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Abstract

Cardiac hypertrophy is an adaptive response of the heart to a variety of  mechanical, hemodynamic,
neurohumoral, and pathologic stimuli. Prolonged  pathophysiological load leads to development of
left ventricular hypertrophy and  ultimately to heart failure. The natriuretic peptides including the B-
type  natriuretic peptide (BNP) provide the physiological feedback mechanism to  suppress the load
signal. The aim of the present study was to evaluate the  cis elements within the BNP promoter that
mediate the  cardiac  load responses in vivo, and to study the involvement of  paracrine factors, such
as endothelin-1 (ET-1) and angiotensin II (Ang II) in  activating these transcription factors.

In this study, cardiac overload was produced by bilateral nephrectomy, and  infusions of arginine8-
vasopressin (AVP) or Ang II. In  isolated perfused rat heart, the direct wall stretch was achieved by
inflating  the left ventricular balloon. To identify the cis elements  within the BNP promoter that
mediate hemodynamic overload response, the approach  of DNA injection into the myocardium was
used. Mutation or deletion of proximal  BNP GATA sites abrogated the response to nephrectomy.
AVP-induced acute pressure  overload increased left ventricular BNP mRNA and peptide levels. In
gel mobility  shift assays, pressure overload produced rapid activation of transcription factor  GATA4
DNA binding, which was completely inhibited by the ET-1 receptor antagonist  bosentan. Both ET-
1 and Ang II receptor antagonism inhibited the wall  stretch-induced increases in left ventricular
GATA4 and AP-1 binding activities  in isolated perfused heart preparation. BNP promoter activity
and BNP mRNA and  peptide levels were regulated distinctly in chronic hemodynamic overload
produced  by Ang II.

In conclusion, GATA4 appears to be necessary and sufficient to confer  transcriptional activation
of BNP gene during hemodynamic stress in  vivo. ET-1 is a signaling molecule mediating the cardiac
response to  acute pressure overload in vivo. In isolated rat heart, Ang  II and ET-1 are required for
the stimulation of GATA4 and AP-1 binding activity  in response to direct left ventricular wall
stretch. Finally, posttranscriptional  mechanisms play an important role in the regulation of BNP gene
expression in  pressure overload produced by Ang II in vivo.
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1 Introduction 

Hemodynamic overload, a combination of mechanical, humoral and neural factors, plays a 
key role in the pathogenesis of cardiac disorders, including those arising from 
hypertension and congestive heart failure (CHF). Hemodynamic stress leads to cardiac 
hypertrophy and ultimately deterioration of cardiac contractile function, but the nuclear 
events that are activated by hemodynamic stress and initiate the hypertrophic genetic 
program are not known (for review, see Sugden & Clerk 1998). Both myocytes and 
nonmyocytes are direct biomechanical sensors of hemodynamic load. Growth signals are 
generated by the release of growth factors and cytokines, which lead to a regionally 
localized response. The factors that are implicated in this response include peptides that 
stimulate G protein-coupled receptors (GPCRs) such as endothelin-1 (ET-1) and 
angiotensin II (Ang II). The identification of factors involved in cardiogenesis and cardiac-
specific gene regulation is fundamental in order to understand the molecular mechanisms 
of heart growth and development (for review, see Srivastava 2001). Although numerous 
transcription factors are implicated in the activation of cardiac genes in response to 
hypertrophy, how hypertrophic signal transduction pathways are linked to changes in 
cardiac gene expression is not known.  

At the genetic level, hemodynamic overload is associated with rapid (within 1 hour) 
and transient upregulation of immediate-early genes that encode transcription factors (c-
fos, c-jun, and Egr-1). B-type natriuretic peptide (BNP) is also expressed at this early 
stage. BNP is a cardiac hormone that occurs predominantly in the ventricle, and synthesis 
and secretion of BNP are augmented in patients with CHF and in animal models of 
ventricular hypertrophy (Ogawa et al. 1995). In the medium term (12 to 24 hours), 
cardiomyocytes activate the fetal gene regulatory program with reexpression of genes for 
atrial natriuretic peptide (ANP), skeletal muscle α-actin, and β-myosin heavy chain (β-
MHC). Several of the genes upregulated during hypertrophy are controlled by the cardiac-
restricted zinc finger transcription factor GATA4, and recent work has shown that GATA 
binding sites appear to be required for activation of the β-MHC expression and Ang II 
type 1a (AT1a) receptor expression in response to pressure-overload hypertrophy in rats 
(Molkentin & Olson 1997, Hasegawa et al. 1997). Also binding on AT1a receptor and BNP 
GATA sites in extracts of hypertrophied but not control hearts was noted, suggesting that 
GATA binding activity is enhanced in the hypertrophied myocardium. The aim of this 
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work was to study the cellular mechanisms involved in activation of nuclear transcription 
factors during hemodynamic stress. The present work also focused on evaluating the cis 
acting elements within the BNP promoter that may be responsible for the activation of the 
BNP gene in response to mechanical stress.  
 



2 Review of the literature 

2.1  The cellular and molecular response of heart to cardiac overload 

Cardiac hypertrophy is an adaptive response of the heart to a variety of mechanical, 
hemodynamic, neurohumoral, and pathologic stimuli (for reviews, see Sadoshima & 
Izumo 1997, Hunter & Chien 1999). The heart responds to increased cardiac load by 
increasing muscle mass through the initiation of a hypertrophic response, which may be a 
consequence of alterations in specific signaling molecules and their downstream pathways 
in cardiac myocytes (for reviews, see Sugden & Clerk 1998, Lorell & Carabello 2000). 
Since cardiac myocytes become terminally differentiated soon after birth, increasing 
cardiac mass is due to hypertrophy of existing myocytes rather than hyperplasia of cells 
(for review, see Swynghedauw 1999). In addition to increase in cell size, accumulation of 
total protein, increased myofibrillar assembly, and the changes in the patterns of protein 
and gene expression are common features of cardiac hypertrophy (for reviews, see Sugden 
& Clerk 1998, Swynghedauw 1999). 

2.1.1  Cardiac load induced gene expression 

The transient induction of immediate-early genes such as c-fos, c-jun, Egr-1, and c-myc is 
one of the earliest detectable responses of growth stimuli in diverse cell types, including 
cardiac myocytes. Immediate early genes are characterized by their rapid and transient 
induction within minutes or hours of increased cardiac load, and thus are considered to be 
one of the major markers of load-induced hypertrophy. This transcriptional induction does 
not ordinarily require the synthesis of new or additional proteins, suggesting a regulatory 
role in the cellular response to external stimuli (for reviews, see Komuro & Yazaki 1993, 
Sadoshima & Izumo 1997). Applying stretch to cultured neonatal cardiac myocytes results 
in a rapid transcriptional activation of the c-fos proto-oncogene (Komuro et al. 1990, 
Sadoshima et al. 1992, Sadoshima & Izumo 1993a) as well as other immediate early 
genes c-jun, c-myc and Egr-1 (Sadoshima et al. 1992). In addition, stimulation of 
ventricular myocytes with ET-1 activates c-fos gene expression, followed by an increase in 
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cell size (Nakagawa et al. 1995). Rapid induction of c-fos expression is also documented 
in pressure-overloaded hearts created by aortic banding in vivo (Izumo et al. 1988, Ogino 
et al. 1999) and in wall stress-stimulated isolated adult rat hearts (Schunkert et al. 1991, 
Thienelt et al. 1997). BNP gene is also expressed at this early stage of hypertrophic 
process (Magga et al. 1994, Magga et al. 1997a). (Table 1). 

Following transcriptional activation of immediate-early genes, cardiac hypertrophy is 
associated with upregulation of the fetal genes, including ANP, skeletal α-actin, and β-
MHC. These so-called intermediate and late response genes are induced more slowly, 
within hours or days, and the gene expression is dependent on new protein synthesis (for 
reviews, see Komuro & Yazaki 1993, Sadoshima & Izumo 1997). ANP gene expression 
has been reported to be stimulated by several stimuli including growth factors, α-
adrenergic agonists, and mechanical stretch (for review, see de Bold et al. 1996). 
Expression of contractile protein gene skeletal α-actin has been shown to be activated 
within 2 days of pressure overload in vivo (Izumo et al. 1988) and in response to myocyte 
stretching in vitro (Komuro et al. 1991). Induction of β-MHC gene expression has been 
reported during hemodynamic overload due to aortic constriction (Hasegawa et al. 1997, 
Wright et al. 2001), and in cultured cardiac myocytes in response to mechanical stretch 
(Sadoshima et al. 1992).  

Table 1 Cardiac load-induced gene expression associated with cardiac hypertrophy 

Immediate-early genes  Intermediate response genes Late response genes 
c-fos ANP Cardiac α-actin 
c-jun β-MHC  
c-myc Skeletal α-actin  
Egr-1   
BNP   

2.1.2  Natriuretic peptides 

The mammalian natriuretic peptide system consists of three characterized peptide 
hormones, including ANP, BNP and C-type natriuretic peptide (CNP). The three peptides 
share a common 17 amino acid ring structure in which most of the amino acid residues are 
conserved (for reviews, see Ruskoaho 1992, Nakao et al. 1992, Yandle 1994, Levin et al. 
1998). In 1981, de Bold demonstrated that an extract of atrial muscle injected into rats 
induced a vigorous natriuresis, a decrease in arterial pressure and a rise in hematocrit (de 
Bold et al. 1981). Within a few years, ANP was purified and sequenced from atria (Flynn 
et al. 1983, Atlas et al. 1984, Seidman et al. 1984). In several studies, ANP gene 
expression is markedly enhanced in cardiac overload states associated with left ventricular 
hypertrophy (for reviews, see Ruskoaho 1992, Espiner 1994). 

In 1988, Sudoh and his collaborators discovered a peptide in porcine brain with similar 
biological properties and structural homology to ANP (Sudoh et al. 1988). Although it was 
named brain natriuretic peptide, several studies have shown it to be synthesized in and 
secreted by the heart, predominantly the ventricles (Mukoyama et al. 1991, Hosoda et al. 
1991a, Ogawa et al. 1991a) but also the atria (Hosoda et al. 1991a). Similarly to ANP, 
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BNP is a natriuretic and diuretic peptide hormone, which also has vasorelaxative effects. 
In 1990, CNP was isolated from porcine brain (Sudoh et al. 1990). CNP is produced 
mainly in brain and endothelial cells, and it functions as a neurotransmitter and paracrine 
hormone, inducing relaxation of vascular smooth muscle (for review, see Yandle 1994). A 
novel salmon cardiac peptide (sCP) shares structural and biological properties as well as 
its cardiac distribution with the mammalian natriuretic peptides, and is released from 
ventricles in response to mechanical load and ET-1 (Tervonen et al. 1998, Kokkonen et al. 
2000). A recent study has documented a discovery of a new synthetic vasoactive and 
natriuretic peptide, dendroaspis natriuretic peptide (DNP), which shares the common 
structure of other known members of the natriuretic peptide family (Lisy et al. 2001). 
Interestingly, on the basis of its beneficial cardiovascular, renal, and humoral properties in 
experimental severe CHF DNP may be used as a new intravenous agent for the treatment 
of decompensated disease (Lisy et al. 2001). 

In mammals, three natriuretic peptide receptors (NPRs) have been identified. NPRA 
and NPRB receptors have guanylate cyclase activity and mediate the biological activity of 
natriuretic peptides. The third receptor, NPRC does not have guanylate cyclase activity and 
appears to function largely as a clearance receptor (for review, see Nakao et al. 1992). 
Measuring binding affinity and production of cyclic guanosine monophosphate (cGMP) 
has assessed the selectivity of NPRs for each natriuretic peptide. ANP and BNP act 
through the NPRA receptor, while actions of CNP are mediated through the NPRB receptor. 
The rank order of potency for cGMP production via the NPRA receptor is ANP ≥ BNP >> 
CNP, whereas the rank order of selectivity for the NPRB receptor is CNP > ANP ≥ BNP. In 
addition, all three peptides are bound by the clearance receptor NPRC, the order of binding 
being ANP > CNP > BNP (for reviews, see Ruskoaho 1992, Yandle 1994). As yet, no 
specific receptor has been identified for BNP. NPRA–deficient mice have an increased 
hypertrophic response to pressure overload, suggesting that the NPRA system moderates 
the cardiac response to hypertrophic stimuli, independently of its role in blood pressure 
control (Knowles et al. 2001). 

2.1.3  BNP 

The BNP gene is organized into three exons and two introns (Seilhamer et al. 1989)(Fig. 
1). One characteristic feature of BNP is a conserved sequence consisting of repeat units of 
AUUUA in the 3’-UT region of BNP mRNA from various species, which is implicated in 
mRNA instability (Kojima et al. 1989, Nakao et al. 1992, Chen & Shyu 1995). The human 
BNP mRNA is translated into a 134 amino acid preproBNP precursor which after removal 
of a 26 amino acid signal peptide forms a 108 amino acid proBNP (for review, see Nakao 
et al. 1992). The processing sites in human proBNP occur immediately after Arg-x-x-Arg 
sequences for the BNP-32, a cleavage site specificity similar to that of the converting 
enzyme, furin (Sawada et al. 1997, for review, see Yandle 1994). The major storage form 
of BNP in the heart is cleaved mature peptide (Saito et al. 1989, Kambayashi et al. 1990, 
Ogawa et al. 1990). BNP appears to be released upon secretion in ventricular cells due to 
increases in ventricular pressure and volume, although granules containing both ANP and 
BNP have been described (Nakamura et al. 1991). The sequence variability of BNP 
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between species is large, and the predominant circulating forms of BNP are 26, 45 and 32 
amino acid peptides in pigs, rats and humans, respectively (for review, see Nakao et al. 
1992). The prior mapping study has indicated that the BNP gene is located on mouse 
chromosome 4. Using human-rodent somatic hybrid cell lines, the BNP gene was assigned 
to human chromosome 1, on which the ANP gene is also localized (Ogawa et al. 1995). 

Fig. 1. Structure of the human BNP gene and the biosynthetic pathway through the mature 
peptide (modified from Nakao et al. 1992). Gray areas represent the region coding for the 
signal peptide or the signal peptide itself. Solid black areas represent the region that 
constitutes the 108 amino acid proBNP, which is processed into a conserved amino-terminal 
sequence for BNP and the biologically active 32 amino acid peptide.   

2.1.3.1 BNP gene expression in loaded heart 

BNP gene expression is upregulated following exposure to a variety of hypertrophy-
promoting biochemical and physical stimuli that trigger increases in cell size and protein 
synthesis, reactivate a program of fetal gene expression and reorganize sarcomeric 
structure of myocytes (for reviews, see Ruskoaho 1992, Nicholls 1994). Ventricular levels 
of BNP mRNA are substantially increased in response to chronic cardiac overload in the 
human heart (Hosoda et al. 1991a, Takahashi et al. 1992, Hasegawa et al. 1993). 
Similarly, transcription of the BNP gene and BNP peptide levels in the ventricles are 
increased in several experimental models of hemodynamic stress in vivo, including 
pressure overload in rat (Ogawa et al. 1991a, Dagnino et al. 1992, Roy et al. 1992, Kohno 
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et al. 1992, Magga et al. 1994, Ogawa et al. 1996, Magga et al. 1997a), and myocardial 
infarction produced by coronary artery ligation in rat (Hama et al. 1995, Gidh-Jain et al. 
1998) and in mouse (He et al. 2001). Enhanced expression of BNP gene is also observed 
in pacing-induced canine heart (Luchner et al. 1998), and in rats with pathological 
pulmonary hypertension or aortocaval shunt (Ueno et al. 1999, Langenickel et al. 2000). 
Mechanical stretch stimulates BNP gene expression in isolated perfused rat heart 
preparation in vitro (Mäntymaa et al. 1993, Kinnunen et al. 1993a, Magga et al. 1997b, 
Magga et al. 1997a, Bruneau et al. 1997) consistent with the finding that myocyte stretch 
is the predominant stimulus controlling the secretion of BNP from the heart. However, 
these results are controversial regarding ventricular BNP gene expression during cardiac 
overload since several studies implicate unchanged left ventricular BNP mRNA levels in 
heart failure and hypertension (Yokota et al. 1995, Marttila et al. 1999, de Boer et al. 
2001, Hystad et al. 2001).  

BNP mRNA contains several AU-rich elements in the 3’-untranslated region that may 
be involved in the translation-dependent mRNA degradation (Kojima et al. 1989, Chen & 
Shyu 1995), suggesting that the unchanged BNP mRNA levels observed in some 
experimental models of cardiac load may be explained by decreased mRNA stabilization. 
In perfused rat heart, transcriptional inhibitor actinomycin D completely inhibited the 
stretch-induced rapid increase in atrial BNP mRNA levels, whereas inhibition of protein 
synthesis by cycloheximide had no effect on right atrial BNP gene expression (Magga et 
al. 1997b). The stretch-induced increases in right atrial BNP mRNA and peptide levels 
were prevented by protein kinase C (PKC) inhibitor (Magga et al. 1997b), and activators 
of PKC and mitogen-activated protein kinases (MAPKs) enhanced BNP transcript 
stability in cell culture models of myocyte hypertrophy (LaPointe & Sitkins 1993, 
Hanford & Glembotski 1996). These in vitro results suggest that the induction of BNP 
gene expression in response to cardiac overload could result from transcriptional and/or 
post-transcriptional mechanisms.  

Whether wall stress acts directly or through local autocrine/paracrine factors to 
increase BNP gene expression is not fully understood. In cell culture, BNP gene 
expression is induced in response to ET-1, phenylephrine (PHE), and mechanical stretch 
(Hanford et al. 1994, Nakagawa et al. 1995, Harada et al. 1997, Liang et al. 1997, Harada 
et al. 1998a, Liang & Gardner 1998, Liang et al. 2000a). Mechanical stretch-stimulated 
human BNP promoter activity has been shown to result from a combination of direct 
effects on cardiac myocytes and indirect effects mediated by soluble activators such as 
Ang II and secondarily ET-1 released into extracellular compartment (Liang & Gardner 
1998). In agreement with these findings, mechanical stretch-stimulated production of BNP 
is fully suppressed by ETA or AT1 receptor antagonists in cultured myocytes, suggesting 
that ET-1 and Ang II may be involved in the upregulation of ventricular BNP secretion 
during cardiac load in vitro (Harada et al. 1998a). However, ET-1 receptor antagonism 
failed to block the left ventricular increase of the BNP mRNA levels produced by pressure 
overload in vivo (Magga et al. 1997a). The precise functional significance of activation of 
the BNP gene during hemodynamic overload has not been defined. However, a recent 
report has established BNP as a cardiomyocyte-derived antifibrotic factor, since multifocal 
fibrotic lesions were detected in mice with targeted disruption of BNP, but not in wild-
type littermates after aortic constriction-induced pressure overload (Tamura et al. 2000).  
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In numerous human studies, raised plasma peptide levels of BNP have been observed in 
conditions associated with cardiac pressure and volume overload. In patients with CHF 
the plasma peptide level of BNP has been documented to increase with the severity of 
CHF (Mukoyama et al. 1991) similarly to patients with suspected cardiac disease 
according to echocardiographic examinations (Yamamoto et al. 1996). It appears that high 
plasma levels of BNP could be an important prognostic predictor in chronic CHF patients 
(Tsutamoto et al. 1997), and could be used as a method of screening for left ventricular 
dysfunction in the general population, especially in high-risk individuals (Cowie et al. 
1997, McDonagh et al. 1998, Richards et al. 1998, Nagaya et al. 2000). Drug treatment of 
established heart failure guided by plasma concentrations of BNP has been reported to 
reduce cardiovascular events compared with clinically guided treatment by the same range 
of therapies (Troughton et al. 2000), suggesting that follow-up of plasma level of BNP 
could benefit patients at high risk of cardiovascular events. 

2.1.4  Paracrine factors 

At the cellular level, cardiac hypertrophy is proposed to develop in response to a 
combination of mechanical and neurohumoral stimuli. It has not been clearly established 
whether mechanical stretch acts directly or via local paracrine and autocrine factors in 
hemodynamic stress-induced hypertrophic process. Mechanical stretch has been shown to 
stimulate production and/or secretion of growth-promoting factors that may mediate 
hemodynamic stress-induced growth responses in cardiac myocytes. Particularly Ang II 
and ET-1 represent potential candidates that convert the extracellular hypertrophic stimuli 
into intracellular events that lead to hypertrophic growth of the heart (Fig. 2).  
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Fig. 2. A putative model of cardiac overload induced factors in the heart. Ang II, angiotensin 
II; AT1, angiotensin II receptor subtype; ETA, endothelin receptor subtype; ET-1, endothelin-
1; GPCRs, G-protein coupled receptors. 

2.1.4.1 Angiotensin II 

The renin-angiotensin system (RAS) plays an important role in regulating blood pressure 
and fluid homeostasis. Although the RAS is an endocrine system, there is emerging 
evidence for the existence of an independent local renin-angiotensin system in the heart 
(for reviews, see Lindpaintner & Ganten 1991, Dostal & Baker 1999). All components of 
RAS including renin, angiotensinogen, angiotensin-converting enzyme (ACE), 
angiotensin I (Ang I), Ang II and Ang II receptors have been documented in the heart (for 
reviews, see Lindpaintner & Ganten 1991, Dostal & Baker 1999). The octapeptide Ang II, 
a hormone and neurotransmitter, is the active product of the RAS. Ang II is a potent 
vasoconstrictor, and affects cardiac function through interaction with cardiovascular 
regulatory sites in the brain, stimulation of aldosterone production by the adrenal gland, 
and by modulation of sympathetic tone (for review, see Morgan & Baker 1991). Ang II 
also induces positive chronotropic and inotropic effects on cardiac muscle, as well as the 
alteration of cardiac metabolism (for review, see Kim & Iwao 2000). Ang II plays an 
important role in cardiac and vascular pathology associated with hypertension, coronary 
heart disease, and CHF (for reviews, see Dostal et al. 1997, Dostal & Baker 1999, Kim & 
Iwao 2000).  

A pharmacological approach using various Ang II receptor antagonists first confirmed 
the existence of two subtypes of receptors, Ang II types 1 (AT1) and 2 (AT2) (Chiu et al. 
1989). The AT1 receptor was cloned in 1991 (Sasaki et al. 1991), and it consists of two 
subtypes, AT1a and AT1b, in rats and mice. The AT1 receptor is distributed in various adult 
tissues, including heart (for review, see Kim & Iwao 2000). Previous studies have revealed 
evidence that the molecular and cellular actions of Ang II in cardiovascular and renal 
diseases are almost exclusively mediated by the AT1 receptor (Sadoshima & Izumo 1993b, 
Kojima et al. 1994, Bruckschlegel et al. 1995, Yamazaki et al. 1995a, Schunkert et al. 
1995, Yoshiyama et al. 1999, Mazzolai et al. 2000, Paradis et al. 2000), although both AT1 
and AT2 receptors are upregulated in cardiac hypertrophy (Suzuki et al. 1993, Lopez et al. 
1994, Lee et al. 1996).  

Several studies suggest the role of Ang II as a primary modulator involved in cardiac 
remodeling and pathological hypertrophy. Mechanical stretch causes a rapid secretion of 
Ang II (Sadoshima et al. 1993, Yamazaki et al. 1995a) and upregulates the components of 
RAS (Schunkert et al. 1990, Malhotra et al. 1999) in cultured cardiac myocytes, 
supporting the evidence of local RAS. Similarly, infusion of Ang II induces growth 
responses in isolated adult rat hearts, separately from the systemic effects of Ang II 
(Schunkert et al. 1995). BNP gene expression is stimulated by Ang II in isometrically 
contracting muscle preparations from human right atria and left ventricle (Wiese et al. 
2000), providing evidence for the autocrine/paracrine contribution to BNP gene 
expression. The observation that locally produced Ang II increases ET-1 production which 
may then result in transcriptional activation and increased expression of BNP gene 
(Harada et al. 1998a) is consistent with a role for paracrine factors in regulation of the 
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BNP gene. In vivo, Ang II induces classical features of cardiac hypertrophy, remodeling, 
and failure via AT1 receptor in transgenic mice overexpressing the human AT1 receptor 
(Paradis et al. 2000) or both human angiotensinogen and renin genes (Luft et al. 1999). In 
several studies, left ventricular hypertrophy is prevented by blockade of AT1 receptor alone 
(Sadoshima & Izumo 1993b, Kojima et al. 1994, Schunkert et al. 1995) or with 
simultaneous inhibition of angiotensin-converting enzyme (Bruckschlegel et al. 1995, 
Yoshiyama et al. 1999, Mazzolai et al. 2000). Controversially, mechanical stretch in vitro 
(Kudoh et al. 1998) and pressure overload due to aortic constriction in vivo (Harada et al. 
1998b, Hamawaki et al. 1998) evoke hypertrophic responses in AT1a knockout mice 
without AT1 signaling pathway. Also in fetal sheep the blockade of AT1 receptor did not 
prevent pressure overload-induced right ventricular hypertrophy (Segar et al. 1997) 
suggesting that blockade of the RAS may have little or no effect on the load-induced 
cardiac growth early during fetal development. Although most studies support the role of 
AT1 as a principal mediator of Ang II-related actions in heart, a recent report has indicated 
that pressure overload-induced left ventricular hypertrophy is prevented by the targeted 
deletion of AT2 receptor in mice, while cardiac contractile functions remained normal 
(Senbonmatsu et al. 2000). Also, targeted disruption of AT2 receptor gene abolished left 
ventricular hypertrophy and cardiac fibrosis in chronic Ang II-induced hypertension 
(Ichihara et al. 2001) suggesting the possible role for AT2 receptor in hypertrophic 
response in vivo.  

2.1.4.2 Endothelin-1 

Vascular endothelium generates a peptide substance with long-acting vasoconstrictor 
action (Hickey et al. 1985). After isolation from cultured porcine aortic endothelial cells, 
this peptide was sequenced and named endothelin (ET) (Yanagisawa et al. 1988). Three 
isopeptides of ET have been identified, each containing 21 amino acid residues, and 
named ET-1, ET-2 and ET-3 (Inoue et al. 1989). Endothelial cells are the principal sites of 
generation of ET-1 (Inoue et al. 1989), but it is also produced by cardiac myocytes, 
kidney, central nervous system and human aortic vascular smooth muscle cells (Ito et al. 
1993, Yamazaki et al. 1996, for review, see Giannessi et al. 2001). ET-1 has various 
biological effects: it is the most potent vasoconstrictive substance identified so far among 
biological factors, it has positive inotropic and chronotropic effects, presents mitogenic 
features, influences homeostasis of salt and water, and stimulates the renin-aldosterone 
and sympathetic nervous systems (for reviews, see Ito 1997, Miyauchi & Masaki 1999, 
Giannessi et al. 2001).  

ET-1 is involved in cardiac remodeling (Colucci 1997) mainly due to its functions as a 
growth factor in a variety of cells (Suzuki et al. 1990, Shubeita et al. 1990, Ito et al. 
1991). Increased levels of BNP mRNA and activation of human BNP promoter by ET-1 
are documented in vitro (Nakagawa et al. 1995, He & LaPointe 2001). ET-1 stimulation 
induces BNP secretion and mRNA levels also in isolated rat atria (Bruneau & de Bold 
1994, Bruneau et al. 1997), suggesting that autocrine/paracrine factors contribute to 
activation of the BNP gene. The production of ET-1 in the heart is increased under 
pathophysiological conditions, such as hypertrophy due to pressure overload in vivo 
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(Miyauchi et al. 1993, Yorikane et al. 1993, Ito et al. 1994, Kaddoura et al. 1996, Ueno et 
al. 1999, Schunkert et al. 1999, Rothermund et al. 2000), suggesting a functional role of 
endogenous cardiac production of ET-1 in mechanical load-induced cardiac gene 
expression. Activation of the cardiac ET-1 system is also documented in CHF caused by 
myocardial infarction in rats (Sakai et al. 1996a, Sakai et al. 1996b, Kobayashi et al. 
1999) and in patients with dilated cardiomyopathy (Zolk et al. 1999).  

Endothelial cells contain stores of ET-1 (McClellan et al. 1994, Macarthur et al. 1994), 
which can be released rapidly in response to mechanical stretch of cultured endothelial 
cells (Macarthur et al. 1994) or cardiac myocytes (Yamazaki et al. 1996). Increased 
plasma levels of ET-1 have been noted in different pathological conditions, such as heart 
failure in both man (Berger et al. 2001) and rat (Mulder et al. 2000, Kim et al. 2001). 
Plasma levels of ET-1, due to correlation with indicators of left ventricular function, have 
been suggested as a marker of heart failure (Monge 1998). However, ET-1 acts principally 
as an autocrine/paracrine substance, rather than a circulating endocrine hormone, since its 
circulating concentrations are lower than those that cause vascular contraction in vitro and 
in vivo (for reviews, see Ito 1997, Giannessi et al. 2001). 

 The biological actions of ET-1 are mediated by ETA and ETB receptor subtypes (Arai 
et al. 1990, Sakurai et al. 1990). mRNA for the ETA receptor is mainly expressed in 
smooth muscle cells and cardiac myocytes, but not in endothelial cells, and it mediates the 
vasoconstrictor action of ET-1 (Hosoda et al. 1991b). ETB receptor mRNA is expressed in 
endothelial cells, where it mediates vasodilatation, and in some vascular smooth muscle 
cells (Ogawa et al. 1991b), where it mediates vasoconstriction. The action of ET-1 as a 
mediator of cardiac hypertrophy and failure has been suggested to be mediated through 
the ETA receptor subtype (Ito et al. 1994, Schunkert et al. 1999, Zolk et al. 1999, 
Rothermund et al. 2000, Berger et al. 2001). In agreement with this, ETA receptor 
antagonists effectively inhibit the hypertrophic response due to pressure overload in vivo 
(Ito et al. 1994, Ichikawa et al. 1996). However, previous studies have also indicated that 
both ETA and ETB receptor systems are accelerated in the failing heart due to myocardial 
infarction (Kobayashi et al. 1999) and in pathological pulmonary hypertension in vivo 
(Ueno et al. 1999). In rat cardiac myocytes, Ang II produces upregulation of the ETB 
receptor mRNA levels (Kanno et al. 1993) which has been shown to be involved in 
mediating vasoconstriction and to participate in the development of cardiac fibrosis 
(Cannan et al. 1996, Docherty & MacLean 1998, Picard et al. 1998). The long-term 
outcome of either ETA or ETB receptor antagonists in the treatment of chronic heart failure 
remains to be determined. Interestingly, a recent study demonstrates an improvement in 
hemodynamic function in a pig model of CHF in response to combined ETA/ETB and AT1 
receptor blockade (New et al. 2000), suggesting the usefulness of a combinatory 
therapeutic approach in heart failure.    

2.1.4.3 Others 

Among other growth-promoting factors, catecholamines are of particular interest since 
they are involved in various physiological and pathophysiological processess in the 
cardiovascular system (for reviews, see Castellano & Bohm 1997, Zimmer 1997, 
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Swynghedauw 1999). Catecholamines have positive inotropic and chronotropic actions in 
the heart, and they also stimulate cardiac metabolism (for review, see Castellano & Bohm 
1997). β-adrenergic stimulation is linked to cyclic adenosine monophosphate (cAMP) as a 
second messenger system, while inositol-1,4,5-triphosphate (IP3) and diacylglycerol 
(DAG) mediate α-adrenergic signaling (for review, see Molkentin & Dorn 2001). 
Stimulation of both α- and β-adrenergic receptors induces cardiac hypertrophy in vitro 
and in vivo (Yamazaki et al. 1997, Zimmer 1997). Isoproterenol-induced increase in 
cardiac protein synthesis is completely inhibited by β-receptor blockade with propranolol 
(Zimmer 1997). Combination of α-adrenergic receptor agonist norepinephrine with 
pressure or volume overload imposed on the isolated perfused rat heart induces earlier, 
more pronounced, and longer lasting expression of the proto-oncogenes c-fos and c-myc 
than either stimuli alone, suggesting the cumulative effect of these hypertrophic stimuli 
(Zimmer 1997). Another α-adrenergic receptor agonist, PHE, activates BNP gene 
expression (Hanford et al. 1994, Magga et al. 1994), and affects the stabilization of BNP 
mRNA via both MAPK and PKC mediated signaling pathways (Hanford & Glembotski 
1996). According to a recent study, activation of the sympathetic nervous system appears 
to underlie the progression and maintenance of cardiac hypertrophy in response to 
pressure overload, while activation of RAS may be involved in initiating development of 
hypertrophy and sympathetic activation (Akers et al. 2000). Similarly to β-adrenergic 
receptors, the cholinergic muscarinic acetylcholine receptors are coupled to Gαi which 
inhibits adenylyl cyclase (AC) activity (for review, see Molkentin & Dorn 2001). Opposite 
to β-adrenergic stimulation, activation of muscarinic acetylcholine receptors by 
parasympathetic substances has negative inotropic and chronotropic actions in the heart.  

Growing evidence suggests that cardiac nonmyocytes (fibroblasts and endothelial 
cells) may have an important regulatory role in cardiac overload via altered expression of 
paracrine products, such as cytokines and growth factors (Long et al. 1991, Long et al. 
1993, Yamazaki et al. 1995b, for reviews, see Hunter & Chien 1999, Swynghedauw 1999). 
Ang II and transforming growth factor β1 (TGF-β1) failed to stimulate hypertrophy in 
cultured cardiac myocytes but evoked hypertrophy in the co-culture containing both 
myocytes and nonmyocytes. The actions of Ang II and TGF-β1 are associated with the 
potentiation of ET-1 production, and increased secretion of ANP and BNP that is 
suppressed by pretreatment of ETA receptor antagonism (Harada et al. 1997). In 
agreement with these results, Ang II stimulates hypertrophic response via paracrine 
release of TGF-β1 and ET-1 from cardiac fibroblasts in co-culture of neonatal rat cardiac 
myocytes and fibroblasts (Gray et al. 1998). mRNA expression of other growth factors 
including platelet derived growth factor (PDGF), basic fibroblast growth factor (bFGF), 
and insulin-like growth factor (IGF) is also upregulated by Ang II in the heart and vascular 
smooth muscle (for review, see Sadoshima & Izumo 1997). Release of bFGF has been 
shown to play a critical role in pacing-induced cardiac hypertrophy in isolated adult rat 
ventricular myocytes (Kaye et al. 1996). 

Increased plasma levels and local myocardial production of several postinflammatory 
cytokines, including interleukin (IL)-1β, IL-6, IL-8, and tumor necrosis factor-α (TNF-α), 
have been shown in patients after acute myocardial infarction (Latini et al. 1994, Guillen 
et al. 1995, Neumann et al. 1995). The cytokines regulate cardiac myocyte growth, 
contractile protein synthesis, fibroblast proliferation, and extracellular matrix gene 
expression (for reviews, see Booz & Baker 1995, Long 2001), suggesting a modulator role 
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in the postmyocardial infarction remodeling process. mRNA levels of IL-6, TNF-α, IL-1β, 
TGF-β1, and TGF-β3 are enhanced postinfarction in rat cardiac nonmyocytes prior to 
increase in myocyte size (Yue et al. 1998). IL-1β and TGF-β1 are known hypertrophic 
stimuli to myocytes (MacLellan et al. 1993, Palmer et al. 1995) and cardiac expression of 
TGF-β1 and TGF-β3 mRNA is increased in rats with pressure overload hypertrophy 
(Calderone et al. 1995). Recently, a new member of the IL-6 family named cardiotrophin-
1 (CT-1) has been identified by its ability to induce hypertrophic response in cardiac 
myocytes. In addition, anti-CT-1 antibodies have been demonstrated to inhibit the 
increased BNP secretion and protein synthesis during hypertrophy, suggesting a possible 
role for CT-1 as an important local regulator in the hypertrophic process (Kuwahara et al. 
1999).  

2.1.5  Signal transduction pathways  

Several studies have implicated that numerous signaling pathways including intracellular 
calcium, PKC, nonreceptor protein tyrosin kinases (NRPTKs) and calcineurin may be 
involved in the initiation and maintenance of myocyte hypertrophy (for reviews, see 
Sugden & Clerk 1998, Hunter & Chien 1999). Activation of any of the three MAPKs can 
also modulate the transcriptional changes in response to a variety of hypertrophic stimuli 
in cardiac myocytes (Zechner et al. 1997, for reviews, see Sugden & Clerk 1998, Hunter 
& Chien 1999, Molkentin & Dorn II 2001, Silberbach & Roberts, Jr. 2001). Although the 
use of mouse genetics and highly specific inhibitor strategies have provided a valuable 
mean to evaluate signaling pathways in an intact animal, until now the majority of 
characterized signal transduction pathways have been identified in cultured myocytes (Fig. 
3). 
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Fig. 3. A schematic overview of signaling pathways potentially involved in mechanical load-
induced BNP gene expression. AC, adenylyl cyclase; Ang II, angiotensin II; CaM, calmodulin; 
CaMK, calcium-calmodulin kinase; cAMP, cyclic adenosine monophosphate; DAG, 
diacylglycerol; ERK, extracellular signal regulated kinase; ET-1, endothelin-1; GPCRs, G-
protein-coupled receptors; IP3, inositol 3-phosphate, JNK, c-Jun N-terminal kinase; MKK, 
mitogen activated protein kinase kinase; NaCaX, Na+-Ca2+ exchanger; NRPTK, non-receptor 
protein tyrosine kinase; p38, p38 mitogen-activated kinase; PKA, protein kinase A; PKC, 
protein kinase C; PLC, phospholipase C; SAC, stretch-activated ion channel.  

2.1.5.1 Mechanotransduction 

Although numerous studies have provided new data on intracellular signaling pathways 
involved in cardiac load response, little is known about the mechanisms that convert the 
mechanical stress stimuli into intracellular signals regulating cardiac gene expression 
(Sugden 2001). Extracellular matrix (ECM) provides a structural, chemical, and 
mechanical substrate that has proved to be essential in cardiac development, growth, and 
responses to pathophysiological signals. Transmembrane receptors termed integrins 
provide an interaction of environmental cues and intracellular events (for review, see 
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Giancotti & Ruoslahti 1999). Integrins have several functions in the heart, including the 
regulation of cellular phenotype in the developing and postnatal myocardium, adhesion, 
and migration. However, the most intriguing role of integrins in the heart is their potential 
ability to serve as mechanotransducers during normal development as well as in response 
to physiological and pathophysiological signals (for review, see Clark & Brugge 1995). 
Adenovirus-mediated overexpression of β1-integrin induces the myocyte hypertrophic 
response when assessed by protein synthesis and ANP production (Ross et al. 1998), and 
expression of β1-integrin is increased by adrenergic receptor stimulation in ventricular 
myocytes (Pham et al. 2000). Pressure overload of the cat left ventricle due to pulmonary 
artery banding in vivo results in increased association of β3-integrin to cytoskeleton 
associated with activation of several downstream signaling molecules (Kuppuswamy et al. 
1997, Laser et al. 2000). Since integrins themselves do not possess enzymatic activity, 
they trigger downstream molecules such as NRPTKs or small GTPases to signal (for 
review, see Clark & Brugge 1995). Consistently, prevention of the interaction between 
integrins and ECM by antibodies or integrin-binding peptides inhibits mechanical stretch-
induced activation of MAPKs and transcription of BNP in cardiac myocytes (Liang et al. 
2000a), suggesting that integrin ligation and signaling are involved in the cardiac 
hypertrophic response pathway. 

Mechanical stretch-activated ion channels also act as primary sensors in 
mechanotransductory processes, and are coupled to stretch-activated expression of BNP 
gene (for review, see Tavi et al. 2001). Inhibition of Ca2+-influx through voltage-gated 
Ca2+-channels blocks mechanical stretch induced increase in BNP mRNA levels in 
isolated rat atrium (Laine et al. 1996). The electrogenic Na+-Ca2+ exchanger (NaCaX) 
mediates a substantial component of transmembrane Ca2+ movement in cardiac myocytes. 
Transcript and protein levels of NaCaX were increased in mice with thoracic aortic 
banding produced pressure overload, whereas exchanger current density was decreased 
(Wang et al. 2001). Inhibition of calcium/calmodulin-dependent phosphatase calcineurin 
with cyclosporin blunted the increase in NaCaX gene expression, and eliminated the 
down-regulation of the NaCaX current and enhanced cardiac mass and enlargement of the 
myocytes (Wang et al. 2001). These data suggest that the NaCaX current plays a role in 
the electrical remodeling of hypertrophy and implicate the involvement of calcineurin 
signaling in this hypertrophic process.  

2.1.5.2 G-proteins 

Heptahelical transmembrane G-protein coupled receptors (GPCRs) signal through the 
heterotrimeric G-proteins α, β, and γ. Binding of α-adrenergic agonists, Ang II and ET-1 
to Gαq-subunit activates phospholipase C (PLC) and leads to the production of DAG and 
IP3. DAG binds to PKC to stimulate Ras and MAPK signaling pathways, whereas IP3 
causes release of Ca2+ from internal stores, leading to activation of various Ca2+-dependent 
signaling pathways (for reviews, see Sugden & Clerk 1998, Force et al. 1999). Activation 
of Gαq-mediated signaling pathway is necessary and sufficient to cause hypertrophy both 
in vitro and in vivo (LaMorte et al. 1994, D'Angelo et al. 1997, Adams et al. 1998). In 
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agreement with these findings, inhibition of Gαq but not Gβγ-mediated signaling 
attenuates the hypertropic response after aortic constriction in mice (Esposito et al. 2001). 

Agonist binding to β1-adrenergic receptors causes dissociation of the Gαs-subunit, and 
activation of AC (for reviews, see Sugden & Clerk 1998, Force et al. 1999). AC is a 
membrane-bound enzyme that catalyzes the conversion of adenosine triphosphate to 
cAMP, which increases myocardial contractility, in part, via a protein kinase A (PKA)-
dependent signaling pathway. PKA phosphorylates downstream targets including the L-
type calcium channel and phospholamban (for reviews, see Sugden & Clerk 1998, Force 
et al. 1999). The β-adrenergic-receptor pathway is a critical point of control for cardiac 
contractility in both normal and failing hearts (Milano et al. 1994, Engelhardt et al. 1999, 
for review, see Hunter & Chien 1999). The β-adrenergic-receptor agonist isoproterenol 
stimulates the human BNP promoter that is inhibited by simultaneous inactivation of Gαi 
(He et al. 2000). In contrast, the PKA inhibitor H-89 failed to block the activation of the 
human BNP promoter by cAMP and isoproterenol, suggesting that β-adrenergic regulation 
of the BNP gene is PKA-independent and involves a Gαi-activated pathway (He et al. 
2000).  

2.1.5.3 Intracellular Ca2+ 

Mechanical load increases the intracellular Ca2+ contents by activating the NaCaX. 
Additionally, activation of the IP3 receptor may increase the release of Ca2+ from the 
sarcoplasmic reticulum (for review, see Tavi et al. 2001). Intracellular Ca2+ binding protein 
calmodulin (CaM) is involved in several Ca2+-dependent signaling cascades. Transgenic 
mice overexpressing CaM promote hypertrophy, and the hypertrophic effects are inhibited 
by the CaM antagonism (Gruver et al. 1993, Sei et al. 1991). ET-1 induced expression of 
hypertrophic gene program is suppressed by pretreatment with the calmodulin inhibitor, 
the Ca2+-CaM-dependent kinase (CaMK) inhibitor, the calcineurin inhibitor, and by 
overexpression of dominant-negative mutants of CaMK and calcineurin (Zhu et al. 2000). 
Ca2+-CaM is involved in the intracellular Ca2+ signaling pathways by regulating the Ca2+-
CaM-dependent phosphatase calcineurin (for review, see Rao et al. 1997). Activation of 
calcineurin is demonstrated in response to mechanical load, and transgenic mice 
expressing activated forms of calcineurin develop hypertrophy (Molkentin et al. 1998, 
Shimoyama et al. 1999, Lim et al. 2000). However, results from experiments using 
calcineurin inhibitors are contradictory regarding the importance of calcineurin in the 
development of cardiac hypertrophy (Luo et al. 1998, Molkentin et al. 1998, Ding et al. 
1999, Zhang et al. 1999). Since several pharmacologic approaches have rendered such 
equivocal results, recent studies show that targeted inhibition of calcineurin in transgenic 
mice attenuates hypertrophy in vivo (De Windt et al. 2001, Rothermel et al. 2001, Zou et 
al. 2001a). Inhibition of calcineurin activity by adenoviral-mediated gene transfer also 
reduces pressure overload-evoked hypertrophic response in mice (De Windt et al. 2001). 
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2.1.5.4 Protein kinase C 

The PKC isoforms constitute a family of ubiquitous Ser/Thr kinases that are activated in 
response to agonist binding to GPCRs (for reviews, see Nishizuka 1986, Sugden & Clerk 
1998). The PKC family consists of several isoenzymes that are encoded by different 
genes. Based on enzymatic properties, PKC isoforms are classified as being conventional 
(cPKC) or calcium dependent; novel (nPKC) or calcium independent; and atypical 
(aPKC), which are activated by lipids other than DAG (for review, see Nishizuka 1986).  

Load-related PLC stimulation recruits the PKC signaling cascade, and the enzymatic 
activity of PKC increases in response to acute or chronic pressure overload (Gu & Bishop 
1994, Schunkert et al. 1995). PKC activating factors, such as phorbol esters, mimic the 
hypertrophic actions of GPCR agonists (Dunnmon et al. 1990) and increase BNP mRNA 
and peptide levels in rat ventricular myocytes (LaPointe & Sitkins 1993), suggesting the 
involvement of PKC in the regulation of BNP gene expression. Consistently, transfection 
of constitutively activated PKC isoforms into cardiac myocytes activates the expression of 
a variety of hypertrophic response genes including BNP (Kariya et al. 1991, Shubeita et 
al. 1992, Decock et al. 1994, Thuerauf & Glembotski 1997), and inhibition of PKC by 
chelerythrine blocks the stretch-induced activation of BNP gene expression in isolated 
perfused rat heart (Magga et al. 1997b). PKC may function as an agonist-mediated 
regulator of BNP mRNA stabilization, and MAPKs may be involved in the process 
(Hanford & Glembotski 1996). PKC has been shown to stimulate MAPK pathways 
(Kudoh et al. 1997, Clerk et al. 1998), and activation of extracellular signal regulated 
kinase (ERK) is suppressed by PKC inhibitor in cardiac myocytes (Liang et al. 1997). 
Overexpression of PKC leads to hypertrophic cardiomyopathy in transgenic mice 
(Bowman et al. 1997, Wakasaki et al. 1997), while controversial results from mice with 
targeted disruption of PKC-β gene reported pressure overload-induced hypertrophy and 
increased ANP mRNA levels despite the lack of PKC (Roman et al. 2001). The 
heterogeneity of PKC isoform expression and differences in PKC isoform regulation and 
activation have, however, complicated attempts to define precisely the role of PKC in 
hypertrophic responses. 

2.1.5.5 Mitogen-activated protein kinases 

The MAPK family of protein Ser/Thr kinases consists of at least three subfamilies: the 
p38-MAPKs, the c-Jun N-terminal kinases (JNKs), which are also known as the stress-
activated protein kinases (SAPKs), and the ERKs (for reviews, see Sugden & Clerk 1998, 
Molkentin & Dorn II 2001). Two MAPK kinases (MKKs), MKK3 and MKK6, are direct 
upstream regulators of p38 MAPKs. Similarly, JNKs are activated by MKK4 and MKK7, 
whereas MKK1 and MKK2 are the major upstream activators of ERKs (for review, see 
Garrington & Johnson 1999). 

ET-1, Ang II, and mechanical stretch of cultured cardiac myocytes activate the MAPK 
subfamilies (Sadoshima & Izumo 1993a, Yamazaki et al. 1995c, Komuro et al. 1996, 
Kudoh et al. 1997, Choukroun et al. 1998, Clerk et al. 1998, Liang & Gardner 1999). 
Overexpression of p38 MAPK and, to a lesser extent, JNK increased stretch-dependent 
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BNP promoter activity, whereas dominant-negative mutants of p38 MAPK and JNK 
kinases and pharmacologic inhibition of p38 MAPK completely blocked stretch-
dependent (Liang et al. 1997, Liang & Gardner 1999) and ET-1-induced (Liang et al. 
2000b) BNP reporter activity in vitro. Indeed, p38 MAPK has been documented to 
account for 50 % of the human BNP promoter strain response in neonatal rat ventricular 
myocytes (Liang & Gardner 1999), suggesting that the p38 MAPK pathway is likely to 
have a crucial role in signaling cascade leading to activation of the BNP gene. In 
agreement with these findings, both the p38 kinase inhibitor SB205380 and cotransfection 
of a dominant-negative mutant of p38 suppress the cytokine IL-1β stimulated BNP 
promoter activity in cardiac myocytes (He & LaPointe 1999). To support the role of p38 
MAPK in the hypertrophic process, previous in vivo studies have shown activation of p38 
MAPK in pressure overload hypertrophy due to aortic banding in mice (Wang et al. 1998) 
and in failing human hearts in patients with advanced coronary artery disease (Cook et al. 
1999). In contrast, other reports have demonstrated that p38 inhibition may not be 
sufficient to attenuate agonist-induced hypertrophy (Choukroun et al. 1998, Hines et al. 
1999), suggesting that additional signaling pathways may be involved in governing the 
hypertrophic response. 

The adenovirus-mediated gene transfer of a dominant-negative MKK4, an upstream 
activator of JNKs, significantly suppresses the hypertrophic response both in vitro and in 
vivo (Choukroun et al. 1999), implicating JNKs as necessary regulators of cardiac 
hypertrophy. However, these results are controversial, since antihypertrophic effect of the 
JNK signaling pathway has also been reported (Thorburn et al. 1997, Nemoto et al. 1998). 
Agonist stimulation or cell stretching activates the ERK signaling pathways in cultured 
myocytes and in isolated perfused hearts (Bogoyevitch et al. 1994, Zou et al. 1996, 
Bogoyevitch et al. 1996, Xiao et al. 2001, Zou et al. 2001b), whereas inhibition of the 
ERK signaling pathway did not prevent cellular hypertrophy in response to agonist 
stimulation (Clerk et al. 1998). However, overwhelming evidence has implicated MAPKs 
as immediate downstream effectors of the hypertrophic response, although recent studies 
have clearly shown a lack of consensus regarding the role of an individual MAPK 
signaling as a hypertrophic mediator. A recent in vivo study demonstrated an induction of 
all three MAPKs after aortic banding in mice (Esposito et al. 2001). Pressure overload-
induced activation of ERK and JNK was suppressed in transgenic mice overexpressing 
inhibitor for Gα-subunit, whereas p38 remained activated (Esposito et al. 2001). These 
findings suggest that non-GPCR-mediated pathways are recruited to activate p38 MAPK 
in pressure overload hypertrophy.  

2.2  Transcription factors  

Eucaryote gene expression is controlled at various stages during the protein synthesis, 
including the transcriptional as well as posttranscriptional events (for review, see Darnell, 
Jr. 1982)(Fig. 4). Transcription factors are gene regulatory proteins that recognize a 
specific DNA element near the transcriptional start site and bind to that in order to control 
the transcription of a particular gene (for review, see Pabo & Sauer 1992). A gel mobility 
shift assay provides means for detection of the sequence-specific DNA-binding proteins 
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based on the effect of a bound protein on the migration of DNA molecules in an electric 
field (Fried & Crothers 1981). 

 

Fig. 4. An overview of the stages at which gene expression can be controlled.  

The identification of factors involved in cardiogenesis and cardiac-specific gene regulation 
is fundamental in order to understand the molecular mechanisms of heart growth and 
development (for review, see Srivastava 2001). Although numerous transcription factors 
have been implicated in the activation of cardiac genes, including BNP, the molecular 
mechanisms involved in the activation of transcription factors in response to cardiac 
overload are not known. The BNP promoter contains several binding sites for the cardiac-
specific transcription factors, including GATA4 and AP-1 (Grepin et al. 1994)(Fig. 5). The 
proximal region of the BNP promoter has been shown to play an important role in 
regulating the tissue-specific expression as well as inducible activation of BNP promoter 
in the heart both in vitro and in vivo (Grepin et al. 1994, LaPointe et al. 1996, He & 
LaPointe 2001, He et al. 2001).  
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Fig. 5. An overview of the proximal -2200 bp rat BNP promoter showing the potential binding 
sites for selected transcription factors.  

2.2.1  GATA family of transcription factors 

GATA factors comprise a family of transcriptional regulatory proteins defined by a highly 
conserved DNA-binding domain consisting of two zinc fingers of the motif Cys-X2-Cys-
X17-Cys-X2-Cys, which interacts specifically with DNA cis elements containing a 
consensus (A/T)GATA(A/G) sequence. Regarding the structure-function analysis of 
GATA proteins, it appears that the C-terminal zinc finger is necessary and sufficient for 
DNA binding (Whyatt et al. 1993, Morrisey et al. 1997a). Furthermore, the N-terminal 
finger may stabilize the DNA-protein complex via electrostatic interactions with the 
phosphate backbone and interact with adjacent GATA DNA sequence elements or with 
protein co-factors (Weiss et al. 1997, Trainor et al. 1996). Six distinct vertebrate GATA 
factors have been characterized, and grouped into two subfamilies, GATA1, -2, -3 and 
GATA4, -5, -6, based on structural and expression comparisons (Tsai et al. 1989, Kelley et 
al. 1993, Ko & Engel 1993, Merika & Orkin 1993, Laverriere et al. 1994, Morrisey et al. 
1997a, for review, see Molkentin 2000a). 

2.2.1.1 GATA1, -2 and -3 

GATA1, -2, and -3 genes function in the hematopoietic system (Orkin 1992) where they 
regulate differentiation-specific gene expression in T-lymphocytes, erythroid cells, and 
megacaryotes (Leonard et al. 1993, Simon 1995, for review, see Orkin 1998). GATA1 is 
essential for erythroid differentiation (Tsai et al. 1989, Evans & Felsenfeld 1989, Pevny et 
al. 1991, Shivdasani et al. 1997, for review, see Orkin et al. 1998) and defects in the 
GATA1 gene result in dyserythropoietic anemia and thrombocytopenia in both mice and 
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humans (Nichols et al. 2000). GATA1 may also have a role in the development of 
hepatocytes (Matsuda et al. 1994), and GATA1 as well as GATA2 is involved in the 
development of the gastrointestinal tract (Tamura et al. 1993). GATA2 has an essential 
role in normal mouse hematopoietic and urogenital development, since mice lacking 
GATA2 die during embryogenesis (Tsai et al. 1994, Zhou et al. 1998). GATA1 and 
GATA2 may also play overlapping roles in the regulation of gene expression in that the 
cell lineages in which both factors are co-expressed, are capable of completing their 
maturation without GATA1 (Pevny et al. 1995). In contrast, the maturation of erythroid 
cells, in which GATA1 is the predominant GATA factor, is blocked at an early stage of 
development in the absence of GATA1 (Pevny et al. 1995). GATA2 is shown to be 
responsible in part for the transcriptional activation of hypoxia-induced ET-1 promoter 
(Yamashita et al. 2001), suggesting a multifactorial hypoxia-induced regulatory 
mechanism.  

GATA3 is expressed in hematopoietic cells and in the developing kidney and nervous 
system (Tsai et al. 1989, Evans & Felsenfeld 1989, Ko & Engel 1993). Within the 
hematopoietic lineages, expression of GATA3 is restricted to T-lymphocytes (Ho et al. 
1991, Ko et al. 1991), where GATA3 is an essential and specific regulator of early 
thymocyte development (Ting et al. 1996). Mice heterozygous for the GATA3 mutation 
are fertile and appear in all respects to be normal, whereas homozygous mutant embryos 
die due to massive internal bleeding, marked growth retardation, severe deformities of the 
brain and spinal cord, and gross aberrations in fetal liver hematopoiesis (Pandolfi et al. 
1995). In man, mutations in GATA3 gene have been reported in patients with 
hypoparathyroidism, sensorineural deafness, and renal anomaly syndrome, suggesting the 
importance of GATA3 in the embryonic development of the parathyroids, auditory system 
and kidneys (Van Esch et al. 2000). 

2.2.1.2 GATA4, -5, and -6 

GATA4, -5, and -6 genes are expressed with overlapping patterns in various mesoderm 
and endoderm-derived tissues including heart, pancreas, gut, liver, lung, and gonad 
(Kelley et al. 1993, Laverriere et al. 1994). GATA4, -5, and -6 are approximately 85 % 
identical to one another at the amino acid level. A high degree of sequence identity 
between mouse GATA-1 and Drosophila pannier has also been detected (Gajewski et al. 
1999), suggesting a sequence conservation between divergent members of GATA family 
and across evolutionary disparate organisms.  

GATA4 is able to regulate cardiac development by both direct and indirect 
mechanisms. Mice lacking GATA4 die during early embryogenesis due to defects in heart 
morphogenesis and ventral closure of the foregut (Kuo et al. 1997, Molkentin et al. 1997). 
This is a possible secondary effect of an intrinsic defect in the definitive endoderm that 
underlies the splanchnic mesoderm containing the cardiac field (Narita et al. 1997). 
GATA4 null embryonic stem cells generated procardiomyocytes, but these cells were 
unable to form a proper heart tube in the absence of GATA4 (Kuo et al. 1997). Further 
supporting an important role of GATA4 in the cardiac development, a deletion in human 
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chromosome 8p23.1 containing the GATA4 gene has been shown to be associated with 
congenital heart disease (Pehlivan et al. 1999).  

Targeted disruption of the mouse GATA5 gene does not result in lethality during 
development (Molkentin et al. 2000). However, GATA5 is important for normal cardiac 
morphogenesis and differentiation (Morrisey et al. 1997b, Reiter et al. 1999, MacNeill et 
al. 2000). In addition, female mice lacking the GATA5 gene have abnormalities in the 
genitourinary tract (Molkentin et al. 2000). Targeted mutation of GATA6 leads to lethality 
(Morrisey et al. 1998, Koutsourakis et al. 1999) providing evidence that GATA6 is 
required for survival at early stage of embryonic development. GATA6, but not GATA5, 
regulates expression of the surfactant protein A and thyroid transcription factor-1 (TTF-1) 
promoters in the lung (Shaw-White et al. 1999) suggesting a specific role for GATA6 in 
the lung. To support this hypothesis, GATA6 null embryonic stem cells failed to contribute 
to the lung epithelium in chimeric mouse embryos (Morrisey et al. 1998). Data from other 
reports have confirmed a unique function for GATA6 within the developing lungs and in 
the development of arterial and urogenital systems (Morrisey et al. 1996, Suzuki et al. 
1996). GATA4, -5, and -6 factors are also implicated in the regulation of epithelial cell 
differentiation in the gut (Gao et al. 1998), liver-specific gene expression (Denson et al. 
2000), and expression of multiple gonadal regulatory promoters in the ovary and testis 
(Tremblay & Viger 2001).  

Several candidate target genes for GATA4, -5, and -6 have been identified in heart, 
liver, gonad, gut epithelium, and lung. GATA4 regulates expression of several cardiac 
structural genes including α-myosin heavy chain (α-MHC) (Molkentin et al. 1994, Huang 
& Liew 1997), cardiac troponin-C (cTNC) (Ip et al. 1994), ANP (Grepin et al. 1994), BNP 
(Thuerauf et al. 1994), cardiac troponin-I (Murphy et al. 1997, Di Lisi et al. 1998, 
Bhavsar et al. 2000), NaCaX (Nicholas & Philipson 1999, Cheng et al. 1999), cardiac-
restricted ankyrin repeat protein (CARP) (Kuo et al. 1999), A1 adenosine receptor 
(Rivkees et al. 1999), m2 muscarinic receptor (Rosoff & Nathanson 1998), and myosin 
light chain 1/3 (McGrew et al. 1996). Involvement of the cooperative interaction between 
GATA4 and GATA6 has also been suggested in the regulation of ANP and BNP genes 
(Charron et al. 1999). GATA factors regulate developmental expression of the cardiac 
transcription factor Nkx2.5 (Lien et al. 1999, Reiter et al. 1999, Davis et al. 2000) 
suggesting that Nkx2.5 and GATA factors constitute a reinforcing transcriptional 
regulatory circuit in the heart.  

Previous data have indicated that GATA4 plays a crucial role in heart development. 
However, ectopic expression of GATA4 is not sufficient to initiate cardiac differentiation 
or to activate the cardiac genetic program, although it markedly potentiates cardiogenesis 
(Jiang & Evans 1996, Grepin et al. 1997). These findings also suggest cooperative 
interactions between GATA4 and other cardiac transcription factors.  

2.2.1.3 regulatory role of GATA4 in cardiac hypertrophy 

Prior work has provided evidence of GATA4 as a regulator of inducible gene expression in 
aortic coarctation induced cardiac hypertrophy. Analysis of AT1a promoter by using in vivo 
gene transfer technique revealed that GATA4 is required for pressure overload response 48 
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hours after aortic coarctation in adult rat heart (Herzig et al. 1997). Mutation of either 
GATA or AP-1 binding site within the AT1a promoter construct blocked the acute pressure 
overload induced expression of AT1a gene. This finding suggests that the hypertrophic 
response of AT1a may be mediated partly by a functional interaction between transcription 
factors GATA4 and AP-1 since the AT1a GATA site is not active when AP-1 site is mutated 
and vice versa. Enhanced GATA4 and AP-1 binding activities were also noted by gel 
mobility shift analysis at 48 hours in extracts from coarcted, but not from control hearts 
(Herzig et al. 1997). In a similar approach using direct DNA injections into the 
myocardium, a proximal region of the β-MHC promoter containing a GATA binding site 
has been suggested to direct hypertrophy responsive gene expression in rat heart 
(Hasegawa et al. 1997). The mutation of the GATA motif within this promoter construct 
significantly attenuated aortic constriction stimulated transcription of β-MHC gene 12 
days after aortic constriction. Interaction between the β-MHC GATA element and proteins 
in nuclear extract from aortic constricted but not from control hearts was also observed in 
gel mobility shift assay, supporting the role of GATA4 in pressure overload induced 
cardiac gene expression (Hasegawa et al. 1997). However, this result appears to be partly 
controversial. Requirement of GATA element for hypertrophic response could not be 
observed in pressure overload induced expression of β-MHC gene 12 days after 
coarctation, since the GATA mutation had no effect on hypertension-induced 
transcriptional activation of the β-MHC gene in rat heart (Wright et al. 2001). To assess 
further the necessity of GATA factors in the hypertrophic response, Liang et al. generated 
a dominant negative GATA4-engrailed repressor fusion encoding adenovirus. 
Cardiomyocytes infected with this dominant negative GATA4-engrailed fusion construct 
were refractory to PHE-induced hypertrophy (Liang et al. 2001). Overexpression of either 
GATA4 or GATA6 induced cardiomyocyte hypertrophy in culture, and transgenic mice 
overexpressing GATA4 developed cardiomyopathic phenotype (Liang et al. 2001) 
indicating that GATA factors are significant mediators of hypertrophic process both in 
vitro and in vivo.  

The proximal region of the human BNP promoter is necessary for the inducible 
expression of the BNP gene in response to myocardial infarction in vivo (He et al. 2001). 
In agreement, the cardiac-specific transcription of BNP and the inducible activation of 
BNP promoter by ET-1 in cultured cardiac myocytes require transcription factor GATA 
binding sites in the proximal promoter (Grepin et al. 1994, He & LaPointe 2001). A 
significant increase in GATA4 mRNA has been detected in in vitro model of cardiac 
hypertrophy by electrically stimulated pacing of cultured myocytes (Xia et al. 2000), 
suggesting a regulatory mechanism in which the total content of GATA4 is upregulated by 
hypertrophic stimuli. Alternatively, GATA4 transcriptional activity could be regulated by 
protein phosphorylation. To support this hypothesis, serine phosphorylation of GATA4 has 
been shown to be involved in ERK-mediated α-adrenergic agonist-induced hypertrophic 
process in cardiac myocytes (Morimoto et al. 2000). 
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2.2.2  AP-1 

One of the earliest cellular responses to many neurotransmitters and growth factors is the 
induction of AP-1 transcription complex, which is composed of homodimers and 
heterodimers of Jun (v-Jun, c-Jun, Jun B, JunD), Fos (v-Fos, c-Fos, FosB, Fra1, Fra2) or 
activating transcription factor (ATF2, ATF3/LRF1, B-ATF) families (Vogt & Bos 1990, 
Angel & Karin 1991, for review, see Karin et al. 1997). Numerous combinations of dimers 
capable of interacting with AP-1 sites increase the complexity of issues such as the 
mechanisms that regulate the formation of specific dimers among the AP-1 family 
members, and the regulation of their transcriptional as well as DNA-binding activities. 
The role of each AP-1 form in physiology and development is not yet completely 
established. Proteins composing the AP-1 complex bind to the common DNA sequence 
TGAC/GTCA (Hai & Curran 1991) in the regulatory regions of numerous genes, 
including ANP (Kovacic-Milivojevic & Gardner 1993, McBride et al. 1993, Kovacic-
Milivojevic et al. 1996, McBride & Nemer 1998), BNP (Grepin et al. 1994), skeletal α-
actin (Bishopric et al. 1992, Paradis et al. 1996), AT1a (Herzig et al. 1997) and ET-1 
(Kawana et al. 1995). Studies of knockout mice deficient in individual AP-1 proteins have 
provided evidence that members of the AP-1 family are essential for physiological 
functions in the control of cell proliferation, neoplastic transformation and apoptosis 
(Johnson et al. 1992, Johnson et al. 1993, Hilberg et al. 1993, Brown et al. 1996, Reimold 
et al. 1996, for review, see Karin et al. 1997).  

Enhanced activation of AP-1 DNA binding is associated with pressure overload 
induced expression of AT1a gene in rat heart 48 hours after coarctation (Herzig et al. 1997). 
Inducible activation of AT1a transcription is blocked by mutation of an AP-1 binding site, 
suggesting that AP-1 plays a role in pressure overload stimulated cardiac gene expression 
(Herzig et al. 1997). Gel mobility shift analysis revealed a pressure overload-induced 
increase in AP-1 binding activity 30 minutes after aortic banding in rats, following 
activation of JNK and p38 signaling pathways (Fischer et al. 2001). Activation of AP-1 
DNA binding has also been demonstrated during isoproterenol-induced cardiac 
hypertrophy (Takemoto et al. 1999) and in Ang II induced cardiac injury in rats (Fiebeler 
et al. 2001). These reports also showed increased binding activity of transcription factor 
nuclear factor κB (NF-κB), but no co-operative binding between AP-1 and NF-κB could 
be demonstrated, suggesting that AP-1 and NF-κB are regulated by independent 
mechanisms. Elevated left ventricular wall stress produced an increase in AP-1 binding 
activity at 2 hours in an isolated rat heart preparation (Cornelius et al. 1997). Deletion or 
mutation of the AP-1 site within the ANP promoter decreased the inducible expression of 
ANP gene, suggesting that AP-1 may be in part responsible for the early induction of the 
ANP promoter in response to hypertrophic stimuli (Cornelius et al. 1997, von Harsdorf et 
al. 1997). However, pressure overload produced by aortic constriction in transgenic mice 
harboring ANP reporter construct containing the AP-1 element did not lead to inducible 
expression of ANP gene in ventricles (Knowlton et al. 1995). Indeed, the ANP AP-1 site 
has been shown to be capable of both positive and negative control (McBride et al. 1993, 
Kovacic-Milivojevic et al. 1996), suggesting a complex regulatory mechanisms involved 
in the inducible expression of ANP gene. Transfection experiments in endothelial cells 
have indicated that AP-1 is able to potentiate the action of GATA2 on ET-1 reporter 
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constructs lacking a functional AP-1 site and vice versa (Kawana et al. 1995). 
Experiments with GATA1 and GATA3 expression vectors provided evidence that the 
capacity to interact with AP-1 may be a characteristic of all GATA family members 
(Kawana et al. 1995). 

2.2.3  Nkx2.5 

The homeobox gene Nkx2.5 is one of the earliest markers of the vertebrate cardiac lineage 
(Komuro & Izumo 1993, Lints et al. 1993). It was identified by homology to the 
Drosophila gene tinman, which directs heart cell specification in fly (Bodmer 1993, for 
review, see Harvey 1996). Targeted disruption of Nkx2.5 in mouse results in embryonic 
lethality due to poor ventricular differentiation and abnormalities in looping of the heart 
tube (Lyons et al. 1995). In man, mutations in the Nkx2.5 gene cause a variety of cardiac 
anomalies (Schott et al. 1998, Benson et al. 1999), suggesting that Nkx2.5 may contribute 
to diverse cardiac developmental pathways. Several cardiac genes, such as natriuretic 
peptides, are reported to be downstream targets of Nkx2.5 (Tanaka et al. 1999a, Kasahara 
et al. 2001), and to be activated by binding the consensus sequence NAAGTG, known as 
an NKE site (Durocher et al. 1996, Chen & Schwartz 1995). Consistently with these 
findings, increased mRNA levels of natriuretic peptides were detected in transgenic mice 
overexpressing human Csx/Nkx2.5 (Takimoto et al. 2000). Synergistic activation of 
cardiac-specific genes by interaction of GATA4 with Nkx2.5 has also been reported 
(Durocher et al. 1997, Lee et al. 1998, Sepulveda et al. 1998), suggesting that these 
factors cooperate to regulate cardiac gene expression.  

In the heart, GATA4 directly interacts with the transcription factor Nkx2.5 to regulate 
the expression of ANP (Durocher et al. 1997, Lee et al. 1998, Durocher & Nemer 1998, 
Shiojima et al. 1999), cardiac α-actin (Sepulveda et al. 1998), and adenosine receptor 
promoter (Rivkees et al. 1999). This synergy involves physical interaction between 
GATA4 and Nkx2.5, which is mediated by the C-terminal zinc finger of GATA-4 and 
helix III of the homeodomain of Nkx2.5. GATA-4 also induces a conformational change 
in Nkx-2.5 that displaces the C-terminal inhibitory domain, thus eliciting transcriptional 
activation of promoters containing Nkx-2.5 DNA binding sites (Sepulveda et al. 1998). 
Similar synergistic interaction among tissue-restricted transcription factors may be an 
important mechanism to reinforce tissue-specific developmental pathways as well as to 
activate and maintain cardiac gene expression. Activation of the Nkx2.5 gene in cardiac 
myocytes is dependent on GATA factors (Searcy et al. 1998, Lien et al. 1999). In contrast, 
Jiang et al. have shown that expression of a dominant negative GATA4 isoform capable of 
inhibiting transcription of GATA-dependent target genes leads to ectopic Nkx2.5 
transcription (Jiang et al. 1999), consistent with a normal function for GATA factors in 
defining the region of Nkx2.5 expression.  
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2.2.4  NF-AT3 

Nuclear factor of activated T cells 3 (NF-AT3) constitutes a family of four related 
transcription factors (for reviews, see Rao et al. 1997, Molkentin 2000b), which bind to 
the consensus DNA sequence GGAAAAT (Rooney et al. 1994). All of the NF-AT genes 
are expressed in a variety of tissues including the heart (Hoey et al. 1995, for review, see 
Molkentin 2000b). The activity of NFAT proteins is tightly regulated by the Ca2+-CaM-
dependent phosphatase calcineurin, which controls the translocation of NFAT proteins 
from the cytoplasm to the nucleus of activated cells by interacting with an N-terminal 
regulatory domain conserved in the NFAT family (Luo et al. 1996, for review, see Rao et 
al. 1997). Mice with a targeted disruption of the NF-AT gene show a defect in cardiac 
morphogenesis, with absence of the aortic and pulmonary valves, leading to death in utero 
due to CHF (Ranger et al. 1998, de la Pompa et al. 1998). These data suggest that NF-AT 
may play a critical role in signal-transduction processes required for normal cardiac valve 
formation. In addition, transgenic mice expressing the activated form of NF-AT3 develop 
cardiac hypertrophy and heart failure (Molkentin et al. 1998, Passier et al. 2000) 
providing evidence for a calcineurin-dependent transcriptional pathway for cardiac 
growth. 

NF-AT3 interacts with GATA4 in response to hypertrophic stimuli (Molkentin et al. 
1998). Cardiac hypertrophy can be induced by the calcium-dependent phosphatase 
calcineurin, which dephosphorylates the transcription factor NF-AT3. Following 
translocation to the nucleus, NF-AT3 interacts with the second zinc finger of GATA4, 
resulting in synergistic activation of BNP transcription (Molkentin et al. 1998). More 
recent studies showed that ET-1 mediates translocation of cytoplasmic NF-AT3 to the 
nuclei. In addition, ET-1 stimulates the interaction between NF-AT3 and GATA4 in 
cardiac myocytes (Kakita et al. 2001, Morimoto et al. 2001). GATA4 and NF-AT3 have 
additive effects in activating the adenylosuccinate synthetase 1 (Adss1) gene in response 
to electrical pacing induced hypertrophy in vitro (Xia et al. 2000). Also, other GATA 
factors are suggested as downstream targets of calcineurin in cardiac and skeletal muscle 
hypertrophy in connection with the calcineurin-activated NF-AT factor (Musaro et al. 
1999, Semsarian et al. 1999). 

2.2.5  FOG-2 

Friend of GATA-2 (FOG-2) is a multi-zinc-finger transcriptional modifying protein that is 
predominantly expressed in the developing and adult heart, brain, and testis (Lu et al. 
1999, Tevosian et al. 1999). FOG-2 is related to Friend of GATA-1 (FOG), which is 
expressed during embryonic development and acts as a cofactor for GATA1 in erythroid 
and megakaryotic differentiation (Tsang et al. 1997). The FOG-2 knock-out mice die 
during embryogenesis with significant cardiac abnormalities (Tevosian et al. 2000, 
Svensson et al. 2000a) suggesting that FOG-2 has an important role in regulating gene 
expression in the heart. Cardiac defects characterized by a thin ventricular myocardium, 
common atrioventricular canal, the tetralogy of Fallot malformation, and the absence of 
coronary vasculature are detected in FOG-2 deficient mice (Tevosian et al. 2000, 
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Svensson et al. 2000a, Crispino et al. 2001). These results indicate that FOG-2 is required 
for the normal looping and septation of the heart and proper development of coronary 
vessel during cardiogenesis. 

GATA4 interacts with FOG-2 through a physical interaction involving the N-terminal 
zinc finger of GATA4 (Svensson et al. 1999, Lu et al. 1999, Tevosian et al. 1999). In both 
NIH 3T3 cells and primary rat cardiomyocytes overexpression of FOG-2 represses 
GATA4-dependent transcription of BNP and cardiac troponin I promoters, suggesting that 
interaction between GATA4 and FOG-2 specifically modulates the transcriptional activity 
of GATA4 (Svensson et al. 1999). Consistently, results from transient transfection assays 
indicated that FOG-2 prevents the GATA4-dependent activation of both the ANP and BNP 
promoters in various cell types (Lu et al. 1999) as well as the upregulation of the α-MHC 
gene by GATA4 in cardiomyocytes (Lu et al. 1999). These results have provided evidence 
that the interaction of GATA4 and FOG-2 may result in either synergistic activation or 
repression of GATA-dependent cardiac promoters, depending on the specific promoter and 
the cell type in which they are tested. However, previous work suggested that FOG-2 
functions primarily as a transcriptional repressor of GATA4 activity, since it interacts with 
the transcriptional repressor protein CtBP2 and efficiently represses the activity of GATA4 
(Holmes et al. 1999). Furthermore, Svensson et al. identified functionally conserved 
repressor domains at the N-terminus of FOG-2 that are necessary and sufficient for 
repressing the GATA-dependent activation of cardiac-restricted promoters including ANP 
and BNP, independently of CtBP2 (Svensson et al. 2000b).  

2.2.6  NF-κB 

NF-κB is a ubiquitously expressed transcription factor that is primarily involved in 
immune, inflammatory, and stress responses (for reviews, see Baeuerle & Baltimore 1996, 
Baldwin, Jr. 1996). NF-κB is regulated by the inhibitory protein κBα (IκBα), which binds 
to and sequesters NF-κB in the cytoplasm, preventing NF-κB from translocating to the 
nucleus. Treatment of cells with various inducers, such as lipopolysaccharide, mitogens, 
cytokines, phorbol esters, ultraviolet radiation, free radicals, and oxidative stress, causes 
the IκB proteins’ phosphorylation, dissociation from NF-κB, and rapid degradation. The 
released NF-κB translocates to the nucleus, binds to cognate DNA binding sites, and 
regulates inducible expression of numerous genes (Finco & Baldwin 1995, Craig et al. 
2000, for reviews, see Baeuerle & Baltimore 1996, Baldwin, Jr. 1996). Transgenic mice 
incapable of NF-κB activation died from excessive apoptosis and severe liver degeneration 
during embryogenesis (Tanaka et al. 1999b), suggesting a critical role for NF-κB in 
abrogating death-promoting signals and apoptosis (Beg & Baltimore 1996, Wang et al. 
1996, Mustapha et al. 2000). NF-κB may also play an important role in cardiovascular 
pathophysiology through the regulation of several genes, such as cytokines, adhesion 
proteins, nitric oxide (NO) synthase, as well as other products involved in atherosclerosis, 
inflammation, proliferation, and immune responses (Barnes & Karin 1997). 

Mechanical stretch and p38 MAPK stimulated human BNP promoter activity through 
activation of NF-κB in cultured cardiac myocytes (Liang & Gardner 1999), suggesting 
that activation of NF-κB may also play an important role in signaling the increased BNP 



 

 

43

gene expression that accompanies hemodynamic overload and cardiac hypertrophy in 
vivo. Consistently, NF-κB DNA binding is activated in response to several hypertrophic 
agonists, including PHE, ET-1 and Ang II in ventricular myocytes followed by induced 
expression of ANP (Ruiz-Ortega et al. 2000, Fiebeler et al. 2001, Purcell et al. 2001). 
Overexpression of NF-κB itself increased ANP transcription, whereas expression of IκBα 
mutant blocked the agonist-induced expression of ANP as well as enlargement of cardiac 
myocytes (Purcell et al. 2001), indicating that NF-κB may be critical for the hypertrophic 
growth. Enhanced NF-κB binding activities were also noted in an experimental model of 
atherosclerosis (Hernandez-Presa et al. 1997), during endothelial damage (Lindner & 
Collins 1996), isoproterenol-induced cardiac hypertrophy (Takemoto et al. 1999), during 
ischemia in isolated perfused rat heart preparation (Li et al. 1999), and in response to 
chronic inhibition of endothelial NO synthesis by the administration of Nω-nitro-L-
arginine methyl ester (L-NAME) (Kitamoto et al. 2000). Transfection of cis element 
decoy against NF-κB binding site suppressed the L-NAME-induced activation of NF-κB 
binding and prevented early inflammatory changes and subsequent coronary vascular 
medial thickening (Kitamoto et al. 2000). These results support the hypothesis that NF-κB 
could be involved in the pathogenesis of several cardiovascular diseases, such as 
atherosclerosis and hypertension. 

2.2.7  MEF2 

The four members of the myocyte enhancer factor-2 (MEF2) family are MADS box 
transcription factors, which are expressed at high levels in all muscle cells as well as in 
non-muscle cells including brain and lymphoid tissue (for review, see Black & Olson 
1998). MEF2 proteins bind to the AT-rich element (T/C)TA(A/T)4TA(G/A) in the 
regulatory regions of numerous genes (Olson et al. 1995). Several genetic studies have 
provided evidence for an essential role of MEF2 proteins in muscle-specific gene 
expression and differentiation of all three muscle lineages (Bour et al. 1995, Lilly et al. 
1995, Lin et al. 1997). Targeted disruption of MEF2 results in embryonic lethal phenotype 
due to right ventricular dysplasia and vascular malformations, and attenuated post-natal 
cardiac growth (Lin et al. 1997, Bi et al. 1999, Kolodziejczyk et al. 1999), suggesting that 
MEF2 is essential for normal heart development. Also, MEF2 proteins act as cofactors for 
other transcription factors such as basic helix-loop-helix (bHLH) proteins (Molkentin et 
al. 1995), although the precise regulatory mechanisms have not been identified.  

Functional synergy between GATA4 and transcription factor MEF2 is detected in the 
regulation of cardiac expression of ANP, α-MHC and cardiac α-actin genes (Morin et al. 
2000). This synergistic activation of GATA4 and MEF2 involves physical interaction 
between the MEF2 DNA-binding domain and the carboxy zinc finger of GATA4. 
However, this interaction does not require MEF2 DNA binding and no MEF2 consensus 
binding sites have been identified within the ANP promoter (Durocher et al. 1996, 
Durocher et al. 1997, Morin et al. 2000), suggesting the existence of a novel GATA-
dependent pathway for transcriptional activation by MEF2. Upregulation of MEF2 is also 
documented in hypertrophic hearts of transgenic mice and in pressure overload 
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hypertrophy in vivo (Molkentin & Markham 1993, Kolodziejczyk et al. 1999, Passier et 
al. 2000). 

2.2.8  SRF 

Serum response factor (SRF) is a phylogenetically conserved member of the MADS box 
DNA-binding protein family, which is highly expressed in embryonic and adult cardiac, 
skeletal and smooth muscle cells (Croissant et al. 1996, Belaguli et al. 1997), and 
mediates the rapid transcriptional response to extracellular stimuli, such as growth and 
differentiation signals. SRF-deficient mice have a severe gastrulation defect and do not 
develop to term (Arsenian et al. 1998), indicating the requirement of SRF for the 
appearance of mesoderm and muscle lineages during mouse embryogenesis.  

Cardiac GATA factors and SRF synergistically activate cardiac and skeletal serum 
response element (SRE)-dependent promoters, including cardiac α-actin and skeletal α-
actin. In this interaction, the second zinc finger and the C-terminal activation domain of 
GATA4 and the MADS box region of SRF are essential for synergistic function of the two 
proteins (Belaguli et al. 2000). Several cardiac promoters including ANP, c-fos, skeletal α-
actin, and α-MHC share the ability to respond synergistically to GATA4 and SRF. In 
contrast, the BNP promoter which harbors GATA but no SRF binding sites, is unable to 
support GATA-SRF synergy (Morin et al. 2001). The muscle-specific carnitine 
palmitoyltransferase I β (CPT-Iβ) gene is also regulated synergistically by GATA4 and 
SRF (Moore et al. 2001), suggesting a possible mechanism by which expression of 
cardiac specific genes may be synchronized between subcellular compartments.  

2.2.9  Others 

2.2.9.1 CBP/p300 

GATA4 is likely to regulate cardiac gene expression directly through formation of 
complexes with other cardiac-expressed transcription factors. Alternatively, GATA4 may 
exist as a large complex with other transcription factors through an indirect association 
with general transcriptional regulators including CBP/p300. In agreement with this, p300 
consistent with its role as a transcriptional coactivator, markedly potentiates GATA5-
activated transcription of ANP (Kakita et al. 1999). In addition, p300 is associated with 
GATA6 during the transcription of the MHC gene in smooth muscle cells (Wada et al. 
2000). Also, cAMP-response element binding protein (CBP) is able to stimulate GATA1-
dependent transcription (Blobel et al. 1998). These results suggest that the members of the 
GATA family may be added to the growing list of molecules implicated in the complex 
regulatory network surrounding CBP/p300.  
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2.2.9.2 YY1 

YY1 is a multifunctional zinc finger transcription factor, which belongs to the human 
GLI-Kruppel family of nuclear proteins (Shi et al. 1991). YY1 is essential for mammalian 
development (Donohoe et al. 1999), and functions as a transcriptional activator or 
repressor depending on the promoter content (Riggs et al. 1993, Shrivastava & Calame 
1994). Binding sites for YY1 are identified within the regulatory regions of numerous 
cardiac genes, including muscle creatine kinase, skeletal α-actin, and cardiac α-actin 
(Vincent et al. 1993, MacLellan et al. 1994, Chen & Schwartz 1997). Deletion of YY1 
binding sites results in a small increase in creatine kinase promoter activity (Vincent et al. 
1993, Walowitz et al. 1998), suggesting that YY1 is likely to act as a repressor of cardiac 
genes. Interestingly, a recent study has provided evidence that YY1 functions as a 
transcriptional activator of the BNP promoter in heart by synergistic interaction with 
GATA4 (Bhalla et al. 2001). This interaction requires a binding site for GATA but not for 
YY1, and is mediated via CBP/p300 that may serve as a bridge between the two proteins 
allowing the formation of a synergistically activated complex (Bhalla et al. 2001). These 
results suggest that multicomponent regulatory complexes that are likely to provide 
additional levels of cardiac gene expression control may exist. 

2.2.9.3 dHand and eHand 

dHand and eHand are two related bHLH transcription factors that are expressed in a 
complementary fashion in the developing right and left ventricles, neural crest-derived 
cardiac outflow tract, and aortic arch arteries (Srivastava et al. 1995, Hollenberg et al. 
1995, Cserjesi et al. 1995, for review, see Srivastava 1999). Embryonic lethality is 
documented in dHand null mice due to defects in morphogenesis of the right-sided 
ventricle and formation of the neural crest-derived aortic arches (Srivastava et al. 1997, 
Yamagishi et al. 2000), suggesting that dHand is required for the formation of the right 
ventricle of the heart and the aortic arch arteries. eHand is also an essential regulator of 
cardiac morphogenesis, since eHand null mice died due to cardiac failure, and had defects 
in heart tube looping and ventricular myocardial differentiation (Riley et al. 1998, Firulli 
et al. 1998).  

The lack of GATA4 expression in dHand mutant mice placed mesodermal expression 
of GATA4 downstream of dHand, whereas endodermal expression of GATA4 was not 
altered in dHand mutants (Srivastava et al. 1997), suggesting that mesodermal and 
endodermal expression of GATA4 are under separate regulatory controls. In contrast, 
GATA4 is expressed normally in eHand null mice (Riley et al. 1998). Whether dHand 
activates GATA4 gene expression directly or indirectly remains to be studied. dHand and 
eHand are capable of heterodimerization with other bHLH proteins (Firulli et al. 2000), 
suggesting the complex regulatory functions. Competition gel shift analysis demonstrated 
that dHand and eHand can negatively regulate the DNA binding of MyoD/E12 
heterodimers, suggesting a possible transcriptional inhibitory role for Hand genes (Firulli 
et al. 2000). The two conserved GATA sites in the regulatory region of dHand gene are 
required for the transcriptional activation of dHand in the developing right ventricle 
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(McFadden et al. 2000). However, no apparent chamber-restriction of GATA factor 
expression in the developing heart has been documented, suggesting that dHand 
expression requires additional transcription factors, which cooperate with GATA factors to 
control right-ventricular transcription. 



3 Aims of the research 

The aim of the present study was to evaluate which cardiac-specific transcription factor(s) 
are involved in the hypertrophic process as assessed by activation of the BNP gene. The 
second purpose was to study the cellular mechanism(s) involved in the activation of 
transcription factor(s) in response to cardiac overload. 

Specifically the aims were: 
1. to study the effect of bilateral nephrectomy on the expression of BNP gene and to 

identify the cis element within the BNP promoter that mediates the rapid response to a 
hemodynamic overload stimulus.  

2. to evaluate the time course of acute pressure overload-induced activation of 
transcription factor GATA4 and the role of ET-1 and Ang II in mediating the pressure 
overload response. 

3. to study the effect of direct left ventricular wall stretch on transcription factor activation 
in isolated perfused rat heart and to determine the role of ET-1 and Ang II as signaling 
molecules in wall stretch-induced activation of transcription factors GATA4 and AP-1. 

4. to evaluate the pressure overload induced BNP gene expression and transcription in 
response to Ang II-evoked hypertension. 



4 Materials and methods 

4.1  Materials 

The chemicals and supplies used in this study were: arginine8-vasopressin (AVP) 
(Peninsula Laboratories Europe Ltd, Merseyside, U.K.), formaldehyde and guanidine 
isothiocyanate (Fluka Chemie AG, Buchs, Switzerland), CsCl (Serva Feinchemica GmbH 
& Co, Heidelberg, Germany), agarose NA (Pharmacia, Sweden), heparin (Leiras, 
Helsinki, Finland), Hybond N+ nylon membrane (Amersham Life Science, 
Buckinghamshire, UK), [32P]-deoxycytidine-5'-triphosphate (dCTP) (Amersham, 
Buckinghamshire, England, UK), Quick Prime Kit (Pharmacia LKB Biotechnology, 
Uppsala, Sweden), X-ray films (Eastman Kodak, Rochester, NY, USA, and Amersham), 
ketamine hydrochloride (Parke-Davis, Barcelona, Spain), medetomidine hydrochloride 
(Orion Pharmaceutical Inc, Espoo, Finland), fluanisone (Janssen-Cilag, Sanderton, UK), 
midazolam (F. Hoffmann-La Roche AG, Basel, Switzerland), Luminescent β-
galactosidase Detection Kit II (Clontech Laboratories, Inc., Palo Alto, CA, USA), 
Luciferase Assay System (Promega Co., San Diego, CA, USA) and IgGs (Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA, USA). Bosentan was generously supplied by Dr. 
Martine Clozel (F. Hoffmann-La Roche Ltd., Basel, Switzerland and Actelion Ltd., 
Allschwil, Swizerland), losartan by Dr. Ronald D. Smith (DuPont Merck Pharmaceutical 
Company, Wilmington, USA) and CV-11974 by Dr. Hajime Toguchi (Takeda Chemical 
Industries, Osaka, Japan). The enzymes used were obtained from Promega (Promega Co., 
San Diego, CA, USA). Other chemicals were from Sigma. 

4.2  Animals 

Male 2-month-old Sprague-Dawley (SD) rats (260 to 300 g) from the Center for 
Experimental Animals at the University of Oulu, Finland, were used. The rats were housed 
in plastic cages in a room with a controlled 40 % humidity and temperature of 22 °C, and 
a 0600 h on, 1800 off environmental light cycle was maintained. The maintenance diet of 
the rats contained sodium chloride (NaCl) 0,65 %. The experimental design was approved 
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by the Animal Use and Care Committee of the University of Oulu. The investigation 
conforms with the Guide for the Care and Use of Laboratory Animals published by the 
US National Institutes of Health. 

4.3  Experimental protocols 

Table 2 Summary of the experimental protocols  

Study Experimental model Duration Methods 
I Pressure and volume 

overload in vivo 
(nephrectomy) 
Direct gene transfer 
 

6-28 h 
 
 
1 week 

Cloning 
RNA isolation 
RIA 
Reporter assays 
Gel shift 
Hemodynamics 
Immunohistochemistry 

II Pressure overload in 
conscious animals in vivo 
(AVP-infusion) 

15 min-4 h Cannulation 
Hemodynamics 
RNA isolation 
RIA 
Gel shift 
Cell culture 

III Left ventricular wall stretch in 
isolated perfused rat heart in vitro 
 

15 min-2 h Hemodynamics 
RNA isolation 
Gel shift 

IV Pressure overload in vivo 
(Ang II-infusion) 
Direct gene transfer 
 

2 h-2 weeks 
 
1 week 

Cannulation 
Hemodynamics 
Cloning 
RNA isolation 
RIA 
Reporter assays 
Gel shift 

4.3.1  In vivo gene transfer (I, IV) 

Plasmids were injected directly into the left ventricle of the rat heart as described 
previously (for review, see Kass-Eisler & Leinwand 1997). Briefly, the rats were 
anesthetized with 250 µg/kg medetomidine hydrochloride and 50 mg/kg ketamine 
hydrochloride intraperitoneally (i.p.). A left lateral thoracotomy was performed to expose 
the heart. Circular plasmid DNA in 0.9 % NaCl was injected directly into the left 
ventricular free wall close to the apex under direct visualization by using a 100 µl 
Hamilton precision syringe. The injection volume was 100 µl. Plasmid DNA consisted of 
10-100 µg of the reported construct driven by the promoter of interest and 100 µg of pSV 
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β−gal to correct for variation in transfection efficiency. These dosages were chosen based 
on preliminary experiments showing that the amount of luciferase activity in cardiac 
homogenates increases dose-dependently following injection of 10 to 100 µg of plasmids. 
After the injection, the heart was repositioned in the chest, the rats were briefly 
hyperventilated, and the incision was closed. Surgical and postoperative mortality was 
approximately 5 % in all groups. At the time of sacrifice, the injection site appeared to be 
normal cardiac tissue with no fibrotic or necrotic signs. At the precise site of injection a 
small light spot could be noted. Then, the rats received 3.3 mg/kg i.p. atipamezole to 
antagonize the sedative effect of medetomidine.  

4.3.2  Chronically cannulated rats (I, II, IV) 

Under chloral hydrate (300 mg/kg i.p.) anesthesia, a PE-60 catheter was placed into the  
abdominal aorta through the right femoral artery for measurement of blood pressure, heart 
rate and for collection of blood samples, as described previously (Ruskoaho et al. 1989). 
PE-50 catheters were inserted into the right atrium through the jugular vein for 
measurement of right atrial pressure and into the femoral vein for the administration of 
drugs. All catheters were exteriorized behind the neck, filled with heparinized (150 IU/ml) 
saline solution, and plugged with a stainless pin. After operation, the rats were housed 
individually in the experimental cages and had free access to food and water. The day after 
the operation, the arterial and right atrial catheters were attached to pressure transducers 
(Model MP-15, Micron Instruments, Los Angeles, CA, USA) and Grass polygraph 
(Model 7E, Grass Instruments, Quincey, MA, USA) for recording mean arterial pressure 
(MAP), heart rate, and right atrial pressure. The venous catheter was connected to a 
syringe or an infusion pump (B. Braun Perfusor ED, Braun Melsungen AG, Melsungen, 
Germany) for administration of vehicle or drugs. The animals were left undisturbed for 30 
min to become acclimatized to the laboratory before the recording of hemodynamic 
variables started. 

4.3.3  Induction of cardiac overload  

4.3.3.1 Nephrectomy (I) 

On the sixth day following the DNA injection, a separate group of rats was subjected to 
either bilateral nephrectomy or sham operation. The rats were anesthetized with 8.25 
mg/kg i.p. fluanisone and 4.1 mg/kg i.p. midazolam. Lateral incisions were made along 
both sides next to the spinal cord underneath the last rib. Each layer of the skin was gently 
opened and the kidneys were reached through small incisions. Nephrectomy was 
accomplished by tying a 3-0 silk suture securely around the porta renalis containing the 
artery, the vein and the ureter. The kidneys were allowed to slide back, and muscle and 
skin incisions were closed in separate layers. In sham-operated animals, the kidneys were 
exposed, but no ligature was placed.                                                                                                                                      
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4.3.3.2 Pressure overload (II, IV) 

The experiments were started by measurement of MAP and heart rate in the conscious rats 
for 30 min before 1.0 ml of blood was withdrawn from arterial catheter for measurement 
of plasma immunoreactive (IR)-BNP. The baseline hemodynamic measurements were 
made 5 min later, when blood pressure, heart rate, and right atrial pressure were stabilized 
near to the control values. In study II, AVP (0.05 µg/kg/min i.v.) or vehicle (0.9 % NaCl 
i.v.) was infused at 37.5 µl/min for 15 min, 30 min, 1 h, 2 h and 4 h via an infusion pump. 
In a separate series of experiments, bosentan (10 mg/kg), losartan (10 mg/kg) or vehicle 
(0.9 % NaCl) was injected as an intravenous bolus. Injection volume was 0.1 ml/100 g 
body weight. Arterial blood samples were taken 15 min, 30 min, 1 h, 2 h and 4 h after the 
start of administration of vehicle or AVP. All blood samples were replaced by an equal 
volume of blood from a donor rat. Donor blood was obtained from conscious rats to which 
this volume was replaced by 0.9 % NaCl.  

In study IV, SD rats were anesthetized with 0.26 mg/kg i.p. fentanyl citrate, 8.25 mg/kg 
fluanisone i.p. and 4.1 mg/kg i.p. midazolame for installation of subcutaneous osmotic 
minipumps through a neck incision. Ang II (33.3 µg/kg/h s.c.) or vehicle (0.9 % NaCl s.c.) 
was infused for 6 h, 12 h, 3 days, 1 week and 2 weeks via minipumps (Alzet models 
1003D, 2001 and 2002, B&K Universal AB, Sollentuna, Sverige). For 2 h Ang II infusion, 
a PE-50 catheter was placed into the left femoral vein for infusion and a PE-60 catheter 
was placed into the left femoral artery for measurement of hemodynamic variables. Blood 
samples were taken into pre-cooled tubes containing 1.5 mg ethylenediamine tetra-acetic 
acid per 1 ml blood on ice and immediately centrifuged (2000 x g, 10 min, at +4 °C), and 
the plasma was stored at -20 °C until assayed by radioimmunoassay (RIA).  

The rats were decapitated immediately after the experimental period. The abdominal 
cavity was opened and the heart removed. The aorta and pulmonary artery were carefully 
excised close to the ventricular surface, and the right ventricle and the right and left 
auricles and other atrial tissue were removed. To avoid possible contamination of the left 
ventricular-septal portion (combined right and left septa) sample by atrial tissue, ventricles 
were cut into the superior (about 15-20 % of total weight) and inferior parts, the latter 
being used for ventricular IR-BNP and mRNA determinations. The left ventricle was cut 
into 40-µm slices on a cryostat at -20 °C, and the slices were combined to represent two 
equal layers (endocardium and epicardium) of the left ventricular wall as described 
previously (Ruskoaho et al. 1989). All cardiac tissue samples were blotted dry, weighed, 
immersed in liquid nitrogen and stored at -70 °C until assayed. 

4.3.3.3 Wall stretch in isolated perfused rat heart preparation (III) 

The isolated, perfused rat heart preparation used in this study was a modification of that 
previously described (Ruskoaho et al. 1986, Mäntymaa et al. 1993). The abdominal cavity 
was opened, the diaphragm transected, lateral incisions made along both sides of the rib 
cage, and the heart cooled with perfusion fluid (4-10 °C). The aorta was cannulated above 
the aortic valve and retrograde perfusion was begun with a modified Krebs-Henseleit 
bicarbonate buffer, pH 7.4, equilibrated with O2/CO2 (95:5), at 37 °C. Final concentrations 
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of the salts in the buffer were (in mM): NaCl 113.8, NaHCO3 22.0, KCl 4.7, KH2PO4 1.2, 
MgSO4 1.1, CaCl2 2.5 and glucose 11.0. 

Hearts were perfused at a constant flow rate of 15 ml/min with a peristaltic pump 
(Minipuls 3, model 312, Gilson, Villiers, France) to produce perfusion pressure of about 
80 mm Hg. Heart rate was increased 15-20% above the spontaneous beating frequency by 
using a Grass stimulator (11 V, 0.5 ms; model S88, Grass Instruments, Quincey, MA, 
USA). Perfusion pressure reflecting coronary vascular resistance was measured by a 
pressure transducer (Isotec, Hugo Sachs Elektronik, Germany) situated on a side arm of 
the aortic cannula. Left ventricular pressure was measured using a fluid-filled balloon, 
which was placed in the left ventricular chamber and connected to a pressure transducer 
(Isotec, Hugo Sachs Elektronik, Germany). The balloon was large enough so that 
negligible pressure resulted, when the balloon alone was filled up to the maximum volume 
used. Analog signals were digitized at a sampling frequency of 1000 Hz. All the data were 
recorded and analyzed with an IBM PC-compatible computer using PONEMAH data 
acquisition software (Gould Instrument System Inc, Ohio, USA). 

The beating hearts were subjected to an acute elevation of wall stretch by distension of 
a fluid-filled balloon in the left ventricular chamber. Initially, the hearts were unloaded by 
opening the valve of the cannula of the intraventricular balloon against the air, so the 
balloon was inflated just enough to obtain a pressure signal to monitor preparation 
stability. After a 50-min stabilization period, the hearts were either perfused further under 
the unloaded conditions (valve open) or exposed within 5 min to a peak left ventricular 
pressure between 130 and 150 mm Hg by closing the valve and inflating the balloon for 
15 min, 30 min, 1 h or 2 h. In a separate series of experiments, 10 nM of AT1 receptor 
antagonist CV-11974 or 1 µM of ETA/B receptor antagonist bosentan were added to the 
perfusion buffer for 30 min in the absence and presence of elevated wall stretch. In 
another series of experiments, ET-1 and Ang II were added to the perfusion buffer in the 
absence of elevated wall stretch at concentrations previously used in isolated rat heart 
preparation (Mäntymaa et al. 1990, Schunkert et al. 1995). At the end of experiments, the 
left ventricles were frozen in liquid nitrogen, and stored at - 70 °C for further analyzis.  

4.4  Isolation and analysis of cytoplasmic RNA (I-IV) 

RNA was isolated from left ventricular tissue by the guanidine isothiocyanate-CsCl 
method (Chirgwin et al. 1979). Northern blot hybridization, in which the size and amount 
of specific mRNA molecules in total RNA preparations are determined (Alwine et al. 
1977) and dot blot hybridization, in which a small sample of the RNA preparation is 
spotted onto nitrocellulose membrane (Kafatos et al. 1979), were performed after isolation 
of RNA. For the RNA Northern blot and dot blot analysis, 20 µg samples of the left 
ventricular RNA were used (Studies I-IV). A 390 bp fragment of rat BNP cDNA probe 
(Ogawa et al. 1991a) (a generous gift from Dr. Kazuwa Nakao, Kyoto University School 
of Medicine, Kyoto, Japan), a 1417 bp probe for rat GATA4, a 1175 bp probe for rat 
GATA6, a 1050 bp probe for rat c-fos, a full-length cDNA probe complementary to 
glyceraldehyde 3-phosphate-dehydrogenase (GAPDH) (Fort et al. 1985), and 
oligonucleotide probe complementary to rat 18 S ribosomal RNA (Lee et al. 1988) were 
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labeled with [32P]-dCTP with Quick Prime Kit. The membranes were hybridized overnight 
at +42 °C in 5 x SSC (saline sodium citrate, 1 x SSC = 0.15 M NaCl, 0.015 M trisodium 
citrate, pH 7), 0.5 % sodium dodecyl sulfate (SDS), 5 x Denhardt's solution, 50 % 
formamide and 100 µg/ml sheared herring sperm DNA. After hybridization, the 
membranes were washed in 0.1 x SSC, 0.1 % SDS three times for 20 min at +55 °C and 
exposed to X-ray film with Cronex Lighting Plus intensifying screens (DuPont, 
Wilmington, DL, USA) at -70 °C or to Phosphor Screen (Molecular Dynamics, 
Sunnyvale, CA, USA) at room temperature. Phosphor Screens were scanned with 
Phosphor Imager. Autoradiograms generated by dot blots were scanned with a 
densitometer (Millipore Corp. Imaging Systems, Ann Arbor, MI, USA). The hybridization 
signals of BNP, GATA4, GATA6 and c-fos mRNA were normalized to that of GAPDH or 
18S for each sample to correct for potential differences in loading and/or transfer.  

4.5  Radioimmunoassay of IR-BNP (I, II, IV)  

The IR-BNP level was measured by RIA from the extracted plasma, as described 
previously (Vuolteenaho et al. 1985, Ruskoaho et al. 1989). Briefly, the 450 µl plasma 
samples were extracted by Sep-Pak C18 cartridges, and the eluates were lyophilized and 
redissolved in 450 µl RIA buffer (Kinnunen et al. 1993b). The samples were incubated in 
duplicates of 100 µl with 100 µl of the specific rabbit BNP antiserum (final dilution of 
1:50 000) (Ogawa et al. 1991a) at +4 °C. Synthetic rat BNP51-95 (BNP-45) was used as a 
standard. The BNP tracers were prepared by chloramine-T iodination of synthetic rat 
[Tyr0]-BNP51-95 followed by reverse phase high performance liquid chromatography 
purification. After incubation for 48 h at +4 °C, 100 µl (10 000 cpm) of [Tyr0]-BNP51-95 
with normal rabbit serum (1 µl/tube) was added. After further incubation for 24 h at +4 °C, 
the immunocomplexes were precipitated with sheep antiserum directed against rabbit 
gammaglobulin in the presence of 500 µl of 8 % polyethylene glycol, followed by 
centrifugation at 3000 g for 30 min. The sensitivity of the BNP assay was 1 fmol/tube. 
Fifty percent displacements of the respective standard curve occurred at 25 fmol/tube and 
the intra- and inter-assay variations were less than 10 % and 15 %, respectively. The BNP 
antiserum did not recognize ANP or CNP (< 0.01 %). Tissue BNP is expressed as 
concentration per mg wet weight. 

4.6  Histology (I) 

Hearts were washed and stopped in diastole by perfusion with phosphate buffered saline 
containing 50 mM KCl and then fixed by perfusion with Bouin solution (Paradis et al. 
2000). Specimens were embedded in paraffin and cut into 5 µm sections for 
immunostaining with rabbit polyclonal anti-GATA4 antibody (streptavidin/biotin 
immunoperoxidase method) as described previously (Paradis et al. 2000).  
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4.7  Nuclear protein extraction and gel mobility shift assay (I-IV) 

Nuclear extracts from atrial and ventricular tissue were prepared by using a modified 
procedure described by Deryckere and Gannon (Deryckere & Gannon 1994). Briefly, 
hearts were broken with a hammer and reduced to powder in a mortar in liquid nitrogen. 
The thawed powder was homogenized in a low salt solution (0.6 % Nonidet P-40 [NP40], 
150 mM NaCl, 10 mM HEPES pH 7.9, 1 mM EDTA, 0.5 mM phenylmethylsulfonyl 
fluoride [PMSF]), and centrifuged for 30 s at 2000 rpm to get rid of any unbroken tissue. 
The supernatant was incubated for 5 min on ice and then centrifuged for 5 min at 5000 
rpm. The pelleted nuclei were 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 dithiothreitol 
[DTT], 0.5 mM PMSF, 2 mM benzamidine, and 5 µg/ml of each aprotinin, leupeptin and 
pepstatin), and incubated on ice for 20 min. Insoluble cellular debris was pelleted by a 15-
s centrifugation, and the supernatant was aliquoted, frozen in liquid nitrogen and stored at 
-70 °C until assayed.   

Nuclear extracts from neonatal rat cardiac myocytes were prepared as described 
previously (Schreiber et al. 1989). Briefly, cells were collected, washed with Tris buffered 
saline (TBS) and pelleted by centrifugation for 5 min at 1500 g. The pellet was 
resuspended in TBS and pelleted again by spinning for 15 s in a microcentrifuge. The 
pellet was resuspended in a low salt buffer (10mM HEPES pH 7.9, 10 mM KCl, 0.1 mM 
EDTA, 0.1 mM EGTA, 1 mM DTT, 0.5 mM PMSF), and the cells were allowed to swell 
on ice for 15 min. Next, 10 % solution of Nonidet NP-40 was added and the tube was 
briefly vortexed. The homogenate was centrifuged for 30 s in microcentrifuge, the pelleted 
nuclei were resuspended in a high salt buffer (20 mM HEPES pH 7.9, 0.4 M NaCl, 1 mM 
EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF), and the tube was vigorously rocked at 4 
°C for 15 min on a shaking platform. The extract was centrifuged for 5 min at 12000 rpm 
and the supernatant was frozen in aliquots in liquid nitrogen and stored at - 70 °C. Protein 
concentrations were determined by Bio-Rad Laboratories Protein Assay (Bio-Rad 
Laboratories Inc., Hercules, CA, USA). 

Double-stranded synthetic oligonucleotides containing GATA (5’-TGTGTCT 
GATAAATCAGAGATAACCCCACC-3’) or AP-1 motifs (5’-GGAAGTGTTTTTGA 
TGAGTCACCCCA-3’) of the rat BNP promoter were labeled with [α-32P]-dCTP. Binding 
reactions contained 20-30 µg of crude nuclear extract or 6 µg of nuclear extract from 
cardiac myocytes 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 µM of each aprotinin, leupeptin and pepstatin, and when 
appropriate, various molar excesses of unlabeled double-stranded oligonucleotides. 
Reactions were carried out at room temperature for 20 min and protein-DNA complexes 
were separated by electrophoresis on 5 % polyacrylamide gel in 0.5 × Tris-borate-EDTA 
buffer (TBE) at +4 °C. To confirm that each reaction contained equal amounts of nuclear 
protein, the labeled Octamer-1 (Oct-1) oligonucleotide probe was used. Nonlabeled 
double-stranded oligonucleotides corresponding to GATA or AP-1 binding sites of the 
BNP promoter and a GATA consensus sequence (Santa Cruz Biotechnology, Santa Cruz, 
CA, USA) were used as specific competitor DNAs. Nonspecific competitor DNAs 
included a double-stranded oligonucleotides carrying the mutated binding site for GATA4 
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(5’-TGTGTCTGGTAAATCAGA GGTAACCCCACC-3’) and Oct-1 as non-related DNA. 
For supershift experiments, 1-2 µg of goat polyclonal GATA4, GATA5, GATA6, c-Fos 
(4)-G, c-Fos (K-25)-G, c-Jun/AP-1 (N)-G, Jun B (N-17)-G or Jun D (329)-G affinity 
purified IgG (Santa Cruz Bioctechnology, Santa Cruz, CA, USA) were used. All results 
were scanned with Phosphor Imager and analyzed by Image Quant. 

4.8  Preparation of constructs and reporter gene assay (I, IV) 

Rat BNP-luciferase plasmids containing various rBNP promoter fragments (Fig. 6) were 
obtained by subcloning appropriate 5' deletions of the BNP promoter (generated by 
restriction or by polymerase chain reaction [PCR]) in the pXP-2 vector as described 
previously (McBride et al. 1993, Grepin et al. 1994). Briefly, the reporter plasmid p-
2200BNPluc was constructed by inserting a HindIII-SstI BNP fragment encompassing the 
nucleotides -2200 to +75 relative to the transcriptional start site of rat BNP gene into pXP-
2. The plasmid contained the firefly luciferase (luc) coding region and SV 40 splicing and 
polyadenylation signals. The plasmid p-114BNPluc was prepared by subcloning a SstI-
BamHI-fragment containing the nucleotides -114 to +75 relative to the transcriptional start 
site of rat BNP gene into pXP-2. For the GATAmut and AP-1mut constructs, the site-
specific mutations were made either to both GATA sites or the AP-1 site in the p-
114BNPluc plasmid. Reporter plasmids carrying further 5' deletions of this promoter (-
100 bp and -76 bp, with the same 3' end at +75 bp) were cloned into pXP2-vector. The 
reporter plasmid containing three GATA response elements was prepared by inserting a 
38-bp oligonucleotide containing distal bp -90 GATA motifs upstream of the minimal 
BNP-60 promoter. Simian virus (SV) β−gal (Promega Co., San Diego, CA, USA) 
plasmid, an expression vector containing β−galactosidase enzyme encoding the lacZ gene 
under the control of SV40 early promoter and enhancer unit was coinjected with all p-
BNPluc constructs as an internal control.  

The animals were sacrificed by decapitation 7 days (I) and 7 or 14 days (IV) after 
injection of plasmid constructs. According to our unpublished results, the expression of 
directly injected genes is maximal at three days and measurable until 14 days after 
injection. Following sacrifice, the hearts were removed, the atria and great vessels 
trimmed and the ventricles washed in ice-cold saline. The left ventricle was cut into the 
basal, the middle and the apical one-third, and the pieces were weighed. Each ventricular 
sample was homogenized separately in 1 ml of homogenization buffer (20 mM Tris-
acetate pH 7.5, 5 mM EDTA, 20 mM KCl, 2 mM Mg-acetate, 0.5 mM DTT) with an 
Ultra-Turrax T25-tissue homogenizer (Janke und Kunkel, Stauffen, Germany). 
Homogenates were centrifuged at 6000 g for 10 min at +4 °C, and the supernatants were 
divided into two samples. Luciferase samples were kept at room temperature and samples 
for β−galactosidase assay were stored at -20 °C for subsequent analysis. 

Both luciferase and β−galactosidase activities were assayed from the same supernatant 
of cardiac homogenates. Luciferase activity was measured in 20 µl aliquots (2.0-2.5 % of 
the total volume) of the supernatant by a luminometer (model RS, Labsystems 
Luminoskan, Helsinki, Finland) using the commercially available Luciferase Assay 
System. β−galactosidase activity was determined in 20 µl aliquots of the supernatant by 
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the commercially available Luminescent β−galactosidase Detection Kit II. In samples in 
which luciferase activity was less than 1.0 (backround averaged 0.1-0.2) the injection 
failed and values were not reported. The variation of the transfection efficiency estimated 
by different level of activities was less than 10 %.  

 
Fig. 6. Rat BNP-luciferase constructs as referred to in the text.  

4.9  Cell culture (II) 

Neonatal rat cardiac myocytes were prepared from 1-3 day-old neonatal rat hearts using a 
collagenase dissociation method (Hasegawa et al. 1997). Briefly, cells were pre-plated 
into 100 mm culture dishes for 30 min at 37 °C in humidified air with 5 % CO2 to reduce 
the number of contaminating non-muscle cells. Cells not attached to the pre-plated dishes 
were plated into 35 mm Falcon wells in 2 ml or 100 mm culture dishes in 15 ml of serum-
containing medium at a density of 2000 cells/mm2. After 24 h of incubation in the serum-
containing medium, the medium was replaced with complete serum free medium (CSFM), 
which was 1:1 mixture of DMEM/F-12 medium supplemented with 2.5 mg/ml bovine 
serum albumin (BSA), 1.0 µM insulin, 5.64 µg/ml transferrin, 32 nM selenium, 2.8 mM 
Na-pyruvate, 1 nM T3 and 100 IU/ml penicillin-streptomycin. After 48 h incubation in 
CSFM, the cells were divided into test groups and the medium was replaced with CSFM 
or CSFM supplemented with ET-1 100 nM (Choukroun et al. 1998) or bosentan 10 µM 
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for 15 min, 30 min, 1 h and 4 h. After experiments the cells were washed twice with TBS 
prior to nuclear protein extraction. 

4.10  Statistical analysis 

The results are expressed as mean±SEM. For the comparison of statistical significance 
between two groups, Student's t-test was used. Kruskal Wallis test was used for 
multivariate analysis. The hemodynamic variables and plasma IR-BNP levels were 
analyzed with one-way ANOVA followed by Student-Newman-Keuls´s post hoc test. A P 
value <0.05 was considered statistically significant. 



5 Results 

5.1  GATA factors in hemodynamic stress-induced BNP gene expression 
(I) 

5.1.1  Basal gene expression 

In order to identify the potential regulatory elements required for basal ventricular-specific 
BNP gene expression in vivo, the approach of DNA injection into the myocardium was 
used. Genomic fragments containing the sequences between -2200 to +75 bp and -114 to 
+75 bp were fused to the luciferase reporter gene for direct left ventricular injections. The 
pSV-β−galactosidase-vector was co-injected as an internal control for transfection 
efficiency. Seven days after injection, the BNP reporter construct containing 2200 bp 
upstream of the transcription initiation site was expressed in ventricular cells. Deletion of 
sequences between bp -2200 and -114 did not affect the high-level activity of the BNP-
luciferase vector. According to sequence analysis, this -114 bp region contains a 
specialized TATA box at -30 bp (a GATA motif), a CACC box at -70 bp, two repeated 
GATA motifs at -90 bp, and an AP-1-like element at about -110 bp (Grepin et al. 1994).  

To analyze the roles of the AP-1-like element and GATA motifs, nested 5' deletions or 
site specific mutations were generated and tested in vivo by direct DNA injection. Deletion 
of the AP-1-like element decreased promoter activity over 10-fold, and deletion of the two 
GATA motifs at -90 bp caused a further fourfold reduction in promoter activity (1.7 % of -
2200 bp construct promoter activity). Mutations of the AP-1-like and the distal GATA 
motifs reduced BNP expression to 32 % and 57 % of the BNP -114 bp construct, 
respectively. The contribution of the GATA box at -90 bp to the ventricular-specific 
activity of the BNP promoter was further confirmed by the fact that a 38-bp 
oligonucleotide containing this GATA motif displayed transcriptional activity when 
inserted upstream of the minimal BNP-60 promoter.  
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5.1.2  Characterization of hemodynamic overload model 

The bilateral nephrectomy model was chosen to study the regulatory elements required for 
inducible ventricular-specific BNP gene expression. Nephrectomy caused marked 
elevation in blood pressure that was associated with a significant decrease in heart rate. 
Also, nephrectomized rats showed clear clinical signs of volume overload, i.e. pulmonary 
edema and peritoneal ascites. Both MAP and heart rate remained unchanged in the sham-
operated animals.  

To validate the model, the expression of endogenous BNP mRNA levels was examined 
in the left ventricle. Nephrectomy produced a significant 3.9-fold increase in left 
ventricular BNP mRNA levels in nephrectomized rats compared with sham-operated 
animals. The increase in left ventricular BNP mRNA levels was accompanied with a 
significant increase in left ventricular IR-BNP levels (15.9±1.3 fmol/mg vs. 8.9±0.8 
fmol/mg, P<0.001), and there was a tendency for plasma IR-BNP levels to be higher in 
nephrectomized rats than in sham-operated animals (24.3±3.7 fmol/l vs. 13.2±2.6 fmol/l, 
NS). The index of ventricular hypertrophy, ventricular weight to body weight ratio was 
equal in sham-operated and nephrectomized rats. 

5.1.3  Transactivation of the BNP promoter by nephrectomy 

To determine whether hemodynamic stress stimulates the transcriptional activities of the 
upstream regulatory elements of the BNP gene, the expression of the luciferase reporter 
gene driven by 2200 bp of rat BNP 5' flanking sequences was evaluated in sham-operated 
and hemodynamically overloaded rat ventricles. In the animals injected with –2200 
BNPluc, the mean ratio of luciferase activity was 5.1-fold higher in the ventricles of rats 
subjected to one-day nephrectomy as compared with sham-operation (Fig. 7). The level of 
pSVβ− galactosidase expression was similar in the left ventricles of sham-operated and 
nephrectomized animals, showing that increases in the expression of –2200BNPluc are 
due to augmentation of the transcriptional activity of the BNP promoter sequences. To 
evaluate the time course of the induction of BNP transcription in response to acute 
hemodynamic stress, the BNP promoter activities were also analyzed at 6 h and 12 h after 
nephrectomy. Nephrectomy for 12 h produced a 1.7-fold increase (P<0.05) in the activity 
of -2200 bp BNP construct, whereas no inducible expression was noted at 6 h after 
nephrectomy. 

In order to identify the DNA sequences mediating hemodynamic overload stimulated 
increases in BNP transcription, the ability of nested 5' deletions to respond to 
nephrectomy was evaluated. The 114-bp fragment of rat BNP promoter was shown to be 
sufficient for inducible expression in hemodynamic stress, since deletion to -114 bp had 
no  significant effect on inducibility in response to nephrectomy. In addition, the level of 
inducibility of -114BNPluc (7.2-fold) was the highest among the constructs tested. 
Hemodynamic overload significantly increased (over 5-fold) the expression of the -114 bp 
constructs containing the site specific mutation or 5' deletion of the AP-1-like element. In 
contrast, mutation of the two GATA motifs at -90 bp as well as the deletion of the -90 bp 
GATA sites resulted in almost complete loss of inducible expression. To confirm the 
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contribution of the GATA box at -90 bp to the inducible expression of the BNP promoter, a 
38-bp oligonucleotide containing this site inserted upstream of the minimal BNP-60 
promoter was used. Hemodynamic stress significantly (3.5-fold, P<0.05) increased the 
expression of this construct approximately similarly to that exhibited by the longest -2200 
bp BNP-luciferase construct (Fig.7). 
 
 

 
Fig. 7. Left ventricular transcriptional activities of rat BNP promoter sequences in response to 
hemodynamic stress due to one-day nephrectomy. Inducible transcriptional activity as 
indicated by the relative ratios of luc/β−gal activities of rats subjected to sham operation (open 
columns) or bilateral nephrectomy (closed columns). Data are presented as mean ± SEM. 
***P<0.001; **P<0.01; and *P<0.05 vs. sham-operated rats (Student's t test). 

5.1.4  GATA binding activation 

Gel mobility shift assays were used to analyze the DNA-binding activities that interact 
with the GATA motifs of the BNP promoter. When left ventricular nuclear extracts from 
the hearts of sham-operated and nephrectomized rats were incubated with the 
oligonucleotide probe containing the -90 bp GATA motifs, a specific complex was formed. 
Competition analysis was performed to determine the specificity of GATA binding 
activity. The formation of complexes with the rat BNP-90 GATA probe was effectively 
inhibited by the unlabeled probe and GATA consensus DNA. In contrast, the binding was 
unaffected by an excess of oligonucleotides corresponding to the non-related competitor 
DNA (Oct-1) or the mutated BNP GATA site. To confirm further that the complex bound 
to the BNP GATA site contains GATA proteins, supershift assays were carried out by 
using GATA4, GATA5 and GATA6 antibodies. Experiments from sham-operated and 
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nephrectomized rats clearly showed an antibody-induced supershift of left ventricular 
GATA4 but not GATA5 or GATA6 complexes. Hemodynamic overload produced a 1.9-
fold increase (P<0.01) in BNP GATA binding activity. Also at 6 h and 12 h after 
nephrectomy, a tendency for BNP GATA binding activity to increase (1.33- and 1.35-fold, 
respectively) was observed. 

5.1.5  GATA4 and GATA6 mRNA levels and immunohistochemistry 

Next, the possibility that the increase in GATA4 binding activity could result from an 
increase in the expression of GATA4 gene itself or an increase in GATA4 protein was 
examined. Northern blot analysis with both rat GATA4 and GATA6 probes identified a 
single 3.3-kb and 1.8-kb mRNA species, respectively, in the left ventricles of adult rats. 
Hemodynamic stress produced by bilateral nephrectomy had no effect on ventricular 
GATA4 or GATA6 mRNA levels. Furthermore, immunohistochemical analysis showed no 
observable difference in the amount of GATA4 immunoreactivity in the left ventricles of 
nephrectomized rats compared to sham-operated animals. 

5.2  Role of endothelin-1 in pressure overload-induced GATA4 binding 
activity (II) 

5.2.1  Characterization of pressure overload model 

To study the intracellular mechanisms responsible for the activation of transcription 
factors during pressure overload, an in vivo model of intravenous administration of AVP in 
conscious normotensive rats was used. To clarify the precise time-course of induction of 
DNA binding, AVP was infused for 15 min, 30 min, 1 h, 2 h and 4 h. MAP rose rapidly 
and reached maximum value within 15 min during AVP-infusion, and was associated with 
a significant decrease in heart rate. The rapid AVP-induced increase in blood pressure was 
followed by an increase in the BNP mRNA levels in both the epicardial and endocardial 
layers of the left ventricle. A 1.7-fold and 3.5-fold increase was noted after 1 h and 4 h of 
AVP infusion in left ventricular endocardium, respectively. The activation of BNP gene 
expression resulted in a significant increase in the left ventricular endocardial IR-BNP 
peptide levels at 2 h and 4 h of AVP-infusion. In contrast, no increase in right atrial BNP 
mRNA levels or right atrial pressure was noted within 15 min to 4 h of AVP-infusion 
under these experimental conditions, suggesting that AVP has no direct effect on cardiac 
BNP gene expression.  

5.2.2  Left ventricular GATA4 binding activity 

The transacting factors that interact with the GATA or AP-1 motifs of the BNP promoter 
were analyzed by gel mobility shift assays. AVP-infusion for 15 min rapidly increased 



 

 

62

DNA binding activity in left ventricular extracts using oligonucleotide probe containing 
the -90 BNP GATA sites. A maximum 2.2-fold increase was noted at 30 min. BNP GATA 
binding activity also increased in response to one-hour AVP-infusion, whereas at 2 h and 4 
h GATA DNA binding activity was not enhanced. Interestingly, AVP-infusion within 15 
min to 4 h had no significant effect on DNA binding activity in right atrial nuclear 
extracts, supporting the hypothesis that the observed changes in BNP GATA binding 
activity are related to hemodynamic effects of AVP.  

To determine the specificity of left ventricular GATA binding activity, competition 
analysis were performed. The unlabeled rat BNP-90 GATA probe and GATA consensus 
sequence effectively inhibited the formation of protein-DNA complexes, whereas the 
binding was unaffected by an excess of oligonucleotides corresponding to the non-related 
competitor DNA (Oct-1) or the mutated BNP GATA site. Supershift analysis using left 
ventricular extracts from vehicle- or AVP-infused rats clearly showed antibody-induced 
supershift of GATA4 but not of GATA5 or GATA6 complexes. 

Unlike GATA4, the level of BNP AP-1 binding activity was not enhanced in nuclear 
extracts from vehicle- or AVP-infused rat hearts under these experimental conditions. 
Weak supershifts were obtained with JunB (N-17) and JunD (329) antibodies 
demonstrating the presence of JunB and JunD in the complex formed between BNP AP-1 
site and proteins in AVP-infused rat heart nuclear extracts.  

5.2.3  GATA4, GATA6 and c-fos mRNA levels 

Northern blot analysis with both GATA4 and GATA6 probes identified a single 3.3-kb and 
1.8-kb mRNA species, respectively, in the left ventricles of adult rats. Acute pressure 
overload had no effect on left ventricular GATA4 or GATA6 mRNA levels within 15 min 
to 4 h of AVP-infusion. In contrast, a significant increase in c-fos mRNA levels was noted 
in response to AVP-induced pressure overload. 

5.2.4  Effect of bosentan and losartan on GATA4 DNA binding 

To study the mechanism by which pressure overload increases GATA4 DNA binding 
activity, the roles of paracrine factors ET-1 and Ang II were evaluated by selective 
receptor antagonists. The mixed ETA/ETB receptor antagonist bosentan and the Ang II type 
1 receptor antagonist losartan were injected in the precense or absence of AVP. The 
pressure overload-induced increase in BNP GATA4 binding activity was completely 
inhibited by bosentan, while losartan failed to inhibit GATA4 DNA binding (Fig. 8). 
Bosentan alone had no effect on BNP GATA4 binding activity. Administration of bosentan 
at a dose of 10 mg/kg i.v. and losartan at a concentration of 10 mg/kg i.v. have been 
documented to block completely any increase in MAP produced by big ET-1 or Ang II 
infusions (Magga et al. 1997a). In addition, injections of bosentan and losartan did not 
significantly alter the hemodynamic responses evoked by AVP- infusion, thus allowing us 
to examine the direct action of load versus a requirement for ET-1 and Ang II to mediate 
pressure overload-induced increase in GATA4 DNA binding activity.  
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Fig. 8. A. Effect of bosentan on pressure overload-induced increase in BNP GATA binding 
activity in conscious rats. Binding reactions were probed with radiolabeled rBNP-90 GATA. 
Gel mobility shift analysis using nuclear extracts from vehicle-infused hearts is shown in lanes 
1 and 3, and from AVP-infused hearts in lanes 2 and 4. N.s. indicates non-specific binding. 
B. Effect of bosentan on 30-minute AVP infusion-induced increase in BNP GATA binding 
activity. C indicates vehicle; B, bosentan. Results are expressed as mean±SEM (n=5). *P<0.05 
vs. vehicle (Student’s t test).  
C. Effect of ET-1 on BNP GATA binding activity in cultured cardiac myocytes. Binding 
reactions contained nuclear extracts from ventricular myocytes stimulated by ET-1 (lanes 2 to 
4, and 6) or bosentan (lanes 5 and 6). N.s. indicates non-specific binding. 

5.2.5  Effect of endothelin-1 on GATA binding activity and mRNA levels in 
cultured cardiac myocytes 

AVP-induced pressure overload increased GATA4 binding activity via ET-1 in vivo. The 
specific complexes were also obtained in gel mobility shift analysis of nuclear extracts 
prepared from cultured rat neonatal cardiomyocytes. ET-1 treatment for 15 to 60 min 
produced an increase in DNA binding activity using rat BNP-90 GATA probe. This rapid 
increase in GATA4 binding activity in cultured cardiac myocytes was inhibited by the 
mixed ETA/ETB receptor antagonist bosentan. GATA4 mRNA levels remained unchanged 
in ET-1-treated cardiac myocytes under these experimental conditions. 

Lane
Load
Bosentan

4      3      2         1       
+       -       +        -       
+      +       -        -        

GATA

N.s.

A. B.

*

0

1

2

3

4

5

Fo
ld

 in
cr

ea
se

 v
s.

 c
on

tro
l

C AVP B B+AVP

GATA4 binding activity
ET-1

     5  3    2     
++     +    -      

6030  15    -

Lane 1    

Time (min)

GATA

N.s.

C.

Bosentan +   +       -        -        -      -      
-      +   

30 

6

30

4



 

 

64

5.3  Effects of endothelin-1 and angiotensin II on transcription factor 
activation in wall stretch-stimulated isolated rat hearts (III) 

5.3.1  Characterization of left ventricular wall stretch model 

The isolated perfused rat heart preparation was chosen to examine the effect of direct left 
ventricular wall stretch on the transcription factor activation. Wall stretch was induced by 
inflating the left ventricular balloon to achieve a left ventricular systolic pressure of 130-
150 mm Hg for 15 min, 30 min, 60 min and 120 min. A separate group of unloaded hearts 
with flaccid left ventricles served as controls. To address potential confounding effects of 
hemodynamics distinct from the elevation of systolic load on activation of transcription 
proteins, coronary flow and coronary perfusion pressure were adjusted to a similar level in 
all hearts.  

5.3.2  Wall stretch-induced cardiac gene expression 

The elevated wall stretch was associated with a rapid induction of left ventricular c-fos 
gene expression. In addition, a 2.0-fold increase in left ventricular BNP mRNA levels was 
noted at 2 h in response to wall stretch. In contrast, elevation in systolic pressure had no 
effect on GATA  mRNA level ithin 15 min to 2 h. 
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5.3.4  Effects of endothelin-1 and angiotensin II receptor antagonism on 
GATA4 and AP-1 binding activities 

Mixed ETA/ETB receptor antagonist bosentan and angiotensin II type 1 receptor antagonist 
CV-11974 were used to study the effects of ET-1 and Ang II on activating the transcription 
factors GATA4 and AP-1 in response to left ventricular wall stretch. Bosentan or CV-
11974 was added to the perfusion buffer for 30 min in the absence or presence of elevated 
systolic load. In wall stretch-stimulated hearts in the presence of bosentan and CV-11974, 
left ventricular systolic pressure, left ventricular end-diastolic pressure, perfusion pressure 
and heart rate did not differ from those of vehicle group. Both bosentan and CV-11974 
completely inhibited the systolic wall stretch-induced increase in BNP GATA4 binding 
activity (Fig. 9). Similarly, ET-1 and Ang II receptor antagonism inhibited the increase in 
AP-1 binding activity in response to elevated systolic pressure. Bosentan and CV-11974 
alone had no statistically significant effect on DNA binding activities. 

To further characterize the role of ET-1 and Ang II in stimulating GATA4 and AP-1 
binding activities, ET-1 and Ang II were added to the perfusion buffer for 30 min in the 
absence of elevated systolic load. 1 nM of ET-1 and 10 nM of Ang II produced 2.2- and 
2.7-fold increases in BNP GATA binding activities, respectively. ET-1 infusion stimulated 
GATA4 DNA binding activity in a dose-dependent manner. In addition, a small increase in 
BNP AP-1 binding activity was noted by Ang II infusion.  
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Fig. 9. A. Gel mobility shift assays of nuclear extracts from wall stretch-stimulated left 
ventricles showing the time course of BNP GATA binding activity in response to load.  

B. The time course of activation of BNP AP-1 DNA binding in nuclear extracts from wall 
stretch-stimulated left ventricles within 15 min to 2 h. 

C. The effect of bosentan and CV-11974 on wall stretch-induced increase in left ventricular 
BNP GATA binding activity at 30 min. C indicates vehicle; B, bosentan; and CV, CV-11974. 
Results are expressed as mean±SEM (n=10-13). ***P<0.001 vs. vehicle, §P<0.05 vs. stretch 
(Kruskal Wallis test). 

D. The effect of bosentan and CV-11974 on wall stretch-induced increase in left ventricular 
BNP AP-1 binding activity at 30 min. C indicates vehicle; B, bosentan; and CV, CV-11974. 
Results are expressed as mean±SEM (n=10-13). *P<0.05 vs. vehicle, §P<0.05 vs. stretch 
(Kruskal Wallis test). 
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5.4  BNP gene expression and transcription in angiotensin II-induced 
pressure overload (IV) 

5.4.1  Angiotensin II-induced hypertension 

In order to study the time-course of chronic pressure overload-induced BNP gene 
expression, Ang II was administrated for 2 h to 2 weeks. In the 2-hour experiment, blood 
pressure increased rapidly during Ang II infusion in conscious rats. Simultaneously, a 
significant decrease in heart rate was observed. Continuous infusion of Ang II by s.c. 
minipumps increased blood pressure significantly within 3 h, and increased MAP 
persisted throughout the 2-week experiment. Heart rate decreased at first day of the 
continuous infusion of Ang II, whereas a significant increase in heart rate was documented 
at 5 days of continuous infusion of Ang II. The index of ventricular hypertrophy, the left 
ventricular weight to body weight ratio increased significantly at 12 h and onwards in Ang 
II-treated rats. 

5.4.2  BNP gene expression during angiotensin II infusion 

In Ang II-treated rats, left ventricular BNP mRNA levels increased 2.2-fold by 2 h and a 
maximum 5.2-fold increase was noted at 12 h (Fig. 10A). At 3 days of continuous infusion 
of Ang II, BNP mRNA levels increased 1.8-fold. Thereafter, BNP mRNA levels decreased 
and returned to control levels at one week. Left ventricular IR-BNP peptide levels peaked 
at 6 h (3.8-fold) and reduced gradually to the control levels within the experimental 2-
week period (Fig. 10B). In Ang II-treated rats, plasma IR-BNP levels were highest at 12 h 
(3.3-fold) and remained elevated up to 2 weeks (1.4-fold) (Fig. 10C). 

5.4.3  Transactivation of BNP promoter by angiotensin II   

To evaluate the time course of the induction of BNP transcription in response to pressure 
overload, the BNP promoter activities were analyzed in rats exposed to Ang II treatment 
for 2 h to 2 weeks (Fig. 10D). At 2 h, pressure overload by Ang II infusion produced a 3.9-
fold increase in the activity of -2200 bp BNP construct. A 2.0-fold Ang II-induced increase 
in the BNP promoter activity was obtained at 6 h, whereas at 12 h no observable 
difference in Ang II-treated rats compared to vehicle group was noted. Thereafter, a 
significant 1.7-, 2.4- and 2.8-fold activation of the BNP promoter was seen, in response to 
infusion of Ang II for 3 days, 1 week and 2 weeks, respectively. The effect was sequence-
specific, as illustrated by the absence of Ang II-stimulated increases in transcription 
directed by the proximal 114 bp fragment of the BNP promoter. 
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Fig. 10. A. The time course of left ventricular BNP mRNA levels during Ang II administration. 
Open bars indicate vehicle and solid bars Ang II. Results are expressed as mean±SEM (n=8-
15). ***P<0.001, and *P<0.05 vs. vehicle. 
B. Left ventricular IR-BNP levels during Ang II infusion within 2 h to 2 weeks. Open bars 
indicate vehicle and solid bars Ang II. Results are expressed as mean±SEM (n=8-15). 
***P<0.001 and **P<0.01 vs. vehicle. 
C. Plasma IR-BNP levels during Ang II infusion. Open bars indicate vehicle and solid bars 
Ang II. Results are expressed as mean±SEM (n=8-15). ***P<0.001, **P<0.01, and *P<0.05 vs. 
vehicle. 
D. BNP promoter activity during Ang II administration for 2 h to 2 weeks. Open bars indicate 
vehicle and solid bars Ang II. Results are expressed as mean±SEM (n=12-22). ***P<0.001 and 
*P<0.05 vs. vehicle. 
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5.4.4  Left ventricular AP-1 binding activities 

Gel mobility shift analysis was used to analyze the time-course of BNP AP-1 DNA 
binding activity in response to continuous infusion of Ang II for 2 h to 2 weeks. 2-hour 
Ang II infusion produced a 2.7-fold increase in BNP AP-1 binding activity. At 6 h a 1.9-
fold increase in AP-1 binding activity was noted. Further infusions of Ang II within 12 h 
to 2 weeks did not enhance BNP AP-1 binding activities significantly when compared to 
vehicle group. The specifity of AP-1 binding was confirmed by competition analysis and 
supershift assays. Unlabeled BNP AP-1 oligonucleotide probe prevented the DNA 
binding, whereas non-related DNA Oct-1 or mutated BNP AP-1 site did not affect the 
binding activity. Weak supershifts were observed with c-Fos (4)-G and c-Fos (K-25)-G 
antibodies, indicating the presence of c-fos protein in the complex formed between the 
BNP AP-1 probe and the proteins in nuclear extracts from left ventricles exposed to Ang 
II-induced pressure overload. (Fig. 11). 

 

 

Fig. 11. A. BNP AP-1 DNA binding activities in response to continuous infusion of Ang II for 2 
h to 2 weeks. Open bars indicate vehicle and solid bars Ang II. Results are expressed as 
mean±SEM (n=8-15). ***P<0.001, *P<0.05 Ang II vs. vehicle. 

B. The effect of Ang II infusion for 6 h on BNP AP-1 binding activity. Competition analysis 
indicates that AP-1 binding activity was inhibited by unlabeled AP-1 oligonucleotide (lane 3), 
whereas non-related DNA Oct-1 (lane 4) or mutated AP-1 site (lane 5) had no effect on DNA 
binding. Supershift reactions were incubated with 1 µg of c-fos (4) (lane 7), c-fos (K25) (lane 8) 
and c-Jun/AP-1 (lane 9). The presence of JunB/N17 (lane 10) and JunD/329 (lane 11) was 
detected in the complex formed between the BNP AP-1 probe and nuclear extracts from Ang 
II-treated left ventricles. 
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6 Discussion 

6.1  BNP gene expression in loaded heart 

The induction of BNP gene expression is one of the earliest cardiac myocyte-specific 
markers of hemodynamic overload. Indeed, cardiac BNP mRNA and protein levels are 
increased rapidly at the onset of hemodynamic stress well before the development of left 
ventricular hypertrophy both in vitro (Nakagawa et al. 1995, Harada et al. 1997, Harada et 
al. 1998a, He & LaPointe 2001) and in vivo (Mäntymaa et al. 1993, Magga et al. 1994, 
Magga et al. 1997a). The induction of the BNP gene resembles that of proto-oncogenes 
which are expressed in cardiac myocytes and in non-muscular cells. In normal adult heart, 
BNP is produced by both atria and ventricles (Dagnino et al. 1991, Argentin et al. 1994), 
and could be considered as a myocyte-specific marker for cardiac load. In the present 
transfection studies (I, IV), the use of rat BNP promoter provides a suitable model to 
analyze the transcriptional elements that are activated in loaded heart, since the 5’ flanking 
sequences of the BNP promoter have been well characterized in in vitro studies (Grepin et 
al. 1994, Thuerauf et al. 1994).  

The present data showed significant increases in left ventricular BNP mRNA and IR-
BNP peptide levels in response to 1-day nephrectomy in rat (I). The results of Study II 
indicated an increase in left ventricular BNP mRNA levels within 1 h in hearts exposed to 
AVP-induced acute pressure overload. To rule out the possibility that AVP-induced 
stimulation of the BNP gene could result from the activation of cardiac vasopressin system 
(Hupf et al. 1999), actions of AVP infusion on right atrial pressure and BNP mRNA levels 
were measured. Consistently with previous reports, no effect was obtained providing 
evidence that changes in BNP gene expression are due to hemodynamic properties of AVP 
(Magga et al. 1994, Romppanen et al. 1997, Marttila et al. 1999, Romppanen et al. 2001). 
Mechanical stretch induced BNP gene expression has been observed in isolated rat atria 
(Mäntymaa et al. 1993, Magga et al. 1997a). The present data showed rapid activation of 
left ventricular BNP gene expression in response to direct left ventricular wall stretch in 
isolated perfused rat heart (III).  

In conscious rats, continuous infusion of Ang II resulted in activation of the BNP gene 
within 2 h (IV). Despite constant increase in blood pressure, the increase in BNP mRNA 
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levels appeared to be transient and returned to the control levels within 3 days. A similar 
lack of increase in left ventricular BNP mRNA levels has been shown in DOCA-treated 
hypertensive rats, in transgenic rats overexpressing human renin and angiotensinogen 
genes, and in patients with heart failure (Yokota et al. 1995, Marttila et al. 1999, de Boer 
et al. 2001). However, the reason for the normal BNP mRNA levels despite constant 
cardiac overload is not known. To determine whether alterations in the rate of transcription 
of the BNP gene could account for the changes observed in BNP mRNA levels, the 
activity of –2200 BNP construct was measured. Ang II infusion activated the –2200 BNP 
construct throughout the 2-week experimental period, except at 12 h. The peak increase in 
BNP mRNA levels was noted at this time, and BNP mRNA as well as IR-BNP levels 
reduced gradually to control levels despite persistent upregulation of BNP transcription 
from 3 days to 2 weeks. These divergences between the BNP promoter activity and BNP 
mRNA and peptide levels suggest that posttranscriptional mechanisms may be involved in 
the regulation of left ventricular BNP gene expression in vivo. These findings are in line 
with prior in vitro studies, which show the involvement of translational regulatory 
mechanisms and mRNA degradation in the control of BNP mRNA levels (Hanford et al. 
1994, Nakagawa et al. 1995, Liang et al. 1997, Liang & Gardner 1998, Liang et al. 
2000a). Interestingly, BNP mRNA contains several AU-rich elements in the 3’-
untranslated region that may be involved in the translation-dependent mRNA degradation 
(Kojima et al. 1989, Chen & Shyu 1995). The present data, suggesting that 
posttranscriptional mechanisms play an important role in the regulation of BNP gene 
expression in vivo could, in part, explain the conflicting results regarding left ventricular 
BNP gene expression in patients with cardiac disease and in various experimental models 
of hemodynamic overload (Yokota et al. 1995, Marttila et al. 1999, de Boer et al. 2001, 
Hystad et al. 2001). 

Although the full functional significance of BNP gene activation during hemodynamic 
overload has not been defined, the determination of plasma BNP concentration appears to 
be the most powerful neurohumoral predictor of left ventricular function and prognosis in 
clinical use (Cowie et al. 1997, McDonagh et al. 1998, Richards et al. 1998, Nagaya et al. 
2000). Raised plasma BNP peptide levels are observed in conditions associated with 
cardiac pressure and volume overload, such as CHF (Mukoyama et al. 1991, Tsutamoto et 
al. 1997). Importantly, posttranscriptional mechanisms as observed in this study may also 
contribute to blood BNP concentration used in the diagnosis of heart failure. 

6.2  Role of transcription factor GATA4 in hemodynamic overload-
stimulated BNP gene expression  

GATA4 is a cardiac-specific zinc finger transcription factor that has been implicated as an 
important regulator of normal cardiac development (Kelley et al. 1993, Laverriere et al. 
1994, Kuo et al. 1997, Molkentin et al. 1997). GATA4 controls expression of various 
cardiac genes including BNP (Thuerauf et al. 1994), and several GATA elements have 
been identified within the 5’ flanking sequences of the BNP promoter (Grepin et al. 1994, 
Thuerauf et al. 1994). In this study, inducible activation of the –2200 bp BNP construct 
was noted in response to hemodynamic overload in nephrectomized rats in vivo (I). 
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Deletion of sequences between bp –2200 and –114 did not affect basal or inducible 
activity of the BNP promoter, whereas mutation or deletion of -90 bp GATA sites 
abrogated the response to hemodynamic stress. These results showed that GATA elements 
within the proximal -114 bp region of the BNP promoter are necessary and sufficient to 
confer transcriptional activation of the BNP gene in response to hemodynamic stress, 
providing evidence for a tissue-specific pathway that is involved in the adaptive response 
of the adult heart to acute hemodynamic overload (I). However, this finding does not 
exclude the existence of either positive or negative hemodynamic stress responsive 
sequences elsewhere in the rat BNP gene. In agreement with the present data, other studies 
have provided evidence that basal and inducible activation of BNP promoter requires 
GATA binding sites in the proximal promoter in cultured cardiac myocytes (Grepin et al. 
1994, He & LaPointe 2001). To support the role of GATA4 in hemodynamic overload 
induced cardiac gene expression in vivo, it has been shown that GATA elements within 
AT1a and β-MHC promoters mediate the pressure overload response due to aortic 
constriction (Herzig et al. 1997, Hasegawa et al. 1997). In Study I, increased left 
ventricular BNP GATA4 binding activities were also noted at an early stage of 
hemodynamic overload. However, no significant differences in the levels of GATA4 
mRNA or immunoreactivity were observed, suggesting that the increase in GATA binding 
activity may involve posttranslational mechanisms.  

The data from Study II established that ventricular BNP GATA4 DNA binding is 
activated at a very early stage of pressure overload in vivo, well before the development of 
left ventricular hypertrophy. Since a variety of mechanical, hemodynamic, and 
neurohumoral stimuli are reported to be involved in the development of cardiac 
hypertrophy in vivo (for reviews, see Sadoshima & Izumo 1997, Hunter & Chien 1999), it 
was tempting to speculate as to the possible role of paracrine factors in rapid activation of 
GATA4. The left ventricular increase in GATA4 binding activity in nephrectomized rats 
may indeed be due to a complex array of hemodynamic stimuli producing volume and 
pressure overload as well as neurohumoral activation including tissue RAS. Interestingly, 
activation of the endothelin signaling pathway appeared to play an important role in 
mediating pressure overload-dependent increase in GATA4 binding activity (II), whereas 
both ET-1- and Ang II-mediated signal transduction pathways were involved in left 
ventricular wall stretch-induced activation of GATA4 in isolated perfused rat heart (III). 
Endothelial cells contain stores of ET-1 (McClellan et al. 1994, Macarthur et al. 1994), 
which can be released rapidly in response to mechanical stretch of cultured endothelial 
cells (Macarthur et al. 1994) or cardiac myocytes (Yamazaki et al. 1996). In Studies II and 
III, the increases in GATA4 binding activities were transient, suggesting that cardiac ET-1 
stores may be limited. The production of ET-1 has also been shown to be increased in 
various models of pressure overload (Yorikane et al. 1993, Miyauchi et al. 1993, 
Kaddoura et al. 1996), supporting the hypothesis that endogenous cardiac production of 
ET-1 plays a functional role in mechanical load-induced cardiac gene expression.  

Mechanical stretch is coupled with cellular release of Ang II and ET-1, and they may 
act as chemical mediators of stretch-induced hypertrophic response in cardiac myocytes 
(Sadoshima et al. 1993, Yamazaki et al. 1996). It appears that Ang II and ET-1 operate in 
series, so that locally produced Ang II rapidly increases ET-1 production (de Hurtado et 
al. 2000), which then leads to the activation of BNP promoter activity and an increase of 
BNP gene expression (Liang & Gardner 1998). However, ET-receptor antagonism failed 
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to inhibit the early activation of BNP gene expression due to pressure overload in vivo, 
suggesting that additional transcription factors may be needed to regulate BNP gene 
expression (Magga et al. 1997a). Data from Study III suggest that acute induction of left 
ventricular wall stretch stimulates ET-1 production either by releasing Ang II or that 
stretch directly releases ET-1 from cardiac stores, which then induces GATA4 DNA 
binding activity. Taken together, the present data show that GATA4 is at least one member 
of the nuclear fraction that is activated as a rapid response to cardiac load and that 
consecutively binds to the BNP promoter.  

Although the present experiments suggest that the GATA motif transduces the 
hemodynamic stress stimulus to changes in cardiac gene expression, the functional 
relevance of enhanced GATA4 binding remains to be studied. It is possible that additional 
transcription factors that may act in concert with GATA4 are necessary to activate BNP 
gene expression. First, the ETA/ETB receptor antagonist bosentan and AT1 receptor 
antagonist losartan failed to inhibit the early activation of left ventricular BNP gene 
expression in response to pressure overload in vivo (Magga et al. 1997a).  Second, in vitro 
other transcription factors such as NF-κB (Liang & Gardner 1999) and NF-AT (Molkentin 
et al. 1998) are also important for BNP gene expression, and recent work has suggested 
that ANP expression may be regulated by cooperative interaction of cis elements with 
GATA4 and Csx/Nkx2.5 (Durocher et al. 1997). The potential interaction of these 
transcription factors with GATA4 in promoting the changes in cardiac gene expression 
during hemodynamic overload represents a logical target for future study. Furthermore, 
whether the molecular basis of the enhanced GATA4 binding includes GATA4 
translocation, the involvement of post-translational modifications of GATA4 itself or the 
inducible recruitment of a co-activator remains to be established by using in vitro cell 
culture conditions.  
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Fig. 12. An overview of cellular mechanisms that contribute to activation of transcription 
factor GATA4. Ang II, angiotensin II; AT1, angiotensin II receptor subtype; ET-1, endothelin-
1; ETA, endothelin-1 receptor subtype; RAS, renin-angiotensin system.   

6.3  Role of transcription factor AP-1 in regulation of BNP gene 
expression in response to cardiac overload 

The typical response to hemodynamic stress is the rapid activation of the immediate early 
gene c-fos (for review, see Sadoshima & Izumo 1997), which leads to accumulation of c-
fos protein and interaction with Jun family members to constitute AP-1 activity (for 
review, see Karin et al. 1997). The AP-1-like element is highly conserved across species in 
the BNP gene (Grepin et al. 1994). In Study I, both mutation and deletion of the AP-1-like 
element within the proximal –114 sequence decreased BNP basal promoter activity. 
Similar results were obtained in cultured cardiac myocytes with nested 5’ deletions at bp -
100 (Grepin et al. 1994); thus, both in vitro and in vivo results indicate a role for this site 
in basal transcription. However, mutation or deletion of the AP-1-like motif had no 
significant effect on the hemodynamic stress-induced increase in BNP promoter activity 
(I). This result is different from those obtained with ANP promoter in wall stress 
stimulated perfused rat hearts and dogs exposed to pressure overload by aortic banding 
(Cornelius et al. 1997, von Harsdorf et al. 1997). In those studies, site-specific mutation of 
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the ANP AP-1-like element abrogated the pressure overload response, showing that this 
site is necessary for the induction of the ANP gene. Although several factors may account 
for the divergent results, the data suggest that different transcriptional factors may regulate 
the induction of ANP and BNP genes in response to hemodynamic overload in the intact 
adult heart. The response of the two gene products to mechanical stretch is also different. 
Both in vitro and in vivo, ANP gene expression is unresponsive to short term wall stretch, 
while BNP is rapidly activated (Mäntymaa et al. 1993, Magga et al. 1994, Marttila et al. 
1996). 

The elevated left ventricular wall stretch in isolated perfused rat heart produced a rapid 
increase in AP-1 binding activity (III). The presence of c-fos protein in wall stretch-
stimulated hearts and induction of c-fos gene expression were also noted. These results are 
consistent with other studies from wall stress-stimulated rat heart preparation (Cornelius 
et al. 1997) and pressure overloaded rats in vivo (Herzig et al. 1997, Takemoto et al. 1999, 
Fischer et al. 2001, Fiebeler et al. 2001). However, the involvement of paracrine signaling 
molecules in the induction of AP-1 DNA binding activation has not been determined 
previously. Thus, the hypothesis that the upregulation of AP-1 DNA binding activity by 
direct wall stretch in normal adult perfused hearts could be mediated by Ang II acting 
through the AT1 receptor and/or endogenous cardiac production of ET-1 was tested in the 
present study. Both the ETA/ETB receptor antagonist bosentan and AT1 receptor antagonist 
CV-11974 completely blocked the wall stretch-induced increase in left ventricular AP-1 
binding activity. It is likely that acute elevation in left ventricular wall stretch stimulates 
ET-1 production either by releasing Ang II, or that stretch directly releases ET-1 from 
cardiac stores (McClellan et al. 1994), which then induces AP-1 DNA binding activity. 
The role of Ang II in the induction of AP-1 DNA binding is supported by a recent study on 
Ang II induced cardiac hypertrophy in rats (Fiebeler et al. 2001).  

The present results from Ang II-induced experimental hypertension suggest the 
potential role of posttranscriptional mechanisms and involvement of AP-1 in the 
regulation of BNP gene expression in vivo (IV). In agreement with these findings, 
activators of PKC and MAPKs in cell culture models of myocyte hypertrophy enhanced 
BNP transcript stability (LaPointe & Sitkins 1993, Hanford & Glembotski 1996). PKC 
activation results in the accumulation of c-fos protein, which interacts with Jun family 
members to constitute AP-1 activity (for review, see Karin et al. 1997). Since Ang II 
activates PKC and MAPKs and stimulates AP-1 activity in cardiac myocytes in vitro (for 
review, see Kim & Iwao 2000), it was examined whether BNP AP-1 activity in left 
ventricular nuclear extracts paralleled changes of the BNP mRNA levels. BNP AP-1 
binding activities were significally increased at 2 h and 6 h of continuous infusion of Ang 
II in vivo, and diminished gradually to control levels within 12 h. Since the normalization 
of AP-1 binding activity preceded the decrease of BNP mRNA levels, one possibility is 
that decreased stabilization of mRNA during prolonged Ang II infusion could explain the 
fall of BNP mRNA to control levels. It is likely that the regulation of BNP mRNA stability 
involves changes in the phosphorylation states of the proteins responsible for this level of 
posttranscriptional regulation. However, further studies are needed to characterize the 
precise cellular mechanisms mediating the changes in BNP gene expression, which may 
involve transcription factor AP-1.  
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6.4  Comparison of activation of GATA4 and AP-1 in different 
experimental models of cardiac overload  

Transcription factor GATA4 mediates activation of BNP gene expression in response to 
hemodynamic stress (I), and GATA4 binding activity is increased rapidly at the onset of 
cardiac overload (I-III), suggesting that GATA4 is involved in hemodynamic stress 
induced BNP gene expression in vivo. The increase in the level of BNP GATA4 DNA 
binding in the isolated heart preparation (III) was approximately similar to that observed 
in response to hemodynamic stress due to nephrectomy or AVP-induced pressure overload 
in conscious animals (I, II). However, some differences were observed between the 
present experimental models. First, direct left ventricular wall stretch in isolated perfused 
heart preparation (III) activated both GATA4 and AP-1 DNA binding, meanwhile no 
induction of AP-1 binding activity was noted in response to acute pressure overload in 
vivo (II). Second, AT1 receptor blockade had no effect on pressure overload-induced 
GATA4 DNA binding activity (II), whereas increased GATA4 activity produced by direct 
wall stretch was inhibited by an AT1 receptor antagonist (III). Several explanations may 
account for the discrepant observations in isolated heart compared with intact hearts. One 
possibility is that in vitro the increase in wall stretch by inflating the left ventricular 
balloon may be more pronounced than that in vivo, resulting in induction of AP-1 binding 
activity and Ang II-dependency of GATA4-binding activity. In addition, in conscious 
animals nephrectomy and AVP infusion may invoke a complex array of neural and 
hormonal responses, and thus the stimulus for enhanced transcription factor binding 
activity may differ from that of direct left ventricular wall stretch in vitro. Therefore, these 
studies demonstrate the potential difference between using perfused hearts and the intact 
heart to clarify the fundamental mechanisms of the signaling cascades responsible for the 
activation of transcription factors in hypertrophic growth. Finally, although these 
experiments were performed on a heterogenous cell population (whole heart), the changes 
in GATA4 and AP-1 binding activities are possibly associated with myocytes, since ET-1 
produced a rapid increase of BNP GATA binding activity also in cultured cardiac 
myocytes (II).  

The present data from the experiments using the direct myocardial gene transfer in vivo 
suggest that activation of distinct promoter regions may be needed for the induction of 
BNP transcription in different experimental conditions of cardiac overload. The proximal -
114 bp region of the BNP promoter was demonstrated to be necessary to confer 
transcriptional activation of the BNP gene in response to hemodynamic stress produced by 
nephrectomy, whereas sequences between bp –2200 and –114 had no effect on basal or 
inducible activity of the BNP promoter under these experimental conditions (I). However, 
the absence of pressure overload-stimulated increase in BNP transcription directed by the 
proximal -114BNP promoter was noted in Ang II-induced hypertension, which activated 
the -2200BNP construct (IV). These divergent results suggest the existence of either 
positive or negative hemodynamic stress responsive sequences within the rat BNP gene 
that may be activated differently in the separate models of hemodynamic overload.  
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6.5  Potential signaling mechanisms involved in activation of GATA4 
and AP-1 in loaded heart 

Hemodynamic stress stimulates production and/or secretion of growth factors that may 
mediate hemodynamic stress-induced growth responses in cardiac myocytes. The results 
of this study indicate that Ang II and ET-1 are molecular mediators that convert the 
extracellular hypertrophic stimuli into transcription factor activation. Multiple intracellular 
signaling pathways including intracellular calcium, PKC, calcineurin, and MAPKs may be 
involved in the initiation and maintenance of myocyte hypertrophy (for reviews, see 
Sugden & Clerk 1998, Hunter & Chien 1999, Molkentin & Dorn II 2001, Silberbach & 
Roberts, Jr. 2001). However, it is uncertain if individual regulatory pathways operate in 
isolation, or if interconnectivity between unrelated pathways is required for the 
orchestration of the entire hypertrophic response. 

The activation of any of the three MAPK cascades leads to hypertrophic response in 
myocytes, and could be activated by ET-1 (Zechner et al. 1997, Choukroun et al. 1998). 
Mechanical strain activates ERK, JNK, and p38 MAPK in cultured cardiac myocytes 
(Sadoshima & Izumo 1993a, Yamazaki et al. 1995c, Komuro et al. 1996, Liang & Gardner 
1999), and stimulation of p38 MAPK appears to be a major component of strain- and ET-
1-dependent BNP promoter activation in vitro (Liang & Gardner 1999, Liang et al. 
2000b). Activation of p38 MAPK is also documented in pressure overload hypertrophy in 
vivo (Wang et al. 1998, Esposito et al. 2001). Whether MAPKs mediate the early increase 
in GATA4 and AP-1 activity in response to pressure overload in vivo or left ventricular 
wall stretch in an intact heart remains to be studied, but it is interesting to note that the N-
terminal transactivation domain of GATA4 contains a consensus MAPK phosphorylation 
site (Molkentin & Olson 1997). However, it is possible that separate pathways may 
contribute to the early induction of BNP after acute cardiac load. 

The results from Studies II and III show that activation of transcription factor GATA4 
involves ET-1 and/or Ang II mediated pathways, which function through the Gαq-subunit 
following GPCR stimulation. Induction of all three MAPKs has been noted in response to 
pressure overload in vivo, whereas activation of JNK and ERK was abolished in 
transgenic mice overexpressing a carboxyl-terminal peptide of Gα that inhibits Gαq-
mediated signaling (Esposito et al. 2001). Interestingly, blockade of Gαq-signaling did not 
inhibit the induction of p38 MAPK, suggesting that non-Gαq-mediated pathways may be 
required for activating p38 in pressure overload hypertrophy. These findings support the 
hypothesis that mechanical stretch-induced BNP gene expression that involves activation 
of p38 MAPK may result from a combination of direct effects on cardiac myocytes and 
indirect effects mediated by soluble activators such as Ang II and ET-1 (Liang & Gardner 
1998, Liang & Gardner 1999). In Studies II and III, increases in GATA4 binding activities 
were transient and no significant increase could be noted after 1 hour of cardiac load. 
Recent studies have shown that activation of p38 MAPK is also augmented at an early 
stage of hypertrophic process (Esposito et al. 2001, Hayashida et al. 2001), supporting the 
involvement of p38 MAPK in the rapid stimulation of GATA4 binding activity in an acute 
phase of hemodynamic stress.  

Elevated left ventricular wall stretch increased AP-1 binding activity in isolated 
perfused heart preparation (III), and similar changes were seen at an early stage of Ang II 
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induced pressure overload in vivo (IV). JNK mediated signaling pathways have been 
shown to be activated also during acute phase of pressure overload due to aortic 
constriction in vivo (Esposito et al. 2001), but attenuated progressively under the chronic 
activation of tissue RAS (Hayashida et al. 2001). Also, Ang II induced hypertrophic 
responses have been associated with early and transient activation of JNK (Yano et al. 
1998). These findings indicate that early activation of JNK signaling cascades may lead to 
the rapid and transient activation of AP-1 DNA binding observed in Ang II induced 
pressure overload (IV) and in response to direct mechanical stretch (III). Furthermore, 
decreased JNK activation may, in part, be responsible for diminished activation of AP-1 
during chronic hemodynamic stress, which may derive from posttranscriptional 
mechanisms and negative feedback regulation for the activated cardiac RAS in long-term 
cardiac load. 

Although numerous studies have provided evidence for the existence of an integrated 
model of signal transduction in the heart, so that multiple pathways are necessary for 
timely and effective hypertrophy, future in vitro and in vivo studies are required to 
understand completely the molecular mechanisms involved in the transcription factor 
activation. 



7 Summary and conclusions 

The aim of the present study was to identify which cardiac-specific transcription factor(s) 
are involved in the hypertrophic process as assessed by activation of the BNP gene, and to 
evaluate the cellular mechanism(s) involved in the activation of transcription factor(s) in 
response to cardiac overload. 
1. To identify the mechanisms that couple hemodynamic stress to alterations in cardiac 

gene expression, DNA constructs containing the rat BNP promoter were injected into 
the myocardium of rats, which underwent bilateral nephrectomy or were sham-
operated. Within the proximal -114 bp region of the BNP promoter, deletion and 
mutation of the AP-1-like motif decreased basal activity but did not abolish the 
response to nephrectomy. In contrast, mutation or deletion of -90 bp GATA-sites 
abrogated the response to hemodynamic stress. In gel mobility shift assays, 
hemodynamic overload-induced increase in left ventricular BNP GATA4 binding 
activity was noted. These results show that GATA elements play an important role in 
conferring the transcriptional activation of BNP gene in response to hemodynamic 
stress, and suggest a tissue-specific pathway that may be involved in the adaptive 
response of the adult heart to acute cardiac load. 

5. An in vivo model of intravenous administration of AVP in conscious normotensive rats 
was used to study the signaling mechanisms for GATA activation in response to 
pressure overload. Pressure overload-induced increases in left ventricular BNP and c-
fos mRNA levels were observed. Pressure overload produced a rapid increase in left 
ventricular BNP GATA4 but not in GATA5 and GATA6 binding activity. ETA/ETB 
receptor antagonist bosentan, but not AT1 antagonist losartan, completely inhibited the 
pressure overload-induced increase in left ventricular BNP GATA4 binding activity. 
ET-1 appears to be a signaling molecule that rapidly upregulates GATA4 DNA binding 
activity in response to pressure overload in vivo. This may represent a new mechanism 
for transduction of extrinsic hypertrophic signals to the nucleus in pressure overload 
hypertrophy as well as in other pathophysiological conditions associated with high ET-
1 activity, such as heart failure and myocardial ischemia.  

6. To evaluate whether direct wall stretch activates GATA4 and AP-1 DNA binding and to 
study the potential mechanisms for activation of these transcription factors, isolated 
perfused rat hearts were exposed to elevated wall stretch by inflating the left ventricular 
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balloon. Results from gel mobility shift assays showed increased left ventricular BNP 
GATA4 and AP-1 binding activities in wall stretch-stimulated left ventricles. ETA/ETB 
receptor antagonist bosentan and AT1 receptor antagonist CV-11974 inhibited the wall 
stretch-induced increases in left ventricular GATA4 and AP-1 binding activities. 
Infusions of ET-1 and Ang II in the absence of wall stretch also stimulated BNP 
GATA4 binding activity. These results show that ET-1 and Ang II are required for the 
activation of GATA4 and AP-1 in response to direct left ventricular wall stretch in vitro, 
suggesting the potential involvement of paracrine factors in mechanical stretch-induced 
activation of transcription factors.  

7. The role of transcriptional and translational mechanisms in the regulation of BNP gene 
expression were studied in Ang II-induced hypertension by injecting DNA constructs 
containing the proximal –2200 bp region of the BNP promoter into the rat 
myocardium. No correlation could be observed between the time-course of the 
induction of BNP promoter activity and left ventricular BNP mRNA and peptide levels. 
These data showed that posttranscriptional mechanisms are important in the regulation 
of left ventricular BNP gene expression in vivo, and provide a possible explanation for 
the conflicting results regarding left ventricular BNP gene expression in various 
experimental models of hemodynamic overload. 
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