (Arceci et al. 1993, Kelley 
et al. 1993). Cloning and initial characterisation were followed by identification and 
functional characterisation of the nuclear localisation and transcriptional activation 
domains. Based on deletion analysis, the C-terminal zinc finger appears to be sufficient 
for DNA binding, while the N-terminal finger probably affects the stability and 
specificity of the DNA binding reaction (Yang & Evans 1992, Whyatt et al. 1993, 
Morrisey et al. 1997, Pikkarainen et al. 2004). The N-terminal part of the protein was 
also reported to contain two separate transcriptional activation domains, however, which 
could modulate the transcriptional regulatory function of GATA-4. The C-terminal part, 
in turn, contains the nuclear localisation sequence adjacent to the C-terminal zinc finger 
(Morrisey et al. 1997).  

GATA-4 is widely expressed during embryonic development. It is found in the heart, 
ovary, testis, gut and visceral and parietal endoderm of the mouse during embryonic and 
fetal development (Arceci et al. 1993). Indeed, GATA-4 is considered one of the earliest 
developmental markers of the precardiac mesoderm, heart and gut (Kelley et al. 1993, 
Morrisey et al. 1997). Its expression is not restricted to embryonic development, 
however, but continues postnatally. GATA mRNA has been detected in the heart, testis, 
and small intestine of adult mice, for instance (Arceci et al. 1993), and GATA-4 can 
therefore be considered a ubiqitously expressed but tissue-specific transcription factor 
(Molkentin 2000b). 

During embryonic development, GATA-4 mRNA and protein were found to be 
expressed first in the coelic epithelial cells and in the endocardium, myocardium and 
embryonic structures containing precardiac mesoderm during heart tube formation 
(Heikinheimo et al. 1994). Following these observations, inhibition of GATA-4 using an 
anti-sense strategy was reported to inhibit cardiac muscle cell differentiation in 
pluripotent embryonal carcinoma cells, implying a functional role for GATA-4 in 
cardiogenesis (Grepin et al. 1995). GATA-4 did indeed turn out to be critical for cardiac 
development, since homozygous GATA-4-deficient embryos die within 7-10 days post 
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coitum due to defects in ventral morphogenesis and heart tube formation (Kuo et al. 
1997, Molkentin et al. 1997). Subsequent studies using alleles that cause partial loss of 
GATA-4 function and conditional deletion of GATA-4 have provided further insights 
regarding its relation to cardiogenesis, suggesting that it is also necessary for the later 
phases in the development and morphogenesis of the right ventricle (Crispino et al. 2001, 
Pu et al. 2004, Zeisberg et al. 2005). Mutations in the GATA-4 gene have also been 
identified as genetic causes of congenital heart disease with atrial and ventricular septal 
defects (Garg et al. 2003, Okubo et al. 2004).  

The relatively tissue-specific expression pattern of GATA-4 led to its identification as 
a regulator of cardiac-specific gene expression. GATA-4 binding elements and GATA-4-
dependent promoter activation have so far been identified in a number of cardiac genes: 
α-MHC, troponin C and troponin I, ANP, BNP, corin, NCX, A1 adenosine receptor, 
acetylcholine receptor M2, cardiac-restricted ankyrin repeat protein, MLC 1/3 and 
calcineurin A (Ip et al. 1994, Thuerauf et al. 1994, McGrew et al. 1996, Durocher et al. 
1997, Rosoff & Nathanson 1998, Charron et al. 1999, Cheng et al. 1999, Kuo et al. 1999, 
Rivkees et al. 1999, Pan et al. 2002, Oka et al. 2005). 

Apart from regulating embryonal and baseline cardiac gene expression, GATA-4 is 
involved in inducible cardiac gene expression in response to hypertrophic stimuli. The 
first evidence concerning its role in this process was obtained in an aortic constriction 
model using in vivo gene transfer of an AT1A receptor promoter construct, which showed 
that GATA-4 and AP-1 binding sites participate in pressure overload-induced AT1A gene 
expression (Herzig et al. 1997). A similar experimental approach showed that intact 
GATA-4 binding elements are required for pressure-overload activation of the β-MHC 
promoter (Hasegawa et al. 1997). Interestingly, mutation of 90 GATA binding sites on the 
BNP promoter abrogated promoter activation in response to nephrectomy-induced 
haemodynamic stress (Marttila et al. 2001), suggesting a GATA-4-dependent mechanism 
in the regulation of stress-induced BNP gene expression. Consistent with this finding, in 
vitro studies of cultured cardiomyocytes have indicated that PE and isoproterenol-
induced human BNP promoter activation requires GATA-binding elements (Thuerauf & 
Glembotski 1997, He et al. 2002). 

A role for GATA-4 in cardiac hypertrophy is further strongly supported by the findings 
that various hypertrophic stimuli activate GATA-4. GATA-4 DNA-binding activity in 
cultured cardiomyocytes is increased in response to treatment with ET-1, isoproterenol 
and PE (Morimoto et al. 2000, Kitta et al. 2001, Morisco et al. 2001, Kerkelä et al. 
2002). GATA-4 DNA binding is rapidly up-regulated by arginine-vasopressine (AVP)–
induced pressure overload in vivo (Hautala et al. 2001), and although GATA-4 activation 
in this model was rapid and transient in nature, i.e. observed within minutes, other models 
have also shown that later phases of hypertrophic transformation may be associated with 
increased GATA-4 binding. Nephrectomised rats showed increased GATA-4 activity 26-
28 h after operation (Marttila et al. 2001), and GATA-4 DNA binding increased 
coincidently with chronic hypertension in transgenic rats over-expressing the mouse renin 
gene (Diedrichs et al. 2004). Nevertheless, the necessity for GATA-4 in hypertrophic 
gene expression is not clear beyond acute haemodynamic overload. 

GATA-4 has recently been identified as a nuclear effector of the mechanical stretch-
activated hypertrophic programme in vitro (Pikkarainen et al. 2003). Inhibition of GATA-
4 activity by adenovirus-mediated gene transfer of GATA-4 anti-sense cDNA attenuated 
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both stretch-induced gene expression and sarcomere reorganisation, and GATA-4 was 
shown to control hypertrophic gene expression in co-operation with Nkx-2.5 
(Pikkarainen et al. 2003). These observations are supported by the anti-hypertrophic 
effects of GATA-4 anti-sense inhibition in response to PE stimulation (Charron et al. 
2001). Furthermore, inhibition by a dominant negative GATA-4-engrailed fusion 
construct abrogated PE-induced cardiomyocyte hypertrophy (Liang et al. 2001a). Due to 
the embryonic lethality of GATA-4 disruption and the lack of specific inhibitors, the 
necessity of GATA-4 for cardiac hypertrophy in vivo is unknown, but it does appear that 
GATA-4 is at least sufficient to produce hypertrophic responses in vivo, since transgenic 
mice over-expressing it develop concentric cardiac hypertrophy with morphological, 
cellular and genetic features (Liang et al. 2001a). 

Recent findings have also indicated that the role of GATA-4 as a myocardial survival 
factor can be extended beyond embryogenesis. Its activity is down-regulated in cultured 
cardiomyocytes in response to apoptotic stimuli such as treatment with daunorubicin 
(Suzuki & Evans 2004), and restoration of this activity by adenovirus-mediated gene 
transfer was able to attenuate the daunorubicin-induced cardiomyocyte apoptosis (Kim et 
al. 2003). A similar effect was observed in the case of doxorubicin treatment in vitro, and 
more importantly, mice that were heterozygous for a null allele of the GATA-4 gene 
showed significantly enhanced cardiotoxic responses after doxorubicin treatment (Aries 
et al. 2004). Down-regulation of GATA-4 activity was also observed in isolated perfused 
rat hearts after ischaemia-reperfusion injury, whereas preconditioning was associated 
with increased GATA-4 binding, implying that GATA-4 may be involved in 
cardioprotection during ischaemic injury (Suzuki et al. 2004). The mechanism whereby 
GATA-4 confers anti-apoptotic and cardioprotective effects is not known in detail, 
although it has been reported that the anti-apoptotic BCL-X gene is regulated by GATA-4 
(Aries et al. 2004), and that HGF may be involved in GATA-4 activation (Kitta et al. 
2003).  

The regulatory mechanisms of GATA-4 activity in the heart have been a subject of 
intensive research. In terms of hypertrophic stimulation, control at the level of GATA-4 
mRNA does not appear to be critical, since GATA-4 mRNA levels remain stable in 
response to AVP infusion, nephrectomy in vivo and ET-1 treatment in vitro (Hautala et al. 
2001, Marttila et al. 2001, Kerkelä et al. 2002). Isoproterenol and PE are able to increase 
GATA-4 gene expression (Saadane et al. 1999), however, and a tendency for increased 
GATA-4 mRNA levels has been observed in stretched cardiomyocytes (Pikkarainen et al. 
2003). Conversely, the down-regulation of GATA-4 in response to cardiotoxic 
anthracyclines appears to be due to decreased levels of GATA-4 mRNA and protein 
(Suzuki & Evans 2004). Nevertheless, accumulating evidence indicates that myocardial 
GATA-4 is largely controlled by post-transcriptional and post-translational mechanisms, 
which affect either its DNA-binding activity, transactivation and/or cellular localisation 
(Pikkarainen et al. 2004). First, GATA-4 protein is subject to phosphorylation, which 
affects its DNA binding affinity. Increased DNA binding in response to PE, ET-1 and 
isoproterenol is associated with increased phosphorylation of GATA-4 protein (Morimoto 
et al. 2000, Charron et al. 2001, Liang et al. 2001b). MAPKs have been suggested as key 
molecules in inducible GATA-4 phosphorylation (Fig. 4), and seven possible 
phosphorylation sites for them have been identified in the GATA-4 protein, among which 
the functional significance of the Ser-105 residue has been demonstrated in several 
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studies (Liang et al. 2001b, Pikkarainen et al. 2004). Mutation of this amino acid is 
sufficient to reduce GATA-4-mediated transcriptional activation (Liang et al. 2001b). Ser-
105 in the GATA-4 protein is sensitive to both p38 MAPK and ERK in vitro, as PE-
induced GATA-4 activation is abrogated by inhibition of ERK (Liang et al. 2001b), and 
p38 MAPK has been shown to phosphorylate Ser-105 directly in pull-down assays with 
recombinant p38 MAPK proteins (Charron et al. 2001). p38 MAPK and ERK-mediated 
GATA-4 phosphorylation presumably requires Rho A-related signalling in vitro, since 
dominant negative forms of p38 MAPK blocked Rho A-induced potentiation of GATA-4 
activity (Charron et al. 2001), and Rho kinase inhibition blocked ERK-dependent GATA-
4 activation by PE (Yanazume et al. 2002). Furthermore, pharmacological p38 inhibition 
was sufficient to abrogate ET-1-induced GATA-4 activation in cultured cardiomyocytes 
(Kerkelä et al. 2002).  

While targeted phosphorylation of serine residues affects GATA-4 DNA-binding 
activity, the phosphorylation of the N-terminal domain by GSK-3β may be related to its 
subcellular localisation (Pikkarainen et al. 2004). In contrast to serine phosphorylation by 
p38 MAPK and ERK 1/2, this phosphorylation is associated with decreased 
transcriptional activity, a fact which is probably related to increased nuclear export of 
GATA-4 by the exportin Crm1, as inhibition of Crm1 increases basal nuclear GATA-4 
and suppresses GSK-3β-induced decreases in nuclear GATA-4 levels (Morisco et al. 
2001). In addition, GSK-3β may affect GATA-4 via interaction with NFAT, because it 
phosphorylates NFAT and enhances NFAT nuclear export (Antos et al. 2002). Finally, 
GATA-4 protein is also sensitive to other post-translational modifications as well as 
phosphorylation. It has recently been suggested that acetylation of GATA-4 protein may 
be involved in the differentiation of embryonic stem cells into cardiac myocytes, by 
showing that treatment with the histone-deacetylase inhibitor trichostatin A increased the 
amount of acetylated GATA-4 and its DNA binding (Kawamura et al. 2005). Cardiac 
hypertrophy in transgenic mice over-expressing histone acetyltransferase p300 is also 
characterised by increased GATA-4 acetylation and DNA binding (Yanazume et al. 
2003). 
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Fig. 4. Regulatory mechanisms and target genes of GATA-4. GATA-4 is subject to both 
MAPK-mediated phosphorylation and interactions with other transcription factors. 

GATA-4 protein is subject to interactions with other transcription factors, and several 
studies have suggested that functional co-operation may be a prerequisite for the 
transcriptional effects of GATA-4 (Pikkarainen et al. 2004). This co-operation is 
mediated by physical interaction with the C-terminal zinc finger of the GATA-4 protein, 
except in the GATA-4 – friend of GATA 2 (FOG-2) interaction, in which the interacting 
region is located in the N-terminal zinc finger (Svensson et al. 2000, Pikkarainen et al. 
2004). Functional interactions of GATA-4 have so far been described with dHAND, 
FOG-2, SRF, Nkx-2.5, MEF-2, NFATc4, GATA-6, Tbx-5, Yin Yang 1 and p300 (Lee et 
al. 1998, Molkentin et al. 1998, Charron et al. 1999, Svensson et al. 1999, Belaguli et al. 
2000, Bhalla et al. 2001, Dai & Markham 2001, Dai et al. 2002, Garg et al. 2003), the 
result being in the majority of cases a synergistic transactivation of the target gene, 
demonstrated with most cofactors by ANP and BNP promoter activation (Fig. 4). A 
repressive effect is also possible, however, as with the GATA-4-FOG-2 interaction 
(Svensson et al. 2000). Although the importance of the GATA-4-cofactor interactions 
with respect to promoter activation is unequivocal, their pathophysiological significance 
is less clear. Co-operation between Nkx-2.5 and GATA-4 has recently been suggested as 
mediating stretch-induced cardiomyocyte hypertrophy and BNP gene expression 
(Pikkarainen et al. 2003), and synergistic activation of GATA-4 and NFATc4 is thought to 
be involved in the calcineurin-mediated hypertrophic programme (Molkentin et al. 1998). 
Finally, given that many GATA-4 cofactors have been suggested as independent 
regulators of cardiac hypertrophy, synergistic pro-hypertrophic effects are also possible 
with other cofactors. 
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2.4.1.2  Other members of the GATA family 

The other members of the GATA family expressed in the heart are GATA-5 and GATA-6. 
GATA-4, GATA-5 and GATA-6 are 85% identical to one another at the amino acid level 
within the DNA-binding region (Molkentin 2000b).  

Like GATA-4, GATA-6 appears to be critical for embryonic development, although its 
role in cardiac development is poorly understood as null mice die prior to heart induction 
(Morrisey et al. 1998). Gain-of-function studies have suggested, however, that GATA-6 
may affect cardiogenesis (Gove et al. 1997). This notion was also supported by the 
observations that anti-sense oligonucleotide inhibition of GATA-6 affected the 
differentiation of a cardiac lineage during embryogenesis (Peterkin et al. 2003, Peterkin 
et al. 2005). In contrast to GATA-4 and GATA-6, null mutation of GATA-5 does not lead 
to any obvious cardiac defects, suggesting that GATA-5 is not critical for heart 
development (Molkentin et al. 2000b). 

The role of GATA-5 and GATA-6 in the adult heart is not as well documented as that 
of GATA-4. In particular, they have not been reported to mediate inducible cardiac gene 
expression, suggesting that GATA-4 is the major factor bound by the GATA sites of 
cardiac gene promoters. It is of note, though, that ANP or α-MHC gene expression is not 
impaired in GATA-4-deficient mice, suggesting that GATA-6 is able to compensate for 
the lack of GATA-4 under certain conditions (Kuo et al. 1997, Molkentin et al. 1997). It 
has also been suggested that GATA-6 may regulate gene expression in vascular smooth 
muscle cells (Molkentin 2000b). 

2.4.2  AP-1 

AP-1, one of the first mammalian transcription factors to be identified (Angel & Karin 
1991), is not a single protein but a complex of heterodimers and homodimers of the 
leucine zipper proteins Jun (c-Jun, JunB, JunD), Fos (c-fos, FosB, Fra-1 and Fra-2) and 
ATF (ATF2, ATF3/LRF1, B-ATF, JDP1, JDP2). The Maf proteins (c-Maf, MafB, MafA, 
MafG/F/K and Nr1) have also been included in the AP-1 family on the grounds of 
sequence homology. Functionally, c-Jun is the most potent transcriptional activator of the 
Jun group, while within the Fos group, c-fos and FosB contain transcriptional activation 
domains and form heterodimers with the Jun group proteins to enhance their 
transcriptional activity. (Karin et al. 1997, Shaulian & Karin 2002.) 

Members of the AP-1 complex identify and bind to the palindromic DNA sequence 5’-
TGAGTCA-3’ (Hai & Curran 1991). Although the DNA binding of the AP-1 complex is 
mediated by the leucine zipper motif; the properties of the individual components of the 
complex partially determine the nature of the DNA-protein interaction. At the level of 
DNA binding, AP-1 activity is ubiquitous and found in virtually all types of eukaryotes. 
(Wisdom 1999.) AP-1 binding sites are abundant in the promoter region of numerous 
cardiac genes, including the ANP, BNP, α-SkA, ET-1 and AT1A receptor genes (Bishopric 
et al. 1992, Kovacic-Milivojevic & Gardner 1993, Grepin et al. 1994, Kawana et al. 
1995, Herzig et al. 1997).  
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Due to the fact that the AP-1 complex consists of a series of proteins encoded by two 
multigene proteins, the mechanisms regulating AP-1 activity are complex. They can be 
classified into four broad categories: first, changes in jun and fos gene transcription and 
mRNA turnover affect AP-1 activity; second, the regulation may occur through post-
translational modification of Jun and Fos proteins; third, it may occur through effects on 
Jun and Fos protein turnover; and fourth, it may occur through interactions with other 
transcription factors. (Shaulian & Karin 2002.) The complex mechanisms of regulation 
are naturally related to the wide array of signal transduction mechanisms affecting AP-1 
activity. Within the first and second of the above mentioned categories of AP-1 
regulation, MAPKs represent key upstream signalling molecules in many cell types. 
Members of the MAPK cascade first activate AP-1 by direct phosphorylation of the 
subunits, so that c-Jun, for instance, is among the primary substrates of JNK and ATF-2 
among those of p38 MAPK. Furthermore, ERK and p38 MAPK can potentiate the 
transcriptional activity of ternary complex factors (TCFs) which bind to the fos promoter, 
leading to increased fos transcription. (Karin 1995, Shaulian & Karin 2002.) ERK is also 
known to phosphorylate Fra1 and Fra2 directly (Gruda et al. 1994). A number of other 
transcription factors have been reported to co-operate with AP-1 in the context of 
interactions, and an analysis of native promoters has revealed that binding sites for other 
transcription factors almost invariably exist adjacent to the AP-1 sites. These factors 
include NFAT, nuclear receptors, ETS binding factors, the Smad family of proteins and 
NF-κB. These interactions appear to be of particular importance with respect to the 
specificity of the AP-1 response. (Wisdom 1999.) 

AP-1 is activated by a variety of stimuli, which partially resemble those activating 
MAPK cascades. It is sensitive to cellular stresses, UV irradiation, DNA damage, growth 
factors, polypeptide hormones, cytoskeletal rearrangements and pro-inflammatory 
cytokines (Karin et al. 1997, Shaulian & Karin 2002). In the heart, AP-1 DNA binding is 
increased in response to a number of stimuli, including isoproterenol and angiotensin II 
infusion, aortic constriction, direct ventricular wall stress and myocardial infarction 
(Cornelius et al. 1997, Herzig et al. 1997, Shimizu et al. 1998, Takemoto et al. 1999, 
Fiebeler et al. 2001). 

The multiplicity of AP-1 complexes has complicated attempts to determine its 
functional role. In particular, single gene knock-outs of AP-1 members provide little 
evidence concerning the role of the entire complex, and the necessity for AP-1 in 
myocardial remodelling therefore remains essentially unknown (Wisdom 1999). It should 
be noted, though, that, as mentioned above, AP-1 is sensitive to many stimuli that are 
critical in the remodelling process, and there are data indicating that AP-1 binding sites 
are required for inducible activation of the AT1A receptor gene, for instance (Herzig et al. 
1997). 

2.4.3  NF-κB 

NF-κB is a dimeric transcription factor consisting of heterodimers or homodimers of p50, 
p52, p65 (RelA), c-Rel and RelB proteins. The most common active form of NF-κB is a 
heterodimer composed of p50 or p52 and RelA. NF-κB activity is controlled by a unique 



 57

regulatory mechanism, in that NF-κB dimers in their inactive state reside in the 
cytoplasm and are bound to inhibitory proteins IκB. Upon activation, the N-terminal 
serine residues of IκB are phosphorylated by IκB kinases, leading to ubiquitination and 
proteolytic degradation of IκB. This causes the NF-κB to translocate to the nucleus and 
bind to the promoters of target genes. (Valen et al. 2001.)  

NF-κB is involved in immune and inflammatory responses. It is activated by pro-
inflammatory cytokines such as TNF-α and IL-1, and its activation appears to be 
associated with many inflammatory diseases, such as septic shock, acute respiratory 
distress syndrome and viral diseases (Baeuerle & Baltimore 1996, Purcell & Molkentin 
2003). Apart from pro-inflammatory cytokines, NF-κB has been reported to be sensitive 
to lipopolysaccharide, UV irradiation, phorbol esters, free radicals and oxidative stress 
(Baeuerle & Baltimore 1996, Valen et al. 2001). NF-κB controls the transcription of a 
wide spectrum of genes involved in both innate and adaptive immunity, such as 
chemokines, cytokines (e.g. IL-6 and IL-12), leukocyte adhesion molecules and 
inflammatory enzymes (such as COX-2 and inducible nitric oxide synthase) (Valen et al. 
2001). The cellular consequences of NF-κB are not restricted to the regulation of pro-
inflammatory genes, however, but also include apoptotic responses (Chen et al. 1999). 
Interestingly, a number of both anti-apoptotic and pro-apoptotic genes are controlled by 
NF-κB. The pro-apoptotic genes include Fas, FasL, caspases 8 and 11 and TNFα, and the 
anti-apoptotic ones the Bcl-2 family members A1 and Bclx1 and cellular inhibitors of 
apoptosis (Karin & Lin 2002, Purcell & Molkentin 2003). Consistent with the gene 
expression profile, both anti-apoptotic and pro-apoptotic effects of NF-κB activation have 
been reported, depending on the stimulus, cell type and experimental model (Chen et al. 
1999). It is significant that at least baseline NF-κB appears to be required for cell 
survival, as transgenic mice incapable of NF-κB activation die due to excessive liver cell 
apoptosis (Li et al. 1999, Tanaka et al. 1999). 

Given the above cellular functions, it has been suggested that NF-κB may be involved 
in the pathogenesis of several cardiovascular diseases. It is considered to partially 
mediate the inflammatory responses of chronic heart failure, based on observations that 
NF-κB activity and the levels of its target genes are increased in both experimental heart 
failure models and tissue samples from patients with heart failure or unstable angina 
(Ritchie 1998, Wong et al. 1998, Lu et al. 2004). Evidence has also accumulated 
regarding the role of NF-κB in cardiac hypertrophy and ischaemia. Hypertrophic stimuli, 
including angiotensin II, ET-1 and PE, increase NF-κB transcriptional activity (Fiebeler 
et al. 2001, Purcell et al. 2001). Over-expression of NF-κB is sufficient to induce 
hypertrophy and ANP gene expression in cultured cardiomyocytes (Purcell et al. 2001), 
and it has been suggested that stretch-induced BNP promoter activation may occur 
through NF-κB activation (Liang & Gardner 1999). Attenuation of cardiomyocyte 
hypertrophy by the NF-κB inhibitory peptide A20 has also been observed (Cook et al. 
2003). These in vitro observations have recently been extended by in vivo studies using 
genetic and pharmacological approaches to arrest NF-κB activity, showing that both 
aortic banding-induced hypertrophy and hypertrophy in SHRs can be reduced by NF-κB 
inhibition (Li et al. 2004, Gupta et al. 2005).  

The activation of NF-κB by ischaemia and ischaemia-reperfusion injury is well 
documented, having been reported both in experimental models and in humans (Valen 
2004). In view of its target genes, ischaemic NF-κB activation was originally considered 
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detrimental, an interpretation supported further by the notion that decoy inhibition of NF-
κB may reduce ischaemia-reperfusion injury (Morishita et al. 1997, Valen et al. 2001). 
On the other hand, a positive role for NF-κB has been reported in ischaemic 
preconditioning, suggesting that, as in the context of apoptosis, NF-κB may have a dual 
role with both beneficial and detrimental effects (Valen et al. 2001, Valen 2004). 

2.4.4  MEF-2 

The vertebrate MEF-2 family comprises four isoforms, MEF-2A, MEF-2B, MEF-2C and 
MEF-2D (Olson et al. 1995). The MEF-2 factors contain a MADS domain with a specific 
adjacent 29 amino-acid MEF-2 domain, which mediates DNA binding to their cognate 
DNA sequences CAT(A/T)4TAG/A (Akazawa & Komuro 2003). 

MEF-2 factors are widely expressed in different cell types, but specific regulatory 
functions have been identified predominantly in inflammatory cells, skeletal muscle cells 
and cardiomyocytes (Han & Molkentin 2000). In the heart, MEF-2-binding sequences 
have been identified in the promoters of the muscle creatine kinase gene, α-MHC, 
MLC1/3, MLC2v, α-SkA, SERCA, troponin T, troponin C, troponin I, desmin and 
dystrophin (Akazawa & Komuro 2003). Cardiac MEF-2 is sensitive to hypertrophic 
stimulation and partially confers inducible expression of the c-jun gene (Marinissen et al. 
1999, Nadruz et al. 2003).  

Like GATA-4, MEF-2 appears to be a convergence point for cardiomyocyte signal 
transduction. It was first reported to be phosphorylated by p38 MAPK in several 
experimental setups (Han & Molkentin 2000), and ERK5 also phosphorylates MEF-2, a 
reaction which probably mediates the MEF-2-dependent induction of the c-jun promoter 
(Kato et al. 1997, Marinissen et al. 1999). Second, MEF-2 is dependent on the PI3K-Akt 
pathway during IGF-1-induced skeletal muscle differentiation (Tamir & Bengal 2000, Xu 
& Wu 2000). Third, MEF-2 is a downstream target of calcium-activated signalling, both 
via direct phosphorylation by CaMKs and via class II histone deacetylases (HDACs) (Lu 
et al. 2000, McKinsey et al. 2000a, Passier et al. 2000). The class II HDACs are 
associated with MEF-2, and upon activation, CaMKs phosphorylate the HDACs, causing 
intracellular chaperones to dissociate the resulting MEF-2-HDACs (McKinsey et al. 
2000b). Finally, MEF-2 co-operates functionally with GATA-4 to activate transcription of 
the ANP, BNP, α-MHC and cardiac α-actin genes (Morin et al. 2000), and protein-protein 
interactions between MEF-2 and NFAT, MyoD and Smad have been reported (Akazawa 
& Komuro 2003). 

Despite its relatively well-documented activation by hypertrophic stimuli and obvious 
interactions with other hypertrophy-associated pathways, no definitive mechanistic 
evidence regarding the role of MEF-2 in cardiovascular pathophysiology exists. It should 
be noted, however, that several recent studies have provided evidence for HDAC-
dependent repression of cardiac hypertrophy, which indirectly supports a role for MEF-2 
in the hypertrophic process (Akazawa & Komuro 2003).  
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2.4.5  SRF 

The discovery of a serum response element (SRE) in the c-fos promoter led to the 
purification and cloning of SRF, a 62-67 kDa protein that was able to bind to the core 
CArG within the element (Prywes & Roeder 1987, Treisman 1987, Boxer et al. 1989). 
Like MEF-2, SRF belongs to the MADS box family of transcription factors. The MADS 
box, consisting of a DNA-binding domain, a dimerisation domain and an interface for 
protein-protein interactions, is located in the N-terminal region of the SRF protein, while 
the C-terminal part contains a strong transactivation domain with multiple 
phosphorylation sites (Miano 2003). 

Complete disruption of SRF in transgenic mice results in early mortality from 
gastrulation defects (Arsenian et al. 1998). Cardiac-specific SRF knock-out mice do not 
develop to term, either, but die of structural defects of the heart and vasculature between 
embryonic days 10 and 13, indicating that SRF is required for development of the 
embryonic cardiovascular system (Miano et al. 2004, Parlakian et al. 2004). Its relevance 
to the postnatal cardiovascular pathophysiology is less clear, although transgenic mice 
over-expressing mutated SRF seem to develop a phenotype of dilated cardiomyopathy 
(Zhang et al. 2001). SRF can nevertheless undoubtedly be considered to be among the 
transcription factors that contribute to inducible cardiac-specific gene expression, since 
SREs are found in ANP, α-SkA, c-fos and α-MHC promoters, SRF has been shown to 
contribute to the activation of these genes, and finally, the expression of them is at least 
partially blunted in SRF-deficient cardiomyocytes (Nelson et al. 2005).  



3 Aims of the research 

The general aim of this research was to determine the activities and roles of MAPKs and 
their downstream effector GATA-4 during increased cardiac workload and remodelling.  

More specifically, the objectives were: 

1. to determine the effect of increased left ventricular wall stress on cardiac transcription 
factor activities and to study the role of paracrine mechanisms in this process. 

2. to study the role of MAPKs in the regulation of the GATA-4 transcription factor 
during increased wall stress. 

3. to evaluate the role of p38 MAPK in the regulation of cardiac transcription factors and 
cardiac-specific gene expression using an adenovirus-mediated gene transfer 
approach. 

4. to determine the functional role of p38 MAPK in left ventricular remodelling. 



4 Materials and methods 

4.1  Materials 

Bosentan was a generous gift from Dr. Martine Clozel (Actelion, Basel, Switzerland), 
CV-11974 from Dr. Hajime Toguchi (Takeda Chemical Industries Ltd, Osaka, Japan), 
SB239063 from Robert N. Willette (GlaxoSmithKline Pharmaceuticals, Philadelphia, 
USA), and CEP-11004 from Cephalon Inc., West Chester, PA, USA. Other reagents and 
their suppliers were: hyperfilm MP, [32P]-deoxycytidine-5’-triphosphate (Amersham Life 
Science, Buckinghamshire, UK), Bio-Rad Protein Assay (Bio-Rad Laboratories Inc., 
Hercules, CA, USA), bisindolylmaleimide I (Calbiochem, San Diego, CA, USA), anti-
caspase-3 antibody, anti-phospho-p44/42 antibody, anti-p38 antibody, anti-p44/42 
antibody (Cell Signalling Technology Inc., Hitchin, Hertfordshire, UK), ERK Assay Kit, 
p38 MAP Kinase Assay Kit, JNK Assay Kit (Cell Signaling Technology, Beverly, MA, 
USA), anti-phospho-p38 antibody (Chemicon International Inc., Temecula, CA, USA), 
EnVision Detection Kit system, Ki-67 antibody (DakoCytomation, Denmark), 
formaldehyde, guanidine isothiocyanate (Fluka Chemie AG, Buchs, Switzerland), 
PD98059, SB203580 (LC Laboratories, Woburn, MA, USA), ApopTag in situ apoptosis 
detection kit (Oncor, Gaithersburg, MD, USA), medetomidine hydrochloride, ketamine 
hydrochloride, atipamezole hydrochloride, xylazine (Orion Pharma Inc, Espoo, Finland), 
nylon membranes (Osmonics, Westborough, MA, USA), ET-1 (Peninsula Laboratories, 
Belmont, CA, USA), agarose NA, Quick Prime Kit (Pharmacia, LKB Biotechnology, 
Uppsala, Sweden), anti-GATA-4 antibody, anti-phospho-Elk-1 antibody, anti-phospho-
JNK antibody, anti-JNK antibody, C-kit antibody (Santa Cruz Biotechnology, CA, USA), 
buprenorphine hydrochloride (Schering-Plough Corporation, Brussels, Belgium), CsCl 
(Serva Feinchemica GmBh & Co, Heidelberg, Germany), angiotensin II (Sigma 
Chemicals Co., St Louis, MO, USA), oligonucleotides (Sigma-Genosys, Cambridge, 
UK), OCT compound (Tissue-Tek, Sakura, Netherlands), U0126, Y-27632 (Tocris 
Cookson Ltd., Avonmouth, UK), biotinylated lectin GSL 1, HRP-streptavidin (B-1205, 
Vector Laboratories, Burlingame, CA, USA). Other reagents were from Sigma 
Chemicals.  
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4.2  Experimental protocols 

Table 4. Summary of the experimental protocols. 

Study Experimental model Methods 
I Increased left ventricular wall stress in 

isolated perfused rat hearts 
Electrophoretic mobility shift assay (EMSA) 
Pharmacological inhibitors 
RNA isolation and northern blotting 

II Increased left ventricular wall stress in 
isolated perfused rat hearts; mechanical 
stretch in isolated rat atria 

EMSA 
Pharmacological inhibitors 
Western blotting 
Kinase activity assays 
RNA isolation and northern blotting 

III Adenovirus-mediated gene transfer in 
vivo 

Echocardiography 
DNA microarray 
RNA isolation, northern blotting and RT-PCR 
Histology, light microscopy 
Immunohistochemistry 
EMSA 
Western blotting 
Kinase activity assays 

IV Adenovirus-mediated gene transfer in 
vivo; experimental myocardial 
infarction in vivo 

Echocardiography 
RNA isolation, northern blotting and RT-PCR 
Histology, light microscopy and image analysis 
Immunohistochemistry 
TUNEL staining 
X-gal staining 
Western blotting 
Kinase activity assays 

4.2.1  Experimental animals 

Male 8-week-old Sprague-Dawley rats weighing 250-320 g from the Centre for 
Experimental Animals at the University of Oulu were used. They were housed in plastic 
cages in a room with controlled 40% humidity and a temperature of 22°C, and a 12-hour 
environmental light cycle was maintained. All experimental protocols were approved by 
the Animal Use and Care Committee of the University of Oulu. The investigation 
conforms to the Guide for the Care and Use of Laboratory Animals published by the US 
National Institutes of Health.  
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4.2.2  Preparation of isolated perfused rat hearts  

The preparation method used in this study was a modification of the previously described 
experimental setup (Ruskoaho et al. 1986, Thienelt et al. 1997). Briefly, the rats were 
anaesthetised with carbon dioxide and decapitated. The abdominal cavity was opened, the 
diaphragm transected and lateral incisions were made on both sides of the rib cage. The 
heart was cooled with perfusion buffer, and the aorta cannulated above the aortic valve. 
The heart was then immediately arranged for retrograde perfusion by the Langendorff 
technique using modified Krebs-Henseleit bicarbonate buffer (pH 7.40) equilibrated with 
95% O2-5% CO2 at 37°C. The composition of the buffer was (in mM) 113.8 NaCl, 22.0 
NaHCO3, 4.7 KCl, 1.2 KH2PO4, 1.1 MgSO4, 2.5 CaCl2, and 11.0 glucose. The coronary 
flow rate was gradually increased to 15 mL/min and the heart rate was increased to 15-
20% above the spontaneous beating frequency using a Grass stimulator (model S88, 
Grass Instruments, Quincey, MA, USA). Variations in the perfusion pressure arising from 
changes in coronary vascular resistance were measured with a pressure transducer 
(Isotec, Hugo Sachs Elektronik, Germany) situated on a side arm of the aortic cannula. 
The left ventricular pressure was measured using a fluid-filled balloon connected to a 
pressure transducer (Isotec, Hugo Sachs Elektronik, Germany). The heart rate was 
determined from the changes in intraventricular pressure. 

Initially, the left ventricular balloon was inserted into the left ventricle through the 
mitral valve and the heart was unloaded by opening the valve in the cannula of the 
intraventricular balloon against the air so that the balloon was inflated just enough to 
obtain a pressure signal to monitor the stability of the preparation. After a period of 
equilibration under unloaded conditions, the left ventricular balloon was inflated in order 
to increase the left ventricular wall stress. The valve of the balloon cannula was closed, 
and the volume of the balloon was gradually increased within 5 minutes to reach a peak 
systolic pressure of between 130 and 150 mmHg. The end-diastolic pressure was set to 
between 20-25 mmHg to maximise active pressure generation and the systolic pressure. 
In the control groups, the perfusion was continued further under unloaded conditions. 
Analogue signals from the pressure transducers were digitised at a sampling frequency of 
125 Hz, recorded and analysed with an IBM PC-compatible computer with PONEMAH 
data acquisition software (Gould Instrument System Inc, Ohio, USA). The numerical 
values for wall stress were calculated by deriving the peak systolic circumferential wall 
stress (σ) from the ventricular pressure measurements, i.e. the intraventricular balloon 
volume (VB) and the weight of the left ventricle, as described by Strömer et al. (1997). A 
spherical model was assumed in which the radius of the left ventricle (Ri) could be 
calculated using the cubic formula Ri =3√VB/[(4/3)·π]. Total left ventricular volume is the 
sum of VB and the volume of the left ventricular wall [VWall=left ventricular weight/1.05 
(specific gravity of myocardium)]. Therefore VB + VWall = (4/3) · π · (Ri + h)3 and h = {3√ 
(VB + VWall)/ [(4/3)·π]} - Ri , where h = thickness of the left ventricular wall. The left 
ventricular circumferential wall stress was then derived from Laplace’s law σ = P· 
[(Ri2/h) / (2Ri + h)], where P = peak systolic pressure. 

Depending on the type of experiment, the hearts were perfused under increased wall 
stress for 10 min, 30 min, or 2 h. The drugs (10 nM CV-11974, 1 μM Bosentan, 10 μM 
SB239063, 1 μM U0126, 3 μM Y-27632, 90 nM Bisindolylmaleimide I, 100 nM CEP-
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11004), or vehicle alone, were infused continuously into the aortic cannula in the absence 
or presence of increased wall stress. ET-1 (30 pM - 1 nM) and angiotensin II (10 nM) 
were infused in the same manner in the absence of wall stress. At the end of the 
experiments, the left ventricles were immersed in liquid nitrogen and stored in –70°C 
until assayed.  

4.2.3  Preparation of isolated rat atria  

The experiments using isolated rat atrial appendices were performed as described 
previously (Tavi et al. 1998). Male Sprague-Dawley rats were anaesthetised and their 
hearts were rapidly removed, as for the isolated perfused rat hearts. The left atrial auricle 
was attached to one of the four ends of a cross-branch polyethylene adapter and the tissue 
was placed in a constant-temperature (37°C) organ bath. A tube was attached to the 
opposite end of the cross-branch adapter, and another tube of smaller diameter was 
inserted inside the adapter to carry perfusate inflow into the lumen of the auricle. The 
outflow from the lumen came from one cross-branch of the X-cannula. For atrial stretch, 
the pressure inside the atrium was increased by raising the height of the outflow tube. The 
other cross-branch of the X-cannula was connected to a pressure transducer (TCB 100, 
Millar Instruments, Inc), so that the pressure in the lumen of the auricle could be 
recorded.  

4.2.4  Adenoviral gene transfer in vivo 

The recombinant adenoviruses, which were generously supplied by Dr. Veli-Matti Kähäri, 
University of Turku, Finland, contained the coding regions of constitutively active 
MKK3b (RAdMKK3bE), MKK6b (RAdMKK6bE), WT p38α (RAdp38α) and WT p38β 
(RAdp38β) genes driven by the cytomegalovirus immediate early promoter, and had been 
generated as previously described (Wang et al. 1998). Recombinant replication-deficient 
adenovirus RAdlacZ, containing the Escherichia coli β-galactosidase (Lac Z) gene was 
used as a control virus.  

The gene transfer protocol was a modification of a previously described experimental 
procedure (Szatkowski et al. 2001). 8-week-old male SD rats were anaesthetised with 
medetomidine hydrochloride (250 μg/kg, i.p.) and ketamine hydrochloride (50 mg/kg, 
i.p.). A left thoracotomy and pericardial incision were performed to expose the heart and 
single injections of 2-8 x 108 infectious units (pfu) of RAdMKK3bE, RAdMKK6bE, 
RAdp38α, RAdp38β or RAdlacZ adenovirus in a 100 μl volume were made into the left 
ventricular free wall using a Hamilton precision syringe. The heart was then rapidly 
repositioned, the rat was briefly hyperventilated and the incision closed. The anaesthesia 
was partially antagonised with atipamezole hydrochloride, and buprenorphine 
hydrochloride was administered for post-operative analgesia. The gene transfer to the 
hearts with experimental myocardial infarction was performed in a similar manner prior 
to the ligation of the left anterior descending coronary artery (LAD). 
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4.2.5  Experimental myocardial infarction 

Myocardial infarction was produced by ligation of the LAD during medetomidine 
hydrochloride and ketamine hydrochloride anaesthesia as previously described (Pfeffer et 
al. 1979). The rat was connected to the respirator through a tracheotomy and ventilated at 
a rate of 55-60 breaths per minute. A left thoracotomy and pericardial incision were 
performed and the LAD was ligated about 3 mm from its origin and gene transfer 
performed as described above when appropriate. After ligation of the LAD, the heart was 
repositioned in the chest and the incision closed. The anaesthetic effects of the 
medetomidine were antagonised with atipamezole hydrochloride, and the rats were 
hydrated with 10 ml physiological saline solution given subcutaneously. Buprenorphine 
hydrochloride was administered for postoperative analgesia. The sham-operated rats 
underwent the same surgical procedure without gene transfer or ligation of the LAD.  

4.3  Echocardiographic measurements (III, IV) 

Transthoracic echocardiography was performed using a commercially available Acuson 
Ultrasound System (SequoiaTM 512) and a 15-MHz linear transducer (15L8) (Acuson, 
Mountain View, California, USA). The echocardiographist was blinded to the details of 
the study. Rats were sedated with ketamine and xylazine and placed in the supine 
position. Normal body temperature was maintained by means of a warming pad and 
lamp. A short-axis view of the left ventricle at the level of the papillary muscles was 
obtained using two-dimensional imaging and a two-dimensionally guided M-mode 
recording was performed through the anterior and posterior walls of the left ventricle. 
Left ventricular end-systolic (LVESD) and end-diastolic (LVEDD) dimensions and the 
thicknesses of the interventricular septum and posterior wall were measured from the M-
mode tracings. The fractional shortening (FS) and ejection fraction (EF) were calculated 
from the M-mode left ventricular dimensions using the following equations: FS (%) = 
{(LVEDD-LVESD) / LVEDD} x 100, EF (%) = {(LVEDD)3 – (LVESD)3 / LVEDD3} x 
100. An average of three measurements of each variable was used for all the calculations. 
After echocardiography, the animals were sacrificed, the abdominal cavity was opened 
and the heart removed. The aorta and pulmonary artery were excised and the right 
ventricle and auricles were removed. All cardiac tissue samples were weighed, frozen in 
liquid nitrogen and stored at -70°C for further analysis. 

4.4  Extraction of cytoplasmic and nuclear protein (I-IV) 

In order to extract the cytoplasmic protein, the whole left ventricular tissue was broken 
and reduced to a powder in liquid nitrogen. The thawed powder was homogenised in a 
lysis buffer consisting of 20 mmol/L Tris (pH 7.5), 10 mmol/L NaCl, 0.1 mmol/L EDTA, 
0.1 mmol/L EGTA, 1 mmol/L β-glycerophosphate, 1 mmol/L Na3VO4, 2 mmol/L 
benzamidine, 1 mmol/L PMSF, 50 mmol/L NaF, 1 mmol/L DTT and 10 μg/mL each of 
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leupeptin, pepstatin and aprotinin. The resulting tissue homogenates were centrifuged at 
2000 rpm for 1 minute at +4°C. The cytosolic fraction was separated out by 
centrifugation at 12500 rpm for 20 minutes, frozen in liquid nitrogen and stored at –70°C 
until assayed.  

To extract the nuclear protein fraction, the supernatant from the first centrifugation 
was incubated on ice for 15 minutes, 0.6% NP-40 was added, and the nuclei were 
pelleted by means of a second centrifugation. The resulting pellet was resuspended in a 
solution containing 20 mM HEPES (pH 7.9), 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 
mmol/L Na3VO4, 2 mmol/L benzamidine, 1 mmol/L PMSF, 50 mmol/L NaF, 1 mmol/L 
DTT, 3 ug/mL TPCK, 3 ug/mL TLCK, and 10 μg/mL each of leupeptin, pepstatin and 
aprotinin. The samples were then incubated for 30 minutes at +4°C, centrifuged and the 
resulting supernatant frozen in liquid nitrogen and stored at –70°C until assayed. In the 
alternative nuclear protein extraction protocol (Deryckere & Gannon 1994) described in 
papers I and II, the tissue was broken as described above and homogenised in a low salt 
solution consisting of 0.6% NP-40, 150 mM NaCl, 10 mM HEPES pH 7.9, 1 mM EDTA 
and 0.5 mM PMSF and centrifuged at 2000 rpm for 30 s. The supernatant was then 
incubated on ice for 4 minutes and centrifuged for 5 min at 5000 rpm. The pellet, 
consisting of nuclei, was resuspended in a high salt solution (25% glycerol, 20 mM 
HEPES pH 7.9, 420 mM NaCL, 1.2 mM MgCl2, 0.2 mM EDTA, 0.5 mM dithiotreitol, 
0.5 mM PMSF, 2 mM benzamidine and 5 μg each of aprotinin, leupeptin and pepstatin) 
and incubated on ice for 20 min. Insoluble cellular debris was pelleted by a short 
centrifugation and the resulting supernatant was divided into aliquots, frozen in liquid 
nitrogen and stored in at –70°C. All protein concentrations were determined by Bio-Rad 
Laboratories Protein Assay. 

4.5  Western blot analysis and kinase activity assays (II-IV) 

For western blot analysis 30 μg of protein was loaded onto a SDS-PAGE column, 
electrophoresed and transferred to nitrocellulose membranes, which were then blocked in 
5% non-fat milk and incubated at +4°C overnight with anti-phospho-p38, anti-phospho-
p44/42, anti-phospho-JNK, anti-p38, anti-p44/42, anti-JNK or anti-GATA-4 antibody. On 
the following day the filters were washed and incubated for 1 hour with an HRP-
conjugated anti-rabbit, anti-mouse or anti-goat secondary IgG antibody, and finally the 
blots were developed with enhanced chemiluminescence reagents and exposed to film for 
30 seconds – 10 minutes. The films were scanned and analysed with Quantity One 
software (Bio-Rad Laboratories, Hercules, CA, USA) for quantitive data analysis.  

p38 MAP kinase activity was determined with an immuno complex kinase assay using 
ATF-2 and Elk-1 as substrates. Cardiac tissue homogenates were clarified by 
centrifugation, and the supernatants were immunoprecipitated with immobilised 
phospho-p38 monoclonal antibody. The resulting pellets were washed twice with a buffer 
consisting of 20 mM Tris (pH 7.5), 10 mM NaCl, 0.1 mM EDTA and 0.1 mM EGTA 
supplemented with 1 mM β-glycerophosphate, 2 mM dithiothreitol, 1 mM Na3VO4, 10 
μg/ml leupeptin, 10 μg/ml aprotinin, 2 μg/ml pepstatin, 2 mM benzamidine, 1 mM 
phenylmethylsulfonyl fluoride and 50 mM NaF. The pellets were then washed once with 
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a kinase buffer consisting of 25 mM Tris (pH 7.5), 5 mM β-glycerophosphate, 2 mM 
DTT, 0.1 mM Na3VO4 and 10 mM MgCl2, and finally they were suspended in 40 μl of 
kinase buffer including 200 μM ATP and 2 μg of ATF-2 or Elk-1 fusion protein. The 
kinase reaction was continued for 30 minutes at +30°C, and was stopped by placing the 
samples on ice and adding 20 μl of 3×SDS. The samples were subsequently boiled, 
microcentrifuged and analysed by western blotting for phospho-Elk-1 or phospho-ATF-2. 
The assay for measuring ERK activity was similar to the p38 kinase assay, except that the 
protein was immunoprecipitated with immobilised phospho-p44/42 monoclonal antibody, 
ELK-1 fusion protein was used as a substrate, and the samples were analysed by western 
blotting for phospho-ELK-1. For the JNK assay, c-Jun fusion protein was used to pull 
down active JNK from clarified cardiac tissue homogenates. The pellet was washed twice 
with lysis buffer and twice with a kinase buffer consisting of 25 mM Tris pH 7.5, 5 mM 
β-glycerophophate, 2 mM DTT, 0.1 mM Na3VO4 and 10 mM MgCl2. Finally, the pellet 
was suspended in 40 μl of kinase buffer including 100 μM ATP and the samples were 
incubated at +30°C for 30 minutes. The kinase reaction was stopped by placing the 
samples on ice and adding 20 μl of 3×SDS. The samples were then boiled, 
microcentrifuged, and analysed by western blotting for phospho-c-Jun.  

4.6  Gel mobility shift assays (I-III) 

Double-stranded oligonucleotides containing GATA or AP-1 binding sequences of the rat 
BNP promoter, NFAT sequences of the human BNP promoter, the MEF-2 binding 
sequence of the mouse muscle creatine kinase promoter, the SRF binding sequence of the 
rat c-fos promoter or oligonucleotides with a NF-κB and Oct-1 consensus binding 
sequence were labelled with [α-32P]-dCTP using the Klenow enzyme (Hautala et al. 
2001). The sequences used for the gel mobility shift assay probes are provided in Table 5. 

Table 5. Oligonucleotides for gel mobility shift assay analysis. 

Probe Sequence 
GATA 5’-TGTGTCTGATAAATCAGAGATAAC-CCCACC-3’ 
AP-1 5’-GGAAGTGTTTTT-GATGAGTCACCCCA-3’ 
MEF-2 5’-AGCTCGCTCTAAAAATAACCCTGTCCC-3’ 
SRF 5’-ACAGGATGTCCATATTAGGACATCTGCG-3’ 
NF-κB 5’- AGTTGAGGGGACTTTCCCAGGCCA-3’ 
NFAT 5’-AGAGCTATCCTTTTGTTTTCCATCCTG-3’ 
Oct-1 5’-GATCCGAGCTTCACCTTATTTGCATAAGCGATTGA-3’ 

Each binding reaction consisted of 15-30 μg of nuclear protein extract, the labelled probe 
and 2 μg of poly-(dI-dC)(dI-dC) in a buffer containing 10 mM HEPES pH 7.9, 1 mM 
MgCl2, 50 mM KCl, 1 mM DTT, 0.1 mM EDTA, 10% glycerol, 0.025% NP-40, 0.25 mM 
PMSF and 1 mM each of aprotinin, leupeptin and pepstatin. The binding reactions were 
carried out at room temperature for 20 minutes, and the protein-DNA complexes were 
subsequently separated out by electrophoresis on a 5% polyacrylamide gel in 0.5% Tris-
borate-EDTA buffer at 4°C. When appopriate, the DNA binding reactions were pre-
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incubated for 20 minutes with 1, 10 and 100-mole excesses of non-specific competitor 
DNAs for competition analysis, or with 1 μg of the antibody indicated for supershift 
analysis. The non-specific competitor DNAs included double-stranded oligonucleotides 
containing mutant binding sites for GATA-4, AP-1, SRF, MEF-2, NF-κB and NFAT. After 
electrophoresis the gels were dried and exposed to PhosphorImager screens (Molecular 
Dynamics, Sunnyvale, CA, USA), which were scanned using Biorad Molecular Imager 
FX Pro Plus (Bio-Rad Laboratories, Hercules, CA, USA). All the results were quantified 
using the Quantity One software.  

4.7  Isolation and analysis of RNA (I-IV) 

Cytoplasmic RNA was extracted from the ventricular tissue by the guanidine 
isothiocyanate-CsCl method (Chirgwin et al. 1979). For the northern blot analyses, 20 μg 
samples of RNA were separated out by electrophoresis and transferred to nylon 
membranes (Osmonics, Westborough, MA, USA). The PCR-amplified cDNA probes for 
rat ANP, BNP, c-fos, GATA-4, connective tissue growth factor (CTGF), tissue inhibitor of 
metalloproteinase-1 (TIMP-1), plasminogen activator inhibitor-1 (PAI-1), and ribosomal 
18S RNA were random primer-labelled with [α32P]-dCTP. The membranes were 
hybridised overnight and exposed to PhosphorImager screens, which were scanned by 
Molecular Imager FX Pro Plus and quantified using the Quantity One software. The 
hybridisation signals of the specific mRNAs were normalised to that of 18S RNA in each 
sample to correct differences in loading and/or transfer.  

Bone morphogenetic protein (BMP-2), c-fos, aFGF, bFGF, osteopontin, PDGF-A, 
TGF-β2 and VEGF-A mRNA levels were analysed by the real-time quantitative reverse 
transcription-polymerase chain reaction (RT-PCR) method. The first cDNA strand was 
synthesised from 0.5 μg of RNA, and the reactions were performed using TaqMan 
chemistry on an ABI 7700 Sequence Detection System (Applied Biosystems). The 
sequences of the forward and reverse primers and probes for RNA detection are shown in 
Table 6. The results were normalised to 18S RNA quantified from the same samples. 
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Table 6. Forward and reverse primers used for real time quantitative RT-PCR.  

Probe Sense primer 
Anti-sense primer 

Fluorogenic Probe 

BMP-2 ACACCGTGCTCAGCTTCCAT  
GTCGGGAAGTTTTCCCACTCA 

ACGAAGAAGCCATCGAGGAACTTTCAG
AA 

c-fos GGCTGAACCCTTTGATGACTTC 
GGGCAGTCTCCGAGCCA 

TGTTTCCGGCATCATCTAGGC 

aFGF ATGGCACCGTGGATGGG 
TTTCCGCACTGAGCTGCAG 

AGGGACAGGAGCGACCAGCACATTC 

bFGF CCCGGCCACTTCAAGGAT 
GATGCGCAGGAAGAAGCC 

CCAAGCGGCTCTACTGCAAGAACGG 

Osteopontin AATCGCCCCCACAGTCG 
CCTCAGTCCGTAAGCCAAGC 

TGTCCCTGACGGCCGAGGTGA 

PDGF-A  CGAGCGACTGGCTCGAA 
GAGTCTATCTCCAAGAGTCGCTGG 

TCAGATCCACAGCATCCGGGACC 

TGF-β2  ACCTTTTTGCTCCTGCATCTG 
GTCGAGGGTGCTGCAGGTA 

TCCCGGTGGCGCTCAGTCTGT 

VEGF-A GATCCGCAGACGTGTAAATGTTC 
TTAACTCAAGCTGCCTCGCC 

TGCAAAAACACAGACTCGCGTTGCA 

18S TGGTTGCAAAGCTGAAACTTAAAG 
AGTCAAATTAAGCCGCAGGC 

CCTGGTGGTGCCCTTCCGTCA 

4.8  DNA microarrays (III) 

RNA (7 µg) was used as a template for synthesising cDNA and for making biotinylated 
cRNA according to the manufacturer’s instructions (Affymetrix, Santa Clara, CA) (Rysä 
et al. 2005). The biotinylated cRNA was hybridised to the GeneChip Rat Expression Set 
230_2.0 Array, which represents approximately 30,000 rat transcripts, and the arrays were 
scanned with GeneChip Scanner 3000. The complete data set is available from the 
NCBI’s Gene Expression Omnibus database and the gene expression profiling data 
comply with the MIAME standard. Affymetrix CEL files were imported into GeneSpring 
7.2 software (Silicon Genetics) and RMA normalization was performed. The genes were 
defined as differentially expressed if the change was at least 2.0-fold and statistically 
significant.  

4.9  Histological analysis (III, IV) 

For histological analyses the hearts were fixed in 10% buffered formalin solution, 
transversal sections of the left ventricle were embedded in paraffin, and 5-µm sections 
were cut. These were first stained with haematoxylin and eosin, and then with Masson’s 
trichrome and Sirius red, to visualise fibrosis. The fibrotic area of the left ventricle and 
the infarct size were determined from the Masson’s trichrome-stained histological 
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sections using a digital image analysis system (MCID/M4 with software version 3.0, 
Imaging Research, St. Catharines, Canada). 

Endothelial cells were visualised by staining with biotinylated lectin GSL1 (Meoli et 
al. 2004). After deparaffinisation and incubation with HRP-streptavidin, the peroxidase 
label was developed using a peroxidase-conjugated EnVision Detection Kit system and 
the samples were counterstained with haematoxylin. The area covered by microvessels 
was measured from the lectin-stained sections using the MCID/M4 software. The number 
of capillaries was measured in five representative high power fields (HPF) (40 x 
objective) located in the peri-infarct area of each histological section. 

In order to detect apoptotic cells, in situ labelling of the 3' ends of the DNA fragments 
generated by apoptosis-associated endonucleases was performed using a commercially 
available ApopTag in situ apoptosis detection kit, as previously described (Soini et al. 
1996). Tissue sections from hyperplastic lymph nodes were used as positive controls. The 
apoptotic cells and bodies were counted in 5 HPFs located in the infarcted regions, 
choosing hot-spot areas in each sample. For detection of caspase-3 positive cells, a 
specific antibody for cleaved caspase-3 was used. To identify cells undergoing division, 
immunohistochemical labeling of nuclear Ki-67 antigen was performed by using 
monoclonal mouse anti-rat Ki-67 antigen antibody. To identify cellular localization of 
p38, GATA-4, and IL-6, immunohistochemistry by using anti-GATA-4, anti-IL-6 or anti-
p38 specific antibodies were performed.  

Immunohistochemical staining with a C-kit antibody was used to stain stem-like cells 
in the myocardium. Briefly, paraffin-embedded sections were deparaffinised in xylene 
and dehydrated in graded ethanol and incubated with a C-kit antibody. The peroxidase 
label was developed using a peroxidase-conjugated EnVision Detection Kit system and 
the samples were counterstained with haematoxylin. The number of c-kit positive stem-
like cells in the anterior wall of the left ventricle was counted.  

To confirm the efficiency of adenovirus-mediated gene transfer, X-gal staining of the 
Lac Z -treated hearts was performed. The hearts were rinsed in phosphate-buffered saline 
(PBS) and fixed in PBS containing 4% paraformaldehyde for 10 min at room 
temperature, washed twice in 0.15 M sodium phosphate buffer (pH 7.2) for 15 min and 
incubated with 1 mg/ml X-gal at 37°C for 3 hours. The hearts were photographed, and 
samples for frozen sections were embedded in OCT compound, frozen and sectioned.  

4.10  Statistical analysis 

The results are expressed as means ± standard error of the mean (SEM). Student’s t-test 
was used to compare two groups in terms of statistical significance. One-way analysis of 
variance (ANOVA) followed by a least significant difference (LSD) post hoc test (II-IV) 
and Kruskal Wallis test (I) were used to compare multiple groups. The Welch t-test 
accompanied by assessment of the Benjamini and Hochberg false discovery rate was used 
to analyse the microarray data. A P value of <0.05 was considered statistically significant.  



5 Results 

5.1  Activation of cardiac transcription factors by increased 
wall stress (I, II) 

To study the effect of mechanical stress on cardiac transcription factors, isolated perfused 
rat hearts were subjected to increased wall stress by inflating a fluid-filled balloon in the 
left ventricle. This resulted in a rapid elevation of left ventricular systolic pressure 
corresponding to a wall stress of 140-150 kdyn/cm2. Coronary flow and perfusion 
pressure were maintained at the same level in all the experimental groups, and hearts with 
flaccid left ventricular balloons served as controls. This approach allows determination of 
the direct mechanical effects of left ventricular wall stress in the absence of confounding 
systemic factors. 

5.1.1  Wall stress rapidly activates GATA-4 and AP-1 binding 

Elevation of wall stress for 30 minutes increased GATA-4 DNA binding 1.7-2.0-fold and 
AP-1 binding 1.8-fold. The activation of GATA-4 binding appeared to be rapid and 
transient in nature, since no significant differences were observed after 1 hour or 2 hours 
of increased wall stress. A significant increase in AP-1 binding was noted at 2 hours. No 
significant increases in NF-κB, NFATc or Oct-1 binding were observed. 

The specificity of the GATA-4 and AP-1 DNA binding reactions were confirmed by 
supershift and competition analysis. The formation of GATA-4-DNA complexes was 
inhibited in a dose-dependent manner in the presence of unlabelled self DNA, whereas it 
remained unaffected by a competitor DNA with a mutant GATA binding site or by the 
non-related competitor Oct-1. Furthermore, an antibody-induced supershift was observed 
when DNA binding reactions were pre-incubated with GATA-4 specific IgG antibody, but 
not with GATA-5 or GATA-6 antibody, suggesting that GATA-4 is the main GATA 
protein bound by the -90 BNP GATA probe. Similarly, AP-1 binding was attenuated by 
the unlabelled self probe, but not by the probe with a mutant AP-1 binding site or by Oct-
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1. The presence of AP-1 components in the complex bound by the oligonucleotide probe 
was demonstrated by supershift analysis, which showed an antibody-induced supershift 
brought about by c-fos antibodies. 

5.1.2  Activation of cardiac gene expression by left ventricular wall stress 

To study the functional significance of transcription factor activation in the isolated heart, 
left ventricular mRNA levels of BNP and c-fos were measured in hearts stimulated by 
wall stress. The two-hour left ventricular wall stress resulted in a 1.6-2.0-fold increase in 
BNP gene expression and a 2.1-fold increase in c-fos gene expression, while a one-hour 
period of wall stress caused a 1.2-fold increase in the former and a 3.0-fold increase in 
the latter. Furthermore, left ventricular BNP mRNA levels showed a significant positive 
correlation with left ventricular developed pressure (R=0.73), suggesting that BNP 
mRNA levels are dependent on the active generation of an acute increment in left 
ventricular systolic force and wall stress. In contrast to BNP and c-fos, no significant 
differences in the levels of GATA-4 mRNA were observed in response to left ventricular 
wall stress.  

5.1.3  Paracrine/autocrine mechanisms of wall stress-induced GATA-4 
and AP-1 activation 

In order to determine the role of paracrine mechanisms in the activation of GATA-4 and 
AP-1 transcription factors induced by wall stress, the mixed ETA/ETB receptor antagonist 
bosentan and the AT1 receptor antagonist CV-11974 were added to the perfusion buffer in 
the absence and presence of increased wall stress. The doses were chosen based on 
previous studies employing a similar experimental setup (Magga et al. 1997a). Treatment 
with either bosentan or CV-11974 had no effect on baseline GATA-4 or AP-1 DNA 
binding in the absence of wall stress, but treatment with bosentan at a concentration of 1 
μM and with 10 nM CV-11974 completely abolished the increase in GATA-4 and AP-1 
DNA binding induced by wall stress. The haemodynamic variables, perfusion pressure, 
left ventricular systolic pressure, left ventricular developed pressure or left ventricular 
end-diastolic pressure, did not differ between the experimental groups, suggesting that the 
inhibition of GATA-4 and AP-1 DNA binding activity is not related to secondary 
haemodynamic effects of bosentan or CV-11974. 

The direct role of paracrine/autocrine ET-1 and angiotensin II was further investigated 
by infusing these at various concentrations in the absence of wall stress. This resulted in a 
dose-dependent increase in GATA-4 and AP-1 binding in both cases. GATA-4 binding 
was increased 2.2 fold with 1 nM of ET-1 and 2.7-fold with 10 nM angiotensin II.  
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5.2  Regulation of wall stress-induced GATA-4 activity by p38 MAPK 
and ERK 1/2 (II) 

5.2.1  Activation of p38 MAPK and ERK 1/2 by left ventricular 
wall stress 

The isolated perfused rat heart approach was chosen to determine the role of MAPKs in 
the regulation of load-induced GATA-4 binding. Isolated perfused rat hearts were first 
subjected to increased wall stress for 10 minutes and MAPK levels were assessed by 
western blotting. The increased wall stress resulted in a 2.3-fold increase in phospho-p38 
levels, a 1.6-fold increase in phospho-ERK 1/2 levels and a 1.9-fold increase in phospho-
JNK levels. No significant differences in total p38, total ERK 1/2 or total JNK were 
observed. 

To study the role of increased local production or release of angiotensin II and ET-1 in 
conjunction with the wall stress-induced activation of MAPKs, the hearts were perfused 
for 10 minutes in the presence of 1 μM bosentan and 100 nM CV-11974. Neither 
bosentan nor CV-11974 had any effect on the wall stress-induced increase in phospho-
p38 and phospho-ERK 1/2 levels, suggesting that paracrine ET-1 and angiotensin II are 
not involved in the stretch-induced activation of MAPKs. 

5.2.2  Effect of pharmacological p38 MAPK and ERK 1/2 inhibition on 
GATA-4 binding 

Selective inhibitors of the p38 MAPK, ERK and JNK signalling pathways were used to 
evaluate the role of MAPKs in stress-induced GATA-4 binding. A second-generation 
small molecule inhibitor of p38 MAPK, SB239063, was chosen to modulate p38 activity, 
ERK activity was modulated by a selective MEK 1/2 inhibitor U0126, and JNK activity 
by a novel MLK inhibitor CEP-11004. The effects of the inhibitors on kinase activities 
were first verified in western blot and kinase assay analyses. SB239063 at a concentration 
of 10 μM was able to abrogate the stretch-induced activation of p38 MAPK completely in 
an ELK-1 based kinase activity assay, the c-Jun based kinase assay of JNK activity 
similarly showed a marked inhibition of JNK activity by 100 nM CEP-11004, while 
treatment with U0126 significantly lowered phospho-ERK levels in western blot analysis. 
The selectivity of the compounds was further confirmed by cross-testing ERK activity in 
the SB239063-treated hearts and p38 MAPK activity in the U0126-treated hearts, 
whereupon no effects were observed. 

Next, the isolated rat hearts were perfused for 30 minutes in the presence and absence 
of increased wall stress and continuous infusions of SB239063, U0126 and CEP-11004 at 
the above-mentioned concentrations were added to the perfusate. The wall stress-induced 
increase in the DNA binding of GATA-4 was completely abolished by treatment with 
SB239063 and with U0126, but in contrast to p38 MAPK and ERK inhibition, activation 
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of GATA-4 binding remained unaffected by JNK inhibition. Infusion of either SB239063, 
U0126 or CEP-11004 had no effect on baseline GATA-4 binding (Fig. 5). These findings 
indicate that p38 MAPK and ERK activity are required for wall stress-induced GATA-4 
activation, whereas induction of JNK is not critical. 

The role of p38 MAPK and ERK in the regulation of stretch-induced GATA-4 binding 
was further examined in isolated rat atrium preparations, by stretching isolated left 
auricles at 8 cmH2O for 30 minutes, which resulted in a 2.0-fold increase in GATA-4 
DNA binding activity. In agreement with the findings in the isolated perfused rat hearts 
atrial stretch-induced GATA-4 binding was dependent on p38 MAPK and ERK, since the 
stretch-induced increase was significantly reduced by treatment with the small molecule 
p38 MAPK inhibitor SB203580 (5 μM) and with the ERK inhibitor PD98059 (5 μM).  

Fig. 5. Effect of MAPK inhibitors on left ventricular wall stress-induced activation of GATA-
4 binding. Gel mobility shift assays of hearts perfused in the presence of MAPK inhibitors. C 
indicates control, S indicates increased wall stress. The results are expressed as means±SEM 
(n=10-13). *P<0.05, ***P<0.001 vs. unstretched control, §§P<0.01 vs. vehicle-infused stretch. 

5.2.3  Effect of PKC and Rho kinase inhibition on GATA-4 binding 

In view of the previous in vitro findings concerning the upstream kinases of p38 MAPK 
and ERK, the role of selected upstream kinases in mediating wall stress-induced GATA-4 
binding was studied (Kyriakis & Avruch 2001). The involvement of Rho kinase was 
studied by infusing Y-27632, a selective inhibitor of Rho-dependent kinases, at a 
concentration of 3 μmol/L during left ventricular wall stress, upon which the wall stress-
induced activation of GATA-4 DNA binding was significantly attenuated, suggesting a 
Rho-dependent upstream mechanism for GATA-4 activation. The baseline GATA-4 
binding remained unaffected by Y-27632. 

To investigate the role of PKC in stretch-induced GATA-4 binding, the hearts were 
perfused in the presence of 90 nmol/L of bisindolylmaleimide I (GF-109203X), a potent 
PKC inhibitor. The stress-induced binding was not affected, although there was a 
tendency for increased baseline GATA-4 binding. The role of intracellular signalling 
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pathways in the regulation of wall stress–induced GATA-4 binding is summarised in 
Figure 6. 

Fig. 6. Summary of the pathways regulating wall stress-induced GATA-4 binding 

5.3  Functional role of p38 MAPK in the intact heart (III) 

5.3.1  Activation of p38 MAPK by adenovirus-mediated gene transfer  

To gain further insights into the downstream targets and physiological effects of p38 
MAPK in the heart, a gene transfer protocol of increased p38 MAPK activity was 
established. In order to determine the conditions under which maximal p38 MAPK up-
regulation is achieved, several combinations of MKK3bE, MKK6bE, WT p38α and WT 
p38β adenoviruses were first tested. The control animals in all the series of experiments 
received gene transfer of a replication-deficient adenovirus RAdlacZ at an appropriate 
concentration. Injection of MKK3bE at 6 x 108 pfu together with 2 x 108 pfu of WT p38α 
produced the strongest activation of p38 MAPK (Fig. 7). The specificity of MKK3bE and 
WT p38α gene transfer with respect to p38 MAPK was confirmed by western blot 
analysis using antibodies against ERK and JNK. Here the levels of phospho-ERK, total 
ERK, phospho-JNK and total JNK in the hearts injected with MKK3bE + WT p38α were 
similar to those in the Lac Z -treated hearts.The efficiency of protocol was established by 
X-gal staining of the Lac Z -injected hearts, which showed a large transmural staining 
area in the anterior wall of the left ventricle. 
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Baseline cardiac function did not differ between the MKK3bE + WT p38α and Lac Z -
treated hearts, since no statistically significant differences in left ventricular fractional 
shortening, ejection fraction or left ventricular diameter were observed as assessed by 
echocardiography on day 3 after injection.  

Fig. 7. Selective activation of p38 MAPK by adenovirus-mediated gene transfer. Western blot 
analysis of MAPK levels 3 days after gene transfer. The results are expressed as means±SEM 
(n=8-9). *P<0.05, **P<0.01 vs. Lac Z. 

5.3.2  Up-regulation of cardiac gene expression by p38 MAPK: a DNA 
microarray analysis 

To examine the role of p38 MAPK in cardiac gene expression, the gene expression 
profiles of hearts over-expressing MKK3bE + WT p38α (n=5 animals/group) were 
examined by DNA microarray analysis and compared with those of Lac Z –treated 
animals by screening Affymetrix Rat Expression Set 230_2.0 Arrays obtained 3 days after 
gene transfer, at which point the maximal p38 MAPK up-regulation was observed.  

The microarray analysis identified 264 transcripts that were up-regulated more than 
2.0-fold in the hearts over-expressing p38 MAPK. For further analysis of the data, these 
genes were organised into groups representing their main biological functions: apoptosis, 
cell adhesion, cell division, cell signalling/communication (subgrouped into hormones 
and growth factors, intracellular transducers, protein modification and receptors), cell 
structure/motility, cell/organism defence, channel/transport proteins, inflammatory and 
immune responses, metabolism (subgrouped into amino acid, carbohydrate, lipid, 
nucleotide and nucleic acid metabolism), protein synthesis/turnover/post-translational 
modification, transcription factors, translation factors, unclassified and expressed 



 77

sequence tags (ESTs) and other unknown transcripts. Of the genes of known biological 
function, three major groups of p38 MAPK sensitive genes could be distinguished: genes 
related to cell division (31 genes), cell signalling (28 genes) and inflammatory response 
(23 genes). In addition, a large number of genes with unknown biological function (69 
ESTs and 35 unclassified genes) were differentially expressed in the hearts over-
expressing p38 MAPK and the Lac Z -treated hearts (Fig. 8). Notably, only two cardiac 
genes (for pyruvate dehydrogenase kinase isoenzyme 4 and gap junction membrane 
channel protein α1) were down-regulated by p38 MAPK over-expression. When the 
microarray analysis was extended to include genes that were up-regulated 1.5-2.0–fold in 
hearts with p38 MAPK overexpression, 651 additional transcripts were identified, the 
majority of which belonged to the groups of unknown function and ESTs. 

Fig. 8. Functional classification of p38 MAPK target genes in the left ventricle. 

The individual genes that were differentially expressed in the Lac Z and p38 MAPK over-
expressing hearts included several novel p38 targets as well as a number previously 
reported p38-dependent genes. In the cell division category, genes encoding cyclins, 
kinesins and polo-like kinases etc. were up-regulated. Many of the genes in the cell 
adhesion and signal transduction category, such as those for osteopontin, CTGF and 
TGF-β, appeared to be related to myocardial fibrosis, while the inflammatory gene 
category included several central regulators of both innate and adaptive immunity, such 
as interleukins. In addition, the microarray analysis identified several transcription factors 
which have not previously been known as p38 MAPK targets. These included ATF-3, 
Runx1 and Krox20.  
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5.3.3  Northern blot and RT-PCR analysis of microarray results 

To confirm the microarray analysis results regarding p38 MAPK induced gene 
expression, the expression levels of selected cardiac genes were assessed by RT-PCR and 
northern blot analysis. Consistent with the microarray data, significant increases in BMP-
2, c-fos, bFGF, osteopontin and TGF-β2 mRNA levels upon p38 MAPK over-expression 
were observed as assessed by RT-PCR. Similarly, northern blot analysis showed a 
significant up-regulation of ANP, BNP, CTGF, TIMP-1 and PAI-1 gene expression. 

5.3.4  Activation of GATA-4 by p38 MAPK over-expression 

To evaluate the direct effects of p38 MAPK on GATA-4 activity, nuclear protein 
extraction and gel mobility shift assays were performed on Lac Z and MKK3bE + WT 
p38α –treated animals 3 days after gene transfer. Gel mobility shift assays using the -90 
BNP GATA-4 probe showed a significant 1.6-fold activation of GATA-4 binding. 
Consistent with the results obtained with wall stress-stimulated hearts, supershift and 
competitor analysis showed reduced DNA binding activity with the unlabelled self probe 
or GATA-4 antibody but unchanged binding with GATA-5 and GATA-6 antibodies and 
with mutant or non-related probes.  

Furthermore, GATA-4 mRNA levels remained stable in the hearts over-expressing p38 
MAPK, suggesting that up-regulation of GATA-4 DNA binding is not related to increased 
production of GATA-4 mRNA or protein. 

5.3.5  Activation of other cardiac transcription factors by p38 MAPK 

The specificity of p38 MAPK over-expression with respect to GATA-4 was investigated 
by studying the DNA binding activities of other selected cardiac transcription factors 
after MKK3bE + WT p38α gene transfer. EMSAs using oligonucleotide probes 
containing the binding sites for MEF-2, AP-1, NF-κB and SRF were performed, and 
significant increases in AP-1 (4.5-fold), NF-κB (1.7-fold) and SRF binding (1.4-fold) 
were observed in response to p38 MAPK over-expression, while the DNA binding of 
MEF-2 was unaffected (Fig 9).  

The specificities of the AP-1, MEF-2, NF-κB and SRF DNA binding reactions were 
determined in supershift and competition analysis. In all cases the binding was attenuated 
by unlabelled self DNAs but not by mutant or non-related competitor DNAs. Antibody-
induced supershifts were observed for AP-1, MEF-2, NF-κB and SRF, demonstrating that 
the complexes bound by the oligonucleotide probes contained AP-1, MEF-2, NF-κB and 
SRF protein components.  
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Fig. 9. p38 MAPK as a convergence point for myocardial signalling. p38 MAPK activates 
GATA-4, AP-1, NF-κB and SRF, which further transmit the signal to bring about changes in 
cardiac gene expression. 

5.3.6   Function of hearts over-expressing p38 MAPK  

The physiological consequences of p38 MAPK over-expression were first investigated by 
assessing cardiac function by echocardiography 1 week after gene transfer. The 
parameters of cardiac function did not differ significantly between the hearts injected 
with Lac Z- and MKK3bE + WT p38α, although a tendency for worsened EF (67% vs. 
77%) and FS (32% vs. 41%) was observed in those that received MKK3bE + WT p38α. 
This was accompanied by a small but significant increase in left ventricular weight vs. 
body weight (LW/BW) ratio (3.3 vs. 3.0 mg/g), without a significant change in body 
weight.  

5.3.7  Inflammation 

To determine the morphological changes caused by p38 MAPK over-expression, 
histological analysis was performed. The haematoxylin-eosin stained histological sections 
showed notable anterior wall thickening and a massive infiltration of inflammatory cells 
into the interstitium of the anterior wall. Morphological analysis showed lymphocytes to 
be the dominant inflammatory cell type (Fig. 10). 
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5.3.8  Fibrosis 

To investigate whether the anterior wall thickening observed upon haematoxylin-eosin 
staining was due to increased myocardial fibrosis, the histological sections were stained 
with Sirius Red and Masson’s trichrome. Both showed extensive staining in the injection 
area, indicating that p38 MAPK over-expression in the normal heart is a cause of 
myocardial fibrosis. 

Fig. 10. Fibrosis and inflammatory cell infiltration in myocardium over-expressing p38 
MAPK. Representative histological sections stained with Masson’s trichrome from Lac-Z –
treated (left panel) and MKK3bE+ WT p38α –treated (right panel) hearts are shown.  

5.3.9  Proliferation 

Expression of Ki-67, which is required for cells to progress through the cell cycle and 
undergo division, is detectable in the G1 phase, increases in the S and G2 phases and 
continues through mitosis. Ki-67 is considered a specific marker of cellular proliferation, 
as all cells that express it divide (Yuasa et al. 2004). Since the microarray analysis 
revealed increased expression of several genes that were associated with proliferation, 
immunohistochemical Ki-67 staining was performed to study whether increased cell 
division is observed in response to p38 MAPK over-expression. 
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The Ki-67-stained histological sections of hearts over-expressing p38 MAPK showed 
a large number of staining-positive cells in the anterior wall, whereas very few Ki-67 
positive cells were observed in the Lac Z -treated hearts.  

5.4  Role of p38 MAPK in the infarcted heart (IV) 

5.4.1  Haemodynamic changes after myocardial infarction 

To study the role of myocyte signal transduction pathways and transcription factors after 
myocardial infarction, the LAD was ligated in a group of Sprague-Dawley rats (Pfeffer et 
al. 1979). Cardiac function was assessed by echocardiography at 1 day, 2 weeks and 4 
weeks after myocardial infarction. Ejection fraction and fractional shortening values 
decreased progressively and the left ventricle became dilated during the four-week 
follow-up period (Table 7). Haematoxylin-eosin staining of the myocardial sections 
showed progressive anterior wall thinning, left ventricular dilatation and posterior wall 
hypertrophy in the infarcted hearts. 

Cardiac gene expression was measured in order to further validate the experimental 
model. Left ventricular ANP mRNA levels were increased 3.9-fold one day after 
myocardial infarction and had increased further at 2 and 4 weeks (6.2-fold and 17.0-fold 
vs. sham-operated rats, respectively). Similarly, myocardial infarction resulted in a 1.7-
fold increase in left ventricular BNP gene expression on day 1 and a 1.5-fold increase 
after 4 weeks. The levels of ANP and BNP mRNA in the right ventricles of the infarcted 
hearts also increased significantly (9.9-fold and 3.7-fold vs. sham on day 1, respectively). 

Table 7. Haemodynamic parameters after myocardial infarction.  

Variable Group 1 day 2 weeks 4 weeks 
Interventricular septum 
diastole (mm) 

Sham 
AMI 

1.9 ± 0.1 
1.8 ± 0.1 

1.8 ± 0.1 
     1.3 ± 0.1*** 

1.8 ± 0.1 
     1.1 ± 0.1*** 

Left ventricle 
diastole (mm) 

Sham 
AMI 

7.2 ± 0.1 
     8.1 ± 0.2*** 

8.6 ± 0.1  
     9.7 ± 0.2*** 

9.1 ± 0.1  
   11.1 ± 0.2*** 

Posterior wall 
diastole (mm) 

Sham 
AMI 

1.8 ± 0.1 
1.9 ± 0.1 

1.8 ± 0.1 
1.9 ± 0.1 

1.8 ± 0.1  
   2.0 ± 0.1** 

Ejection fraction (%) Sham 
AMI 

83 ± 1   
   46 ± 4*** 

77 ± 2   
    47 ± 3*** 

75 ± 1   
   30 ± 3*** 

Fractional shortening (%) Sham 
AMI 

47 ± 1   
    21 ± 2*** 

42 ± 1   
    21 ± 2*** 

39 ± 1   
    13 ± 2*** 

AMI = acute myocardial infarction. **P<0.01, ***P<0.001 vs. sham. 
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5.4.2  Inactivation of p38 MAPK after myocardial infarction 

To analyse the role of MAPKs in post-infarction remodelling, MAPK activities were 
determined by western blot analysis at several time points. p38, ERK and JNK showed 
differential activities during post-infarction remodelling. Only p38 MAPK activity was 
consistently down-regulated (Fig. 11A). The phospho-p38 vs. total p38 ratio had 
decreased by 76% compared with the sham-operated controls on day 1 after myocardial 
infarction, and by 43% at 2 weeks, but by four weeks p38 activity had returned to 
baseline and no statistically significant difference was observed between the sham-
operated animals and those with myocardial infarction. The changes in p38 MAPK 
activity were further investigated in ATF-2 based kinase assays, which showed changes 
corresponding to the phospho-p38 levels at each time point.  

To analyse the upstream mechanisms responsible for the altered p38 MAPK activity, 
levels of MKK3 were studied in western blot analysis. Consistent with the down-
regulation of p38 MAPK activity, phospho-MKK3 levels were reduced after myocardial 
infarction. Next, regional changes in p38 MAPK activity were studied by performing 
western blot analyses on protein extracted from the infarcted anterior ventricular wall and 
non-infarcted posterior wall. Both regions showed decreased p38 MAPK activity 1 day 
after myocardial infarction, although more pronounced inactivation was observed in the 
infarcted area.  

In contrast to p38 MAPK activity, ERK 1/2 activity remained unaffected 1 day after 
myocardial infarction and had increased 1.5-fold by 2 weeks. At 4 weeks, the phospho-
ERK vs. total ERK levels of the infarcted hearts did not differ significantly from those of 
the sham-operated animals. The activation of ERK 1/2 was further established in ELK-1-
based kinase assays, which showed notable activation 2 weeks after myocardial 
infarction. Although the phospho-JNK vs. total JNK ratio was increased 3.1-fold on day 1 
and had decreased by 37% at 2 weeks, these changes appeared to be a consequence of 
altered total JNK levels. No statistically significant difference in JNK levels was 
observed at 4 weeks. 

5.4.3  Restoration of p38 MAPK activity by adenovirus-mediated 
gene transfer 

Since post-infarction remodelling was characterised by sustained down-regulation of p38 
MAPK activity, a gene transfer protocol was established to restore this activity. The 
strongest up-regulation of p38 MAPK activity in the normal heart was observed when an 
adenovirus encoding MKK3bE was co-injected with that encoding WT p38α. This 
combination was chosen in order to reverse the decreased p38 MAPK levels in the 
infarcted hearts. MKK3bE at 6 x 108 pfu was co-injected with 2 x 108 pfu of WT p38α 
into the anterior wall of the left ventricle prior to ligation of the LAD. MAPK levels were 
assessed by western blotting 3 days after myocardial infarction and gene transfer. 
Interestingly, the levels of phospho-p38 MAPK in MKK3bE + WT p38α -treated animals 
with myocardial infarction did not significantly differ from those in the Lac Z -treated 



 83

animals, indicating that this gene transfer protocol is able to restore p38 MAPK activity 
completely in the infarcted heart (Fig. 11B). There was no difference in the perioperative 
mortality between the Lac Z -treated and MKK3bE + WT p38α -treated animals. 

Fig. 11. A. Down-regulation of p38 MAPK activity in post-infarction remodelling. B. Rescue 
of p38 MAPK levels by adenovirus-mediated gene transfer of MKK3bE + WT p38α. Western 
blot and kinase assay analysis of p38 MAPK levels on day 3 after myocardial infarction and 
gene transfer. The results are expressed as means±SEM (n=6-8). **P<0.01, ***P<0.001 vs. 
sham, §P<0.05 vs. Lac Z –injected animals with myocardial infarction. 

5.4.4  Rescue of cardiac function in hearts over-expressing p38 MAPK 
during post-infarction remodelling 

The functional consequences of normalised p38 MAPK activity were studied by 
echocardiography at two time points, 3 days and 2 weeks post infarction. p38 MAPK 
activity normalisation did not have any apparent effect on cardiac function at 3 days, 
since EF, FS and left ventricular diameter did not differ significantly between the Lac Z 
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and MKK3bE + WT p38α –treated animals, but the MKK3bE + WT p38α –treated 
animals showed a significant improvement in cardiac function at 2 weeks (Fig. 12). EF 
and FS were increased by 50% (66.9±5.5% vs. 44.4±4.0%, and 19.7±2.2% vs. 
30.2±2.1%, respectively). The left ventricular diastolic diameter was significantly smaller 
in the MKK3bE + WT p38α –treated hearts (8.5±0.4 mm vs. 9.5±0.2 mm), indicating that 
the gene transfer attenuated left ventricular dilatation. The LW/BW ratio was significantly 
reduced, without a significant difference in the body weight.  

Fig. 12. Rescue of cardiac function after restoration of decreased p38 MAPK activity. EF, FS 
and LW/BW 2 weeks after myocardial infarction and gene transfer. The results are expressed 
as means±SEM (n=6-8).*P<0.05, ***P<0.001 vs. sham, §§§P<0.001 vs. Lac Z –injected 
animals with myocardial infarction. 

5.4.5  Normalisation of p38 MAPK activity reduces infarct size, 
apoptosis and fibrosis 

To study whether the improved cardiac function in MKK3bE + WT p38α –treated hearts 
was related to attenuation of the structural remodelling of the heart, histological sections 
were stained with Masson’s trichrome and Sirius Red. The MKK3bE + WT p38α –treated 
hearts showed less left ventricular dilatation, anterior wall thinning and posterior wall 
hypertrophy in these stained sections 2 weeks after myocardial infarction (Fig. 13), and 
the size of the infarcted area, assessed from left ventricular circumference, was 
accordingly significantly smaller (26±3% vs. 47±4%). Furthermore, left ventricular 
fibrosis was significantly attenuated (16±3% vs. 34±8%), as assessed from the positive 
area in the Masson’s trichrome-stained sections.  

The rate of apoptosis was evaluated by TUNEL 3 days and 2 weeks after myocardial 
infarction. The number of apoptotic cells was significantly reduced in the MKK3bE + 
WT p38α –treated hearts at 3 days (35 cells vs. 69 cells in Lac Z -treated hearts), while no 
difference was observed at the later time point. The number of c-kit positive stem-like 
cells did not differ, either. 
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Fig. 13. Attenuation of left ventricular fibrosis, infarct size and apoptosis by p38 MAPK gene 
transfer 2 weeks after myocardial infarction. Infarcted and fibrotic areas were assessed from 
histological sections stained with Masson’s trichrome and the number of apoptotic cells by 
TUNEL. The results are expressed as means±SEM (n=6-8). ***P<0.001 vs. sham, §P<0.05, 
§§P<0.01 vs. Lac Z –injected animals with myocardial infarction. 

5.4.6  Enhanced coronary angiogenesis in hearts over-expressing p38 
MAPK  

Since coronary angiogenesis is a critical determinant of post-infarction remodelling 
(Tabibiazar & Rockson 2001), myocardial sections were stained with Lectin GSL to 
determine whether MKK3bE + WT p38α gene transfer treatment affected the angiogenic 
responses after myocardial infarction. The MKK3bE + WT p38α –treated hearts with 
myocardial infarction had a significantly higher capillary density than the Lac Z-treated 
hearts (Fig. 14, 2423±107 vs. 1935±86). Furthermore, a notable dilatation of the capillary 
network was observed and the area covered by microvessels had increased 1.5-fold. A 
tendency for increased capillary density, although not statistically significant relative to 
the Lac Z -treated hearts, was observed in the MKK3bE + WT p38α –treated hearts 
without myocardial infarction. 

The angiogenic responses to p38 MAPK over-expression were further investigated by 
measuring the mRNA levels of selected angiogenic growth factors in MKK3bE + WT 
p38α –treated hearts. p38 MAPK over-expression increased the levels of bFGF (2.3-fold 
vs. Lac Z) and PDGF-A mRNA (1.7-fold vs. Lac Z), while those of VEGF remained 
unchanged.  
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Fig. 14. Enhanced coronary angiogenesis in hearts over-expressing p38 MAPK. Capillary 
density and area covered by microvessels as assessed from lectin-stained histological sections 
2 weeks after myocardial infarction and gene transfer. The results are expressed as 
means±SEM (n=6-8). *P<0.05, ***P<0.001 vs. sham, §§§P<0.001 vs. LacZ –injected animals 
with myocardial infarction. 

5.5  Altered GATA-4 binding during post-infarction remodelling 

5.5.1  Transient inactivation of GATA-4 binding after 
myocardial infarction 

Myocardial GATA-4 DNA binding activity was assessed by EMSA using a 30-bp 
oligonucleotide probe containing the -90 GATA sites of the rat BNP promoter 1 day, 2 
weeks and 4 weeks after myocardial infarction. The DNA binding activity of left 
ventricular nuclear extracts and the oligonucleotide probe had decreased by 69% on day 1 
in the infarcted rat hearts (Fig. 15), but this was followed by a 2.4-fold up-regulation 2 
weeks after the myocardial infarction. The binding returned to baseline within 4 weeks of 
the infarction. 

5.5.2  AP-1, NF-κB and SRF binding activities after 
myocardial infarction 

In contrast to GATA-4 DNA binding, myocardial infarction caused a sustained increase in 
AP-1 DNA binding activity, which had increased significantly after 1 day (6.0-fold vs. 
sham-operated rats), and remained 4.1-fold higher at 2 weeks and 2.0-fold higher at 4 
weeks. Like GATA-4 binding, a 39% decrease in NF-κB binding activity was observed 
on day 1, a significant increase at 2 weeks (1.7-fold vs. sham) and a return to baseline at 
4 weeks. No differences in SRF binding activity were observed during the 4-week 
follow-up period (Fig. 15). 
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Fig. 15. Transcription factor activities during post-infarction remodelling as assessed by gel 
mobility shift assays at different time points. The results are expressed as means±SEM (n=6-
8). *P<0.05, **P<0.01,***P<0.001 vs. sham. 

5.5.3  p38 MAPK-independent regulation of GATA-4 in the 
infarcted heart 

Finally, the role of p38 MAPK in controlling transcription factor activities was studied in 
the infarcted heart. A gene transfer of MKK3bE at 6 x 108 pfu and WT p38α at 2 x 108 
pfu was performed simultaneously with ligation of the LAD, as described above. The 
control animals received Lac Z gene transfer at 8 x 108 pfu. GATA-4 binding was 
assessed by EMSA on day 3 after the injection and myocardial infarction. Although the 
combined administration of MKK3bE and WT p38α was able to normalise the reduction 
in p38 MAPK activity completely, the reduction in GATA-4 DNA binding remained 
unaffected (Fig. 16). However, even though MKK3bE + WT p38α gene transfer did not 
increase GATA-4 activity, it did further potentiate the activation of NF-κB and AP-1 after 
myocardial infarction. 
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Fig. 16. Effect of p38 MAPK on cardiac transcription factors in the infarcted heart. DNA 
binding activities of transcription factors as assessed by gel mobility shift assays 3 days after 
infarction and gene transfer. The results are expressed as means±SEM (n=6-8). *P<0.05, 
***P<0.001 vs. sham, §P<0.05 vs. Lac Z –injected animals with myocardial infarction. 



6 Discussion 

6.1  Transcription factor activities during wall stress and remodelling 

In order to undergo structural remodelling, the individual myocytes of the heart alter their 
gene and protein expression pattern under the control of cardiac transcription factors, 
which are essential regulators of inducible gene expression (Akazawa & Komuro 2003). 
The aim here was to study cardiac transcription factor activities, with special emphasis on 
GATA-4, in two experimental setups: perfused rat hearts stimulated by wall stress and 
hearts subjected to experimental myocardial infarction.  

Previous in vitro studies have demonstrated that GATA-4 is activated by GPCR 
agonists (Morimoto et al. 2000, Kitta et al. 2001, Morisco et al. 2001, Kerkelä et al. 
2002). GATA-4 activity is sensitive to AVP-induced pressure overload in vivo (Hautala et 
al. 2001), and both nephrectomised rats and rats that over-express the mouse renin gene 
exhibit an increase in this activity (Marttila et al. 2001, Diedrichs et al. 2004). The 
systemic responses evoked by these stimuli in addition to increased blood pressure are 
diverse, however, and it is difficult to separate the contributions of mechanical and 
hormonal factors to the models. The present results indicate that mechanical stress per se 
rapidly activates GATA-4 and AP-1 transcription factors, and that this effect is dependent 
on both angiotensin II and ET-1, since activation was completely blocked by their 
receptor antagonists. It thus appears that increased wall stress first stimulates ET-1 
production, or more likely, considering the rapid time-course, it stimulates the release of 
ET-1 from cardiac stores. Angiotensin II may also stimulate ET production and release, 
which would explain the mutual requirement of both ET-1 and angiotensin II (McClellan 
et al. 1994). The role of ET-1 and angiotensin II in regulating GATA-4 activity in the 
isolated heart is further strengthened by the observation that both of them were able to 
activate GATA-4 in the absence of wall stress. Interestingly, the paracrine signalling 
mechanisms mediating GATA-4 and AP-1 activation seem to differ between the pressure-
overload models and the stretch model used in here. The time-course and increase in 
GATA-4 activation reported in AVP-infused rats resembled that observed here, but 
simultaneous AP-1 activation was absent and GATA-4 activation was unaffected by 
treatment with an AT1 receptor antagonist (Hautala et al. 2001). These differences may be 



 90

due to the systemic effects of AVP infusion, as discussed above, and to the fact that direct 
mechanical left ventricular wall stress may trigger different signalling pathways from 
pressure overload. 

It is interesting that, as a stimulus, left ventricular wall stress appears to show 
specificity with respect to its transcriptional targets. GATA-4 and AP-1 were rapidly 
activated, but no change was observed in NF-κB and NFAT activities. This is of particular 
significance considering that NF-κB and NFAT are activated by hypertrophic stimuli in 
many other models and have both been suggested as essential mediators of the 
hypertrophic response. The selective activation of GATA-4 and AP-1 further emphasises 
their role as potential mediators of mechanical stress-induced hypertrophy and heart 
failure.  

To gain further insights into the regulation of GATA-4 under pathophysiological 
conditions, GATA-4 activity was studied in a model of experimental myocardial 
infarction. In contrast to increased wall stress, myocardial infarction caused rapid 
inactivation of GATA-4, which was followed by a corresponding activation during the 
later phases of post-infarction remodelling. Interestingly, the inactivation of GATA-4 
activity was observed at an early point in time post infarction, which is generally 
associated with significant haemodynamic stress. Thus it appears that GATA-4 is 
differentially regulated in the normal and the infarcted heart. In support of these findings, 
reversible ischaemia-reperfusion injury in vitro has recently been shown to down-regulate 
GATA-4 activity (Suzuki et al. 2004), an effect that does not seem to be restricted to 
ischaemic injury, since treatment of cultured cardiomyocytes with cardiotoxic 
anthracyclines such as daunorubicin and doxorubin has been shown to reduce GATA-4 
DNA binding activity (Kim et al. 2003, Aries et al. 2004). GATA-4 depletion has recently 
been identified as an early aspect of the cardiotoxic effect of doxorubicin in vivo as well 
(Aries et al. 2004). In these studies GATA-4 down-regulation was associated with 
enhanced cardiomyocyte apoptosis, thereby extending the role of GATA-4 as a cardiac 
survival factor beyond embryogenesis. The functional significance of the early GATA-4 
down-regulation in post-infarction remodelling remains to be studied, but in view of the 
findings discussed above, it is intriguing to speculate that it could be related to 
cardiomyocyte survival and apoptotic cell death. The late activation of GATA-4 may also 
be of functional significance, as the echocardiographic measurements showed significant 
posterior wall hypertrophy at these time points. 

6.2  The role of p38 MAPK in the regulation of GATA-4 

GATA-4 protein contains at least 7 potential sites for serine phosphorylation by MAPKs, 
and in vitro evidence exists from prior studies suggesting that MAPKs are able to control 
GATA-4 activity under certain experimental conditions (Pikkarainen et al. 2004). The 
role of MAPKs as regulators of GATA-4 in the adult heart was established here using two 
alternative experimental approaches. 

In Paper II, isolated perfused rat hearts were subjected to increased wall stress in the 
presence of selective MAPK inhibitors. The activation of GATA-4 binding was preceded 
by activation of the MAPKs, p38, ERK and JNK, in agreement with previous 
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observations (Takeishi et al. 2001). Interestingly, the wall stress-induced activation of 
GATA-4 was completely abolished in the presence of either a p38 MAPK or an ERK 
inhibitor, indicating that the action of both p38 MAPK and ERK is required for 
activation. These results were confirmed in the isolated rat atria, which showed a similar 
dependence of stretch-induced GATA-4 binding on ERK and p38 MAPK. These findings 
are consistent with the fact that PE-stimulated GATA-4 binding in cultured 
cardiomyocytes is sensitive to ERK inhibition and ET-1-induced binding to p38 MAPK 
inhibition (Liang et al. 2001b, Kerkelä et al. 2002). On the other hand, ERK inhibition 
reduced baseline GATA-4 activity but did not affect ET-1-induced activity in cultured 
cardiomyocytes (Kerkelä et al. 2002).  

Several possible explanations at the molecular level may account for the simultaneous 
requirement of both p38 MAPK and ERK in stretch-induced GATA-4 binding. First, it is 
likely that mechanical stress is a more complex stimulus than treatment with GPCR 
agonists, leading to the activation of a more diverse array of intracellular signalling 
pathways. Second, as mentioned above, GATA-4 protein contains multiple 
phosphorylation sites for MAPKs. p38 MAPK and ERK may phosphorylate different 
serine residues, all of which may be required for the stretch-induced activation. Third, it 
is possible that ERK and p38 MAPK may phosphorylate the same serine residues, such 
as serine-105, but that the action of both is required to reach a sufficient amount of 
phosphorylation. Considering the somewhat opposed effects of ERK and p38 MAPK in 
cardiovascular pathophysiology, the fact that their simultaneous action was required for 
the full stretch response is of particular interest. The present findings support the role of 
GATA-4 as a convergence point in signal transduction and imply that p38 MAPK/ERK-
mediated activation of GATA-4 could be involved in both beneficial and harmful 
processes in cardiovascular diseases.  

The connection between GATA-4 and p38 MAPK was further investigated in Paper III 
using adenovirus-mediated p38 MAPK over-expression. Interestingly, this experimental 
setup served to verify the p38 MAPK dependence of GATA-4. Over-expression of p38 
MAPK resulted in an activation of GATA-4 which was quantitatively comparable to that 
observed in response to increased wall stress or AVP infusion in vivo. It is likely that the 
activation of GATA-4 is a consequence of p38 MAPK-mediated phosphorylation, since 
its mRNA levels remained unchanged in the hearts over-expressing p38 MAPK. The 
results detailed in Paper III nevertheless indicate, consistent with previous studies, that 
the activating effect of p38 MAPK is not specific to GATA-4, but that a number of other 
cardiac transcription factors are activated as well (Kyriakis & Avruch 2001). It is 
therefore not possible to distinguish the role of the p38 MAPK-GATA-4 pathway in 
cardiac gene expression in this setup. Nevertheless, of the known GATA-4 target genes at 
least ANP and BNP were up-regulated in response to p38 MAPK over-expression, 
suggesting that the p38 MAPK-GATA-4 pathway is of functional significance at the level 
of gene expression. It should also be noted that the ability of p38 MAPK to activate other 
transcription factors may be dependent on the conditions: p38 MAPK over-expression 
activated NF-κB, but NF-κB activation was absent in the wall stress-stimulated hearts in 
spite of simultanous p38 MAPK activation. 

Finally, the interaction of p38 MAPK with GATA-4 was studied in the infarcted heart. 
This experimental approach further highlighted the complexity of the mechanisms 
regulating GATA-4 in vivo, as GATA-4 did not respond to p38 MAPK over-expression in 
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this case. Several underlying molecular mechanisms may account for this. Other MAPKs 
may contribute to GATA-4 signalling in the infarcted heart, the translocation of GATA-4 
protein may be altered in the infarcted myocardium, or the levels of GATA-4 protein may 
be down-regulated, as in anthracycline-treated cardiomyocytes (Aries et al. 2004). Also, 
GATA-4 regulation in the infarcted myocardium may be dominated by interactions with 
other transcription factors, such as Nkx-2.5, and other post-translational modifications 
beside MAPK-mediated phosphorylation, so that p38 MAPK fails to up-regulate GATA-
4. Interestingly, it seems that there also is a disconnection between p38 and NF-κB, SRF, 
and AP-1 in the infarcted heart, because AP-1 and NF-κb were activated and SRF 
remained unaffected at the post-infarction time points at which p38 MAPK was down-
regulated. On the other hand, even though p38 MAPK is not required for the activation of 
AP-1 and NF-κB, they were further activated by p38 MAPK over-expression in the 
infarcted heart.  

6.3  Other mechanisms of GATA-4 regulation 

In vivo mechanisms other than MAPK-mediated phosphorylation of GATA-4 remain 
largely unknown, and the upstream mechanisms that link GATA-4 and MAPKs to 
extracellular stimuli are not well characterised. 

 In vitro, activation of GATA-4 by both p38 and ERK appears to be at least partially 
dependent on Rho signalling, since dominant negative forms of p38 attenuate the Rho A-
induced potentiation of GATA-4 activity, and ERK-dependent GATA-4 activation by PE 
requires Rho kinase (Charron et al. 2001, Yanazume et al. 2002). The role of two selected 
upstream pathways, PKC and Rho kinase, was studied here in isolated rat hearts, where 
the stretch-induced GATA-4 binding was inhibited by the Rho kinase inhibitor Y-27632, 
suggesting that Rho kinase may be the upstream kinase activating p38 MAPK and ERK. 
On the other hand, GATA-4 binding was not influenced by pharmacological PKC 
inhibition, suggesting that PKC is not among the upstream pathways of GATA-4. 
Importantly, the present results do not exclude the possible involvement of interactions 
and other post-translational mechanisms of GATA-4 regulation in vivo. Notably, p38 and 
ERK were required to confer the full stretch response of GATA-4, as were ET-1 and 
angiotensin II. Despite this, ET-1 and angiotensin II receptor antagonists did not abrogate 
the stretch-induced activation of p38 MAPK and ERK. This evidence taken together 
suggests that alternative intracellular pathways or mechanisms connecting GATA-4 with 
ETA/B and AT1 receptors are likely to exist, and alternative pathways also appear to 
control GATA-4 activity in the infarcted myocardium. Interactions with other 
transcription factors and co-factors may also affect GATA-4 activity under these 
conditions. These mechanisms represent logical targets for future investigations. 

6.4  The role of p38 MAPK in cardiac gene expression 

Even though p38 MAPK is a highly conserved kinase expressed by virtually all 
eukaryotes, the global gene expression pattern that is dependent on p38 MAPK has 
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remained unknown. In view of findings regarding the ability of p38 MAPK to activate a 
variety of transcription factors, it was hypothesised that p38 MAPK may represent an 
essential regulatory convergence point in cardiac gene expression.  

Local adenovirus-mediated over-expression of p38 MAPK provides a valuable tool for 
studying its direct effects on molecular events such as cardiac gene expression. This is of 
particular importance because transgenic animals over-expressing p38 MAPK exhibit a 
phenotype of dilated cardiomyopathy which makes it difficult to distinguish the direct 
effects of p38 MAPK from secondary haemodynamic changes (Liao et al. 2001). The 
gene expression profile was analysed here at a time point when p38 MAPK was 
maximally up-regulated without significant haemodynamic or structural changes, 
whereas previous comprehensive p38 MAPK-related microarray analyses had only been 
performed in cultured cardiomyocytes and transformed lymphoma cells treated with 
pharmacological p38 MAPK inhibitors (Lin et al. 2004, Engel et al. 2005). 
Pharmacological p38 MAPK inhibitors may also have systemic and haemodynamic 
effects in vivo, and it is difficult to confirm their specificity with respect to a single 
protein kinase molecule. 

DNA microarray analysis identified 264 transcripts that were up-regulated more than 
2-fold in the left ventricle over-expressing p38 MAPK relative to Lac Z –injected hearts. 
When the genes were classified into subgroups representing their biological functions, 
three groups appeared to dominate the analysis: cell division (31 genes), cell signalling 
(28 genes) and genes related to an inflammatory response (23 genes). It thus appears that 
the gene expression profile controlled by p38 MAPK in the heart correlates very well 
with the biological functions that have generally been connected with p38 MAPK in 
different cell types. p38 MAPK responds strongly to pro-inflammatory stimuli and is 
involved in the pathogenesis of inflammatory diseases such as arthritis, septic shock and 
chronic obstructive pulmonary disease (Kyriakis & Avruch 2001, Saklatvala 2004). 
Second, p38 MAPK is by definition a mitogen-activated protein kinase that controls 
processes related to cell cycle and division (Kyriakis & Avruch 2001). In agreement with 
this, its over-expression activated a number of central cell division genes such as cyclins 
and kinesins. Third, as a convergence point of signal transduction, p38 MAPK affects the 
levels of expression of a number of other signal transduction molecules. It is thus 
plausible that the collective significance of these findings can be extended beyond the 
cardiovascular system. As the pattern of p38 MAPK-dependent genes was a conserved 
rather than a cardiac-restricted one, it is likely that these results can be considered when 
studying the role of p38 MAPK and its inhibition in inflammatory diseases, cancer cells 
and other disease processes.  

The microarray analysis of hearts over-expressing p38 MAPK revealed a large number 
of genes of unknown function and expressed sequence tags. When the microarray 
analysis was extended to include genes that were up-regulated 1.5-2.0–fold by p38 
MAPK, the majority of the additional genes belonged to these groups. This is of 
particular interest with respect to future studies, because it suggests indirectly that p38 
MAPK may have many cellular functions which are currently unknown.  
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6.5  The dual role of p38 MAPK in normal and infarcted hearts  

Among the key findings presented here is the unique functional role of p38 MAPK in the 
adult myocardium. p38 MAPK is revealed as a context-dependent, dualistic regulator of 
myocardial remodelling (Fig. 17) that is able to affect nearly all the pathophysiological 
processes that are significant in this remodelling: apoptosis, angiogenesis, fibrosis, 
inflammation and cell proliferation.  

The functional role of p38 MAPK was determined in the normal heart in the work 
described in Paper III, where the levels of p38 MAPK were found to be increased by the 
adenovirus-mediated gene transfer of MKK3bE and WT p38α and the pathophysiological 
effects were assessed by echocardiography and histological analysis. The latter yielded 
three major findings: a massive infiltration of inflammatory cells, fibrosis and a 
significant increase in Ki-67-positive cells undergoing proliferation.  

In view of the findings regarding p38 MAPK-induced gene expression, it is likely that 
the inflammatory response is a direct consequence of the increased expression of pro-
inflammatory molecules, which attract the inflammatory cells to invade the affected 
myocardium. Furthermore, the increased cellular proliferation may be related to the 
inflammatory response, since the majority of the Ki-67 positive cells appeared to belong 
to inflammatory cell types. Even though it has been suggested that p38 MAPK may be 
involved in cardiomyocyte proliferation (Engel et al. 2005), a loss of cardiomyocytes 
rather than a proliferation was observed in the hearts over-expressing p38 MAPK. 
Nevertheless, the histological sections showed a notable thickening of the anterior wall 
due to increased myocardial fibrosis. Whether the fibrosis is also related to the 
inflammatory response remains to be elucidated, but it should be noted that the DNA 
microarray showed an up-regulation of many fibrosis-associated genes, suggesting that 
p38 MAPK directly affects fibrosis. This is also supported by observations in transgenic 
gain-of-function studies pointing to increased fibrosis in response to MKK3 (Liao et al. 
2001). The present results are also quite consistent with transgenic animal studies with 
respect to inflammation, since MKK6bE transgenic animals showed increased plasma 
levels of TNF-α and IL-6 (Li et al. 2005).  

p38 MAPK has also been linked to the regulation of cardiac contractility, as it has 
been thought to confer a negative inotropic effect on cultured cardiomyocytes (Liao et al. 
2002, Chen et al. 2003). Interestingly, despite the massive inflammation and fibrosis, the 
hearts over-expressing p38 MAPK did not show impaired function as assessed by 
echocardiography. This finding does not support the hypothesis that p38 MAPK may be a 
mediator of a negative inotropic effect; on the contrary, it suggests that p38 MAPK has 
no significant role in vivo as a direct regulator of cardiac contractility.  

The role of p38 MAPK in post-infarction remodelling was established in Paper IV, 
where western blot analysis revealed that, unlike reversible ischaemia, post-infarction 
remodelling was characterised by a sustained down-regulation of p38 MAPK activity. 
This down-regulation was unique in nature with respect to other MAPKs, since ERK and 
JNK showed activation rather than inactivation, but it is consistent with those heart 
failure studies that report decreased p38 MAPK activity (Lemke et al. 2001, Communal 
et al. 2002, Takeishi et al. 2002). In the light of the results of Paper IV, it appears that 
decreased p38 predisposes the subject to adverse post-infarction remodelling and thus 
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represents a causative factor in the pathogenesis of heart failure. When p38 MAPK levels 
were restored by means of adenoviral gene transfer, both the morphological and the 
functional features of post-infarction heart failure were attenuated. At the functional 
level, the infarcted hearts with normalised p38 MAPK activity showed significant 
improvements in ejection fraction and fractional shortening and less left ventricular 
dilatation, while histological analysis showed the thinning of the anterior wall, 
hypertrophy of the posterior wall and infarct size to have significantly decreased. 
Collectively, these findings indicate that normalised p38 activity after myocardial 
infarction protects the heart from adverse remodelling and the development of heart 
failure.  

The mechanistic studies of infarcted hearts treated with p38 MAPK over-expression 
revealed two potential mechanisms whereby p38 MAPK may confer protection from 
adverse remodelling. At an early time point post infarction, the hearts over-expressing 
p38 MAPK showed significantly less apoptosis than those treated with the Lac Z control 
virus. This suggests that p38 MAPK protects the myocytes from programmed cell death 
after infarction and is thereby able to reduce the infarct size. Although the first in vitro 
studies favoured a pro-apoptotic effect of p38 MAPK (Wang et al. 1998), later in vivo 
studies have indicated that p38 MAPK may be anti-apoptotic in the heart (Martindale et 
al. 2005), a view with which the present findings are in agreement. Angiogenesis, another 
integral mechanism of post-infarction remodelling, may also explain the p38 MAPK-
mediated cardioprotection, as the p38 MAPK-treated hearts exhibited increased capillary 
density and microvessel enlargement relative to the Lac Z -treated hearts. Although no 
definitive previous evidence exists for a role for p38 MAPK in angiogenesis, this may be 
mainly a direct angiogenic effect of p38 MAPK. Previous work has shown that VEGF 
and angiopoietin exert their angiogenic functions partially via p38 MAPK, and p38 
MAPK inhibition has been shown to be anti-angiogenic under certain experimental 
conditions (Rousseau et al. 1997, Jackson et al. 1998, Harfouche et al. 2003). More 
importantly, p38 MAPK activated angiogenic growth factor production and a tendency 
for increased capillary density was found in the normal heart. In contrast to angiogenesis, 
the attenuation of fibrosis and improved cardiac function are likely to be secondary 
consequences of the decrease in infarct size, considering the pro-fibrotic effect of p38 
MAPK in the normal heart and the lack of effect on baseline cardiac contractility. 

The above results raise the question of the molecular mechanism behind the somewhat 
discrepant findings in normal and infarcted hearts. The controversial results reported in 
prior studies should first be noted in this context. Protection from ischaemia-reperfusion 
injury has been observed in MKK6 over-expressing and in dominant-negative p38α and 
MKK6 transgenic mice (Kaiser et al. 2004, Martindale et al. 2005). Over-expression of 
constitutively active MKK3 or MKK6 leads to increased interstitial fibrosis in transgenic 
animals, but increased fibrosis is also observed in cardiac-specific dominant-negative 
p38α, MKK3 and MKK6 transgenic mice in response to hypertrophic stimulation (Liao et 
al. 2001, Braz et al. 2003, Nishida et al. 2004). Inhibition of p38 MAPK activity during 
ischaemia-reperfusion in vitro enhances post-ischaemic recovery of cardiac function (Ma 
et al. 1999, Barancik et al. 2000, Schneider et al. 2001), but conversely, p38 MAPK 
appears to mediate ischaemic preconditioning (Ravingerova et al. 2003). Taken these 
observations together with the present results, p38 MAPK can be considered a highly 
context-dependent kinase: it can be beneficial or detrimental, anti-apoptotic or pro-
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apoptotic, and either promote or attenuate fibrosis depending on the pathophysiological 
conditions (Fig. 17). Theoretically, this is supported by the conserved nature of p38 
MAPK, as a high degree of context-dependent versatility is required to be able to regulate 
central cellular processes in response to diverse stimuli in virtually all eukaryotes from 
yeasts to mammalian cardiomyocytes. Furthermore, the conditions at both the 
physiological and molecular level differ fundamentally between the infarcted 
myocardium and the normal heart, as massive cell death leads to alterations in loading 
conditions, changes in the extracellular matrix and an altered balance of paracrine and 
hormonal factors, all of which may direct the kinase activity to different cellular 
functions. Second, the nuclear effectors of p38 MAPK appeared to be partly different 
between the normal and infarcted heart, since GATA-4 was p38 MAPK-independent in 
the infarcted myocardium. Third, myocardial infarction is known to alter the activities of 
multiple signal transduction pathways, and as a convergence point of signalling, p38 
MAPK activation may affect many other signalling pathways. It is therefore possible that 
p38 MAPK over-expression may alter the overall balance of kinase activity in different 
ways in the normal and infarcted myocardium, leading to different responses at the 
physiological level. Fourth, the effects of p38 MAPK over-expression in the normal heart 
cannot simply be labelled as harmful: in view of prior data concerning cardiac 
inflammation and cellular proliferation, the release of cytokines and cell cycle promoting 
factors can be beneficial under certain conditions (Nian et al. 2004). Finally, one more 
aspect should be noted: p38 MAPK activity is reduced in the infarcted heart and gene 
transfer returns it to the normal level, whereas in the normal heart p38 MAPK activity is 
increased above the baseline levels. In view of the central and conserved position of p38 
MAPK, it is possible that the maintenance of normal p38 activity is critical, while an 
alteration in the balance in either direction causes detrimental effects. This point of view 
is also supported by the controversial results obtained with transgenic over-expression 
and dominant-negative models.  

Current heart failure drug therapies are mainly targeted against receptors, and it is 
likely that they affect the systemic responses to the disease process rather than the 
cellular pathophysiological mechanisms involved. The normalisation of p38 MAPK 
activity would represent a potential cardiac gene therapy approach targeted against a 
conserved intracellular signalling pathway, and a novel therapeutic approach targeted at 
the intracellular mechanism of the disease process. As such, it would also affect the 
fundamental cellular processes that cause the transition from myocardial infarction to a 
failing heart: cell death, lack of vascularisation and fibrosis. Although a therapeutic 
potential with respect to remodelling has also been attributed to small molecule inhibitors 
of p38 MAPK in other studies (See et al. 2004, Liu et al. 2005), the present results may 
still not be at variance with these observations, for while myocardial p38 is down-
regulated in the failing heart, vascular p38 MAP kinase is known to be activated, and the 
beneficial effects of the inhibitors may therefore be related to the systemic responses 
(Widder et al. 2004). The timing of p38 inhibitor administration in the previous studies 
was also different from that employed here, and the present results do not exclude the 
potential benefits of late p38 MAPK inhibition (See et al. 2004, Liu et al. 2005). This 
would be comparable to ACE inhibitor treatment, which is beneficial only beyond the 
acute phase (Swedberg et al. 1992). Taken together, the present results indicate that p38 
MAPK is a central regulator of myocardial remodelling and a potential novel target for 
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therapeutic approaches. The context-dependence of p38 MAPK function should 
nevertheless be considered when interpreting these results in terms of therapeutic 
potential. 

Fig. 17. Summary of the dual role of p38 MAPK in the normal and infarcted heart. 



7 Summary and conclusions 

The aim of this work was to determine the activities, role and interaction of MAPKs and 
their nuclear downstream effector GATA-4 during increased wall stress and post-
infarction remodelling, representing two central stimuli of heart failure.  

1. To study the transcription factor activities in response to increased workload, isolated 
perfused rat hearts were subjected to an acute increase in active left ventricular wall 
stress. The DNA binding activities of GATA-4 and AP-1 transcription factors were 
rapidly activated. Pharmacological inhibition of both ETA/B and AT1 receptors 
abolished the activation of GATA-4 binding, indicating that the action of both ET-1 
and angiotensin II is required to induce the transcriptional response to increased wall 
stress. 

2. The model of increased wall stress in isolated hearts was chosen to determine the role 
of MAPKs in stretch-induced GATA-4 binding. Increased wall stress rapidly activated 
all MAPKs, i.e. p38 MAPK, ERK and JNK. Inhibition of p38 MAPK by the selective 
small molecule inhibitor SB239063 and inhibition of the ERK cascade by the MEK 
1/2 inhibitor U0126 abrogated the stress-induced GATA-4 activation, while inhibition 
of JNK had no effect. These results indicate that both ERK and p38 MAPK are 
involved in the regulation of wall stress-induced GATA-4 binding.  

3. To gain further insights into the role of p38 MAPK as a regulator of cardiac 
transcription and gene expression, a gene transfer protocol of increased p38 MAPK 
activity was established. Adenovirus-mediated gene transfer of the constitutively 
active upstream kinase MKK3bE and WT p38α selectively and efficiently increased 
p38 MAPK activity in the left ventricle, followed by activation of multiple cardiac 
transcription factors, including GATA-4, and by up-regulation of cardiac gene 
expression. To identify the p38 MAPK-dependent cardiac genes, the gene expression 
profiles of p38 MAPK-treated and Lac Z-treated hearts were compared in a DNA 
microarray analysis. The microarray identified 264 genes that were up-regulated more 
than 2.0-fold by p38 MAPK, most of them belonging functionally to the genes 
controlling cellular proliferation, inflammation and signal transduction. Consistent 
with the gene expression profile, p38 MAPK over-expression caused myocardial 
inflammation, fibrosis and cellular proliferation.  
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4. To assess the role of MAPKs in post-infarction remodelling, rats were subjected to 
experimental myocardial infarction by ligating the LAD. Myocardial infarction caused 
a sustained down-regulation of p38 MAPK activity, which was reversed using 
adenovirus-mediated gene transfer of MKK3bE and WT p38α. The normalisation of 
p38 MAPK activity attenuated post-infarction remodelling by reducing the infarct size 
and improving cardiac function, as assessed by histological analysis and 
echocardiography. The main mechanisms underlying this p38 MAPK-mediated 
cardioprotection may involve cardiomyocyte apoptosis and increased coronary 
angiogenesis. These findings indicate collectively that reduced p38 MAPK activity 
predisposes a subject to adverse post-infarction remodelling, and that restoration of 
p38 MAPK may represent a potential novel therapeutic approach to the treatment of 
heart failure.  

5. To study the activities and regulation of cardiac transcription factors during post-
infarction remodelling, rats were subjected to experimental myocardial infarction. 
These experiments revealed that GATA-4 is differentially regulated in the normal and 
the infarcted heart. It was rapidly inactivated after myocardial infarction, but was 
activated in the later phases of remodelling. In contrast, AP-1 and NF-κB were 
consistently activated in the infarcted heart. In contrast to the situation in the normal 
heart, GATA-4 was not controlled by p38 MAPK in the infarcted heart. 
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