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Tokola, Heikki, Mechanical stretch and peptide growth factors in the regulation of
the hypertrophic response of cardiomyocytes. ANP and BNP as model genes
University of Oulu Graduate School; University of Oulu, Faculty of Medicine; Oulu University
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Acta Univ. Oul. D 1324, 2015
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Cardiac hypertrophy is the primary adaptive mechanism of the heart to increased workload,
though when advanced, it becomes a leading predictor for heart failure and sudden death. The
growth stimulus elicited by a hemodynamic load is attributable to a combination of mechanical
and neurohumoral factors, but the precise roles of individual growth promoting components are
still unclear. This study utilized atrial natriuretic peptide (ANP) and B-type natriuretic peptide
(BNP) as model genes with which to investigate the involvement and mechanisms of mechanical
stress and peptide growth factors in hypertrophic response of cardiac myocytes.

The direct effect of mechanical stretch was studied in two different in vitro models of cultured
neonatal rat cardiomyocytes. In the first approach, hypo-osmotic swelling -induced stretch
increased ANP mRNA levels in atrial cells. In the second model, cyclic mechanical stretch of
ventricular cells grown on flexible membranes evoked ANP and BNP gene expression and
secretion. The mechanisms of stretch-induced BNP gene expression were studied by measurement
of the activities of transcription factors and by utilizing promoter analysis together with site
specific mutations. Stretch activated the binding of the transcription factor GATA-4 similarly to
pressure overload in vivo. Mutational studies revealed that specific GATA consensus sites on the
BNP promoter, in combination with an Nkx-2.5 binding element, were critical for stretch-
activated BNP transcription. Importantly, a reduction of GATA-4 protein levels inhibited the
stretch-induced hypertrophic response. Both cyclic mechanical stretch in vitro and hemodynamic
overload in vivo activated the expression of peptide growth factor bone morphogenetic protein-2
(BMP-2). The effects of BMP-2 closely resembled those of mechanical stretch including the
increase in the expressions of ANP and BNP. Furthermore, the BMP antagonist noggin inhibited
the effect of stretch on ANP and BNP. Fibroblast growth factor 1 stimulated ANP synthesis and
secretion in a protein kinase C dependent manner.

In conclusion, this work demonstrates that mechanical stretch per se is sufficient to activate the
hypertrophic gene program in cardiac myocytes. This effect seems to be at least partially mediated
by the growth factor BMP-2 acting in a paracrine manner. The activation of the GATA-4
transcription factor, in cooperation with a factor binding to the Nkx-2.5 binding element, is
essential for mechanical stretch-induced cardiomyocyte hypertrophy.

Keywords: growth factors, hemodynamic overload, hypertrophy, mechanical stretch,
natriuretic peptides, transcription factors
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Tiivistelmä

Sydämen tärkein mukautumiskeino kohonneeseen työmäärään on sydänlihaksen kasvu. Sydänli-
haksen liikakasvu on kuitenkin tärkein sydämen vajaatoiminnan ja äkkikuoleman ennustetekijä.
Hemodynaamisen ylikuormituksen kasvua edistävä vaikutus on lukuisten mekaanisten ja neuro-
humoraalisten tekijöiden summa, jossa kunkin yksittäisen tekijän osuus on vielä epäselvä. Tässä
väitöskirjatyössä tutkittiin mekaanisen venytyksen ja peptidikasvutekijöiden osuutta ja vaikutus-
mekanismeja sydämen liikakasvun synnyssä käyttämällä malligeeneinä sydämen eteispeptidiä
(ANP) ja B-tyypin natriureettista peptidiä (BNP).

Mekaanisen venytyksen välitöntä vaikutusta tutkittiin vastasyntyneen rotan sydänsoluviljely-
malleissa. Osmolaliteetin muutoksella aiheutettu venytys lisäsi ANP:n lähetti-RNA-tasoja eteis-
soluissa. Venyväpohjaisilla kalvoilla kasvatettujen kammiosolujen syklinen venytys stimuloi
ANP:n ja BNP:n geeniekspressiota ja eritystä. BNP:n geenisäätelymekanismeja tutkittiin mittaa-
malla transkriptiotekijöiden aktiivisuutta sekä geeninsiirtokokeilla hyödyntäen muunneltuja
BNP:n geenisäätelyalueita. Venytys lisäsi transkriptiotekijä GATA-4:n sitoutumisaktiivisuutta
samaan tapaan kuin painekuormitus koe-eläimillä. Tietyt BNP:n säätelyalueen GATA-sitoutu-
mispaikat yhdessä Nkx-2.5:ttä sitovan elementin kanssa osoittautuivat tärkeiksi venytysvasteen
kannalta. GATA-4 -proteiinitasojen vähentäminen esti venytyksen aiheuttamaa kasvuvastetta.
Sekä syklinen mekaaninen venytys soluviljelykokeissa että hemodynaaminen ylikuormitus koe-
eläimillä lisäsivät peptidikasvutekijä bone morphogenetic protein-2:n (BMP-2) geeniekspressio-
ta. BMP-2:n suorat vaikutukset puolestaan muistuttivat läheisesti mekaanisen venytyksen vaiku-
tusta, ANP:n ja BNP:n lisääntynyt geeniekspressio mukaan lukien. BMP-antagonisti noggin esti
lisäksi venytyksen vaikutusta ANP:iin ja BNP:iin. Työssä osoitettiin myös, että fibroblastikasvu-
tekijä 1 stimuloi ANP:n synteesiä ja eritystä proteiinikinaasi C:n välityksellä.

Yhteenvetona tulokset osoittavat, että mekaaninen venytys itsessään riittää aktivoimaan
sydänlihaksen kasvuun liittyvää geeniohjelmaa. Vasteen välittäjänä näyttää kuitenkin ainakin
osittain toimivan paikallisesti tuotettu BMP-2. Edelleen, transkriptiotekijä GATA-4 yhdessä
Nkx-2.5 -elementtiin sitoutuvan tekijän kanssa osoittautui välttämättömäksi mekaanisen veny-
tyksen aiheuttamalle kasvuvasteelle.

Asiasanat: hemodynaaminen ylikuormitus, hypertrofia, kasvutekijät, mekaaninen
venytys, natriureettiset peptidit, transkriptiotekijät
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1 Introduction  

Cardiac hypertrophy is initially an adaptive process that allows the heart to 

maintain cardiac output in the presence of an increased workload. However, 

excessive hypertrophic growth, which is often associated with cardiovascular 

diseases such as hypertension and ischemic heart disease eventually becomes 

maladaptive, and is a leading predictor for heart failure and sudden death (Lorell & 

Carabello 2000, van Berlo et al. 2013b). 

The hypertrophic response in terminally differentiated cardiac myocytes is 

characterized by an increase in cell size and protein synthesis, enhanced sarcomeric 

organization and a deviation away from the mature pattern of cardiac gene 

expression (Hill & Olson 2008, Sugden & Clerk 1998). For example, there is an 

upregulation of the expression of the genes coding for atrial natriuretic peptide 

(ANP) and B-type natriuretic peptide (BNP); two genes that are involved in the 

regulation of blood pressure and fluid homeostasis (Ruskoaho 1992, Sergeeva & 

Christoffels 2013). 

In addition to their sensitivity to mechanical stimuli, cardiomyocytes in the 

overloaded heart are under continuous growth control by the systemic 

neurohumoral factors such as angiotensin II (Ang II), endothelin-1 (ET-1) and 

norepinephrine (NE) (Heineke & Molkentin 2006, Sugden & Clerk 1998). In 

addition, there are a wide variety of paracrine and autocrine factors which make up 

the local cardiac microenvironment and these mediate the intercellular 

communications, and modify the maladaptive disease processes (Kamo et al. 2015, 

MacLellan & Schneider 2000). In a causal analysis, discrimination of one or the 

other of these influences cannot normally be achieved in vivo. Despite increasing 

knowledge about the underlying mechanisms of cardiac hypertrophy, it is still 

poorly understood whether stretch itself is the direct trigger for the growth process 

and furthermore the mechanisms behind altered gene expression are still largely 

unknown. 

Previous studies have shown that the gene expression and secretion of ANP 

and BNP is activated by a hemodynamic overload in vivo and by mechanical stretch 

in the isolated heart preparation (Lang et al. 1985, Magga et al. 1994, Magga et al. 
1997a, Ruskoaho 1992). The promoter areas of the ANP and BNP genes share 

similar features but perhaps the most significant are the binding sites for 

transcription factors of the GATA family (Temsah & Nemer 2005). In addition, the 

ANP gene has been shown to be a target for peptide growth factors (Parker et al. 
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1990a, Schneider & Parker 1990). Therefore, ANP and BNP represent potential 

target genes for studying the mechanisms of cellular stretch and paracrine factors. 

In the present study, the hypertrophic response was studied by using cultured 

neonatal rat cardiac myocytes as a primary experimental model. This experimental 

model allows the discrimination of the complex effects and multiple mechanisms 

involving many different components contributing to hemodynamic overload. 

When combined with in vivo models of hemodynamic overload and methods of 

molecular biology, it provides a comprehensive approach to clarifying the 

mechanisms that control myocardial growth. The first goal of this study was to 

evaluate the effect of direct mechanical stretch on cardiac myocytes and to 

investigate the mechanisms of stretch-induced transcription by using the natriuretic 

peptides as model genes. Secondly, the role of peptide growth factors in this process 

was elucidated. 
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2 Review of the literature  

2.1 General overview of cardiac hypertrophy  

The enlargement of the heart that results from properly executed endurance 

exercise training or during pregnancy is characterized as physiological hypertrophy. 

This form of cardiac hypertrophy is both beneficial and reversible (Maillet et al. 
2013). In contrast, a prolonged pathological hemodynamic overload leads to a 

maladaptive pathological hypertrophy and eventually to irreversible 

cardiomyopathy, decompensation and heart failure (Hill & Olson 2008, van Berlo 
et al. 2013b). In addition to their distinct etiologies and outcomes, it is known that 

physiological and pathological hypertrophy activate different signaling pathways 

(van Berlo et al. 2013b). Although physiological and pathological hypertrophy still 

may represent the same continuum of cardiac plasticity (Hill & Olson 2008), this 

review will focus on pathological form of hypertrophy, unless mentioned otherwise. 

2.1.1 Morphological and molecular characterization of hypertrophy  

Despite the existence of a small subpopulation of replicating myocytes and the 

limited ability of myocardium to regenerate, cardiac myocytes are generally 

considered to be terminally differentiated cells, which have been withdrawn from 

the cell cycle (Xin et al. 2013). Therefore, cardiac hypertrophy represents a true 

hypertrophy of cardiac myocytes and it is characterized by an increase in the size 

of individual cells in the absence of cell division.  

Hypertrophy is associated with alterations in cardiac geometry referred to as 

ventricular remodeling; in the late-phase this includes increased extracellular 

matrix (ECM) deposition, perturbations of cellular calcium homeostasis and an 

increased rate of cardiac myocyte apoptosis. Morphologically, two major types of 

cardiac hypertrophy can be distinguished; concentric hypertrophy and eccentric 

hypertrophy. Concentric hypertrophy develops typically as a result of cardiac 

pressure overload, such as hypertension, and is characterized by clear thickening 

of ventricular wall with little or no chamber enlargement. In these cases, the 

myocyte cross-sectional area is increased relative to the cell length and the 

sarcomeres of individual cells are arranged in parallel. Eccentric hypertrophy is 

typically a result of myocardial infarction or volume-overload e.g. caused by 

valvular insufficiency; this is characterized by an enlargement of the chamber 
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volume. In this form of hypertrophy, the myocyte length is increased relative to the 

cross-sectional area. (For reviews, see Hill & Olson 2008, Lorell & Carabello 2000). 

At the level of individual myocytes, cardiac hypertrophy is characterized not 

only by an increase in cell size, but also by an accumulation of total protein, 

increased assembly of sarcomere (the basic contractile units of the muscle) and 

specific changes in cardiac gene expression. The early genetic response to 

hypertrophic stimulation is the activation of the so-called immediate early genes, 

the transcription of which is not dependent on protein synthesis. These include c-

fos and c-jun, components of the activator protein-1 (AP-1) transcription factor 

complex. This is followed by an upregulation of BNP gene expression (Magga et 
al. 1994) and later on by re-induction of the “fetal gene program”. This includes 

induction of ANP (Ruskoaho 1992), as well as β-myosin heavy chain (β-MHC) and 

skeletal muscle α-actin (skαA), the two contractile protein isoforms that are 

normally expressed only in fetal myocardium. Constitutively expressed contractile 

protein genes, such as cardiac muscle α-actin, are also up-regulated in the longer 

term, while in contrast, there is reduced expression of sarcoplasmic reticulum Ca2+-

ATPase 2 (SERCA 2). These changes in gene expression are useful experimental 

indices of hypertrophy, with perhaps the re-expression of the ANP gene being the 

most widely exploited. (For review, see Sugden & Clerk 1998). 

2.1.2 Experimental systems  

Attempts to understand the mechanisms of pathologic cardiac hypertrophy have 

been hampered by the extremely restricted availability of human cardiac tissue for 

research purposes. Therefore, different in vivo animal models as well as in vitro 

models utilizing animal tissue have been generated. While none of these models is 

ideal nor sufficient alone, when applied complementarily to each other they have 

yielded major advances in our knowledge of the molecular basis of cardiac 

hypertrophy. (Chorro et al. 2009, Liang & Molkentin 2003). 

There are numerous in vivo models of hypertrophy that relatively accurately 

parallel the development of cardiac hypertrophy in humans. For example, pressure 

overload hypertrophy can be induced by surgical constriction of the aorta (Morkin 

& Ashford 1968) or chronic infusion of vasopressor agents, such as Ang II (Qin 

2008). Analogously, volume overload hypertrophy can be elicited by making an 

arteriovenous shunt between the abdominal aorta and inferior vena cava (Abassi et 
al. 2011). In addition, the transition of compensated hypertrophy to cardiac failure 
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can be mimicked by long term aortic constriction in rats (Boluyt et al. 2005) or in 

the aged spontaneously hypertensive rat (SHR) species (Brooks et al. 2010). 

In vivo animal models are useful not only to test experimental therapies, but 

with the introduction of genetically modified animal models, they have become 

powerful tools for elucidating the molecular mechanisms that underlie heart disease 

(Bader et al. 2000, Mullins et al. 2006). However, these methods are not without 

limitations. For example, the transgenic overexpression of a given protein is known 

to occasionally elicit nonspecific effects, thus producing a skewed phenotype and 

leading to incorrect interpretation of results (Huang et al. 2000). Similarly, 

inhibition of the expression of a certain gene by gene targeting often results in 

compensatory changes in other closely related genes, thus modifying the true loss-

of function effect. In addition, genetic manipulation may affect myocardial 

development such that the phenotype of the adult myocardium may represent 

altered ontogeny rather than a real regulatory effect in mature myocytes (Liang & 

Molkentin 2003, Rao & Verkman 2000). 

Cardiac overload in vivo is a complex combination of mechanical, humoral and 

neural factors, each being able to activate different cell membrane receptors and 

intracellular signaling pathways. Many ex vivo/in vitro models have been 

developed for dissecting the signaling systems activated by the different 

components of hemodynamic overload. The isolated perfused rodent heart lacks 

circulating humoral and sympathetic neural control, and it has proved useful in 

acute investigations of physiological responses such as contractility, intracellular 

signaling and protein modification. Unfortunately, these preparations are not viable 

for sufficient periods of time to allow changes at the protein level to be investigated. 

Several cardiac cell culture methods have been generated to circumvent these 

limitations (Louch et al. 2011). Nowadays, the vast majority of the work is being 

conducted utilizing primary cultures of neonatal rat cardiac myocytes (Adams & 

Brown 2001, Glembotski 2013, Sugden & Clerk 1998). These cells can be 

maintained for a sufficiently long time to detect not only changes in gene 

expression but also alterations in morphology without the loss of the phenotype. 

After exposure to hypertrophic stimuli, these cells simulate the hypertrophic 

response in the adult animal in vivo with reasonable accuracy (Sugden & Clerk 

1998). 
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2.1.3 Hypertrophic stimuli 

Cardiac overload produces a stimulus that can be segregated into two main 

components, each of which alone is able to activate hypertrophic growth of cardiac 

myocytes: 1) the neurohumoral component, consisting of neurotransmitters 

released by the activated sympathetic nervous system, hormones that enter 

myocardium from the circulation as well as autocrine and paracrine factors that are 

produced locally in cardiac tissue, and 2) the biomechanical component induced by 

mechanical stretch. This chapter concentrates on the main factors in neural and 

hormonal control of cardiac growth, while the role of autocrine and paracrine 

factors as well as mechanical stretch will be discussed in detail in the following 

chapters. 

Endothelin-1 

ET-1 was discovered from vascular endothelial cells as one of the most potent 

vasoconstrictors by Yanagisawa et al. (1988). Soon after, two other isopeptides, ET-

2 and ET-3, were isolated. ETs are synthesized as ~200-residue preproendothelins 

which are converted by furin-like endopeptidase into inactive intermediates, 

bigETs. These are further processed into active 21-amino-acid-long peptides by 

endothelin-converting enzymes (Kedzierski & Yanagisawa 2001). The 

predominant cardiac endothelin is ET-1, which is synthesized not only by 

endothelial cells, but also by cardiomyocytes and cardiac fibroblasts (Kedzierski & 

Yanagisawa 2001). 

The two cloned endothelin receptor subtypes, endothelin receptor A (ETA) and 

endothelin receptor B (ETB), belong to the superfamily of guanine nucleotide-

binding protein (G-protein)-coupled receptors (GPCR) and couple to multiple 

classes of G-proteins depending on the ligand and receptor subtype. The best 

characterized signaling interaction of ETA, the primary receptor for ET-1, is with 

Gαq proteins to activate phospholipase C-β. (Schneider et al. 2007, Sugden 2003). 

The two receptor subtypes usually have opposing actions; activation of ETA 

receptors promotes vasoconstriction, growth, and inflammation, whereas ETB 

receptors evoke vasodilation, increases in sodium excretion, and inhibit growth and 

inflammation (Schneider et al. 2007). Both receptor subtypes are expressed 

throughout the heart, with ETA predominating on myocytes (Russell & Molenaar 

2000). 
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In addition to its potent vasoconstrictor effect, ET-1 exerts an extremely 

diverse set of actions that influence physiological and pathophysiological processes 

throughout the body. These include regulation of embryonic development, renal 

function and in the central nervous system, the control of respiratory and circulatory 

functions as reviewed in Kedzierski & Yanagisawa (2001) and Schneider et al. 
(2007). The direct prohypertrophic effect of ET-1 on cardiac myocytes is well 

established. In cultured neonatal rat cardiac myocytes, ET-1 induces sarcomere 

reorganization as well as the expression of immediate early genes, ANP and BNP, 

accompanied by increased protein synthesis and cell size (Ito 1997, Pikkarainen et 
al. 2002). The ET-1-induced activation of BNP transcription and secretion can be 

blocked by ETA antagonists, evidence for the important role for ETA in this process 

(Pikkarainen et al. 2003). These observations are supported by in vivo studies 

which have revealed the inhibitory effects of ETA antagonists on pressure overload-

induced activation of hypertrophy associated genes in left ventricles (LV), as well 

as in the development of right ventricular hypertrophy in experimental pulmonary 

hypertension (for review, see Brunner et al. 2006). Furthermore, ETA/ETB receptor 

antagonists prevent ventricular hypertrophy induced by chronic administration of 

NE (Kaddoura et al. 1996) or coronary artery occlusion (Russell & Molenaar 2000), 

although it is not clear whether these effects are caused by a direct effect on 

cardiomyocytes, a reduction of the load on the ventricles of the heart, some other 

factors, or combination of these phenomena. 

The myocardial expression of ET-1 is transiently increased in animal models 

of pressure overload-induced hypertrophy (Brunner et al. 2006). Plasma ET-1 

levels have been shown to be increased in some of these models (Brunner et al. 
2006) as well as in patients with hypertensive ventricular hypertrophy in some (Hua 
et al. 2000, Russell & Molenaar 2000) but not all studies (Uusimaa et al. 2004). It 

was somewhat surprising that in several clinical trials of heart failure, treatment 

with ET receptor antagonists actually caused detrimental effects as manifested by 

deterioration of clinical status, tendency to increased mortality and unexpected 

adverse effects (Schneider et al. 2007). 

Angiotensin II 

The renin-angiotensin system (RAS) is a crucial regulator of cardiovascular 

homeostasis and pathophysiology, which is emphasized by the fact that agents 

acting on RAS were the most frequently prescribed medicine category in Finland 

in 2014 (Kela The Social Insurance Institution of Finland 2014). The main effector 
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molecule of the RAS is Ang II (Kim & Iwao 2000). Ang II is formed in a multi-

phase process in which the protease, renin, cleaves the angiotensinogen substrate 

to form the inactive decapeptide Ang I, which in turn is hydrolyzed in the 

pulmonary circulation by angiotensin-converting enzyme (ACE) to the active 

octapeptide. (Paul et al. 2006). 

Ang II was initially shown to be the most important activator of aldosterone 

release from adrenal cortex, leading to renal sodium and water retention, which 

together with Ang II’s potent vasoconstrictor activity results in elevation of blood 

pressure (Hall 2003). In addition to the classical endocrine pathway of biosynthesis, 

many tissues are able to synthesize Ang II which then acts locally in an autocrine 

or paracrine manner. This process occurs in heart, where Ang peptides have been 

detected at higher concentrations than in the plasma compartment. While it is a 

matter of debate whether renin is expressed in the heart since it seems that 

angiotensinogen expression may be low, other components of the system are 

expressed at significant levels in cardiac tissues. It is evident that renin, and 

probably also angiotensinogen, can be taken up into heart, which expresses two 

different isoforms of ACE and significant amounts of chymase, an enzyme like 

ACE, which is able to convert angiotensin I to active Ang II. (For review, see Paul 
et al. 2006). 

Several lines of evidence have revealed the involvement of Ang II in mediating 

hypertrophy of the cardiac myocytes. In 1990, Ang II was shown to activate protein 

synthesis in chick heart cells (Baker & Aceto 1990). Subsequently, Sadoshima and 

Izumo demonstrated the stimulatory effect of Ang II on mammalian cardiomyocyte 

protein synthesis, expression of genetic markers of hypertrophy (immediate early 

genes, ANP and skαA) (Sadoshima & Izumo 1993b), sarcomere assembly 

(Sadoshima & Izumo 1995), and proliferation of cardiac nonmyocytes in a neonatal 

rat cell culture model (Sadoshima & Izumo 1993b). The prohypertrophic effect of 

Ang II was later confirmed by several other groups, not only in a cell culture model, 

but also in the isolated perfused heart, as reviewed in Lijnen & Petrov (1999). 

Chronic infusion of sub-pressor doses of Ang II to rats evoked ventricular 

hypertrophy, but changes in the myosin isoform expression were seen only with the 

pressor dose, implying that the growth promoting effect in vivo was not dependent 

on elevated blood pressure unlike the switch in gene expression (Lijnen & Petrov 

1999). 

The biological effects of Ang II are mediated via the angiotensin type 1 

receptor (AT1R) or the angiotensin type 2 receptor (AT2R), both of which are 

GPCRs and expressed in the heart. Initially, it was proposed that the AT1R would 
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be the receptor mediating the classic well known effects of Ang II, including 

vasoconstriction, aldosterone release and the growth promoting effects, whereas 

AT2R was generally thought to oppose the actions of the AT1R on growth. (Kim & 

Iwao 2000). However, experiments with genetically engineered mice have shown 

that pressure overload produced hypertrophy even in the absence of AT1R, whereas 

hypertrophy was inhibited in knockout mice lacking the AT2R (for review, see 

Bader 2002). In addition, overexpression of the AT2R evoked a constitutive ligand-

independent hypertrophy that was additive to the ligand-dependent hypertrophy 

induced by AT1R overexpression in cardiac myocytes in vitro (D'Amore et al. 2005). 

Thus, the receptor subtypes in mediating hypertrophy are not fully understood. 

Even more complexity to the system has been brought by the recent 

identification of novel biologically active components of RAS - Ang1–7, ACE2, a 

homolog of ACE, and GPCR Mas. Specifically, Ang1–7, which is mainly formed by 

ACE2 mediated cleavage of Ang II, is an endogenous ligand for Mas. Activation 

of Mas exerts an array of actions, many of which are opposite to those attributed to 

Ang II. These include vasodilation, antiproliferative, anti-arrythmogenic, and 

importantly, antihypertrophic effects. (For review, see Santos et al. 2013). 

Therefore, the ACE2/Ang1–7/Mas axis appears to function as an endogenous 

counterregulatory pathway within the RAS. 

Catecholamines/ Adrenergic agonists 

The most important catecholamines regarding the hypertrophic response are 

epinephrine and NE. Normally epinephrine is synthesized and released into 

circulation only from adrenal medulla in response to activation of the sympathetic 

nervous system while the main sites of synthesis and release of NE are the 

peripheral sympathetic nerve endings (O'Connell et al. 2013). Catecholamines 

exert their biological effects via adrenergic receptors (AR), which can be divided 

into three main subfamilies; α1-, α2- and β-AR families, each of which can be 

further subdivided into three subtypes (Barki-Harrington et al. 2004, Brodde et al. 
2006). Although there is variation between species, the predominant subfamily in 

the heart is the β-AR, most of which are the subtype β1, whereas α-receptors 

comprise only less than one tenth of cardiac ARs (Rockman et al. 2002). All ARs 

belong to GPCRs, but differ in their primary effectors. β-ARs activate adenylyl 

cyclase and stimulate the production of cyclic adenosine monophosphate (cAMP), 

but β1- and β2-receptors have partly different cardiac effects. This may be related 

to the ability of β2-receptor to couple to and regulate additional downstream 
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effectors. Activation of α1-AR stimulate phospholipase C-β leading to elevated 

intracellular calcium levels and activation of protein kinase C (PKC) (Rockman et 
al. 2002). 

The prohypertrophic effect of catecholamines was first demonstrated by Laks 

et al. (1973), who showed that chronic infusion of subhypertensive doses of NE 

could produce left ventricular hypertrophy (LVH) in the dog. Their pathfinding 

observations were later supported by several in vivo studies, some of which 

suggested that the effect could be mediated by mechanical alterations rather than 

direct growth promoting effects on cardiac myocytes, as reviewed by Scheuer 

(1999). The initial evidence of a direct prohypertrophic effect of NE was described 

in the early 1980s by Simpson in cultured neonatal rat ventricular myocytes 

(NRVM) (Simpson et al. 1982). Subsequently, he showed that the response was 

mediated by α1-ARs (Simpson 1983). Later studies have clarified that the 

transcriptional activation of hypertrophy associated genes (ANP), the increase in 

cell size and the enhanced sarcomere assembly are mediated via activation of α1A-

receptors (Knowlton et al. 1993, Pönicke et al. 2001). 

The advent of genetically engineered mouse technology has provided a 

platform to address the specific functions of the AR subtypes in vivo. While studies 

from α1-AR transgenic mice have provided inconsistent results, α1-AR knockout 

studies indicate that the α1B-subtype is required for hypertrophic growth during 

postnatal cardiac development, a period of physiologic heart growth. However, it 

seems that α1-ARs are not required for pathological hypertrophy after aortic 

constriction, and actually, pathological hypertrophy is worsened in the absence of 

α1-ARs. (For review, see O'Connell et al. 2013). Despite the widespread in vitro 

and in vivo use of α-adrenergic agonists as a model for pathological hypertrophy, 

according to current view α1-AR activation may be beneficial for the heart by 

activating an adaptive or physiological hypertrophy (O'Connell et al. 2013). 

The involvement of β-receptors in the hypertrophic response is less clear. The 

synthetic catecholamine and β-receptor selective agonist, isoproterenol, increases 

protein synthesis and the size of cultured neonatal and adult rat cardiomyocytes 

(Pinson et al. 1993, Simpson et al. 1982), but conflicting data also exists (Simpson 

1983). It is also uncertain whether β-receptor blockers are able to inhibit 

catecholamine-induced protein synthesis (Dubus et al. 1990, Simpson 1983). 

However, cardiac specific 5- to 15-fold overexpression of the β1-receptor evoked 

overt hypertrophy, interstitial fibrosis and cardiac failure in transgenic mice 

(Bisognano et al. 2000, Engelhardt et al. 1999) but gain of function studies of β2-

receptor in mice revealed signs of cardiomyopathy only at very high non-
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physiological (100- to 350-fold) expression levels (Koch et al. 2000, Liggett et al. 
2000). 

2.2 Natriuretic peptides 

The history of the discovery of the first natriuretic peptide dates back to 1956 when 

Kisch first described atrial myocyte granules resembling the secretory granules 

found in other peptide-secreting cells (Kisch 1956). The endocrine function of the 

heart was definitively established in 1981 when de Bold showed that intravenous 

(i.v.) injection of atrial extracts into rats led to an increase in sodium chloride and 

fluid excretion, and a decrease in blood pressure (de Bold et al. 1981). The structure 

of rat and human ANP, the peptide responsible for these actions, was then identified 

by several groups in 1983–1984 (for review, see e.g. de Bold 1985). 

The mammalian natriuretic peptide family consists of three structurally related 

peptides, ANP, BNP and C-type natriuretic peptide (CNP), all of which are derived 

from the same ancestral CNP-3 gene (Sergeeva & Christoffels 2013). Structurally 

they share a 17-amino acid ring structure that is formed by a disulfide bridge 

between cysteine residues which is critical for their action (Potter et al. 2006, 

Ruskoaho 1992). ANP and BNP are hormones that are released by the 

cardiomyocytes and their overall effect is to lower blood volume, reducing cardiac 

output and systemic blood pressure. (Sergeeva & Christoffels 2013). Natriuretic 

peptides bind to three distinct cell surface receptors denoted as natriuretic peptide 

receptor-A, -B, and -C (NPRA, NPRB, and NPRC); these receptors are found in 

several tissues. They are also recognized as guanylate cyclase A, guanylate cyclase 

B, and the clearance receptor, respectively. NPRA and NPRB, both of which are 

transmembrane guanylyl cyclases, and therefore catalyze the synthesis of cGMP, 

to mediate the effects of natriuretic peptides in their target tissues. It seems that 

NPRA is the main effector of both ANP and BNP, whereas the NPRB receptor 

mediates the effects of CNP. The major function of NPRC that lacks intrinsic 

enzymatic activity is to eliminate natriuretic peptides through receptor-mediated 

internalization and degradation. (For review, see Potter et al. 2006). 

Elevated plasma levels of ANP and BNP can be observed in disease states 

associated with increased cardiac workload, and especially BNP has proved to be 

useful both as a diagnostic and prognostic marker in heart failure and acute 

coronary syndromes (Daniels & Maisel 2007, Semenov & Seferian 2011). In 

contrast, CNP is predominantly produced in vascular endothelium, chondrocytes 

and the central nervous system (Potter et al. 2006), but the expression levels of 
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CNP in the cardiomyocytes are low (Del Ry 2013). Because CNP plasma levels are 

significantly lower than those of ANP or BNP, CNP is thought to act mainly locally 

as a paracrine factor rather than as a circulating hormone (Kishimoto et al. 2011). 

Although recently evidence emerged for a potential role for CNP in the regulation 

of cardiac hypertrophy and remodeling (Del Ry 2013), the most obvious 

physiological effect of CNP is to stimulate long bone growth (Potter et al. 2006) 

which is beyond the scope of this thesis project. 

2.2.1 Atrial natriuretic peptide 

ANP is synthesized predominantly in the atrial myocytes. The expression of the 

ANP gene in the ventricle is high during the fetal and early neonatal periods, but 

only small quantities of ANP mRNA have been detected in non-diseased adult 

ventricular myocytes. In addition, a number of extracardiac tissues, including the 

central nervous system, lung, adrenal gland, kidney, and vascular tissue have also 

been shown to express low levels of ANP. (For review, see Ruskoaho 1992). The 

major determinant of ANP secretion is wall stretch (Lang et al. 1985, Ruskoaho 

1992). In response to hemodynamic overload, ANP gene expression is increased 

both in atria and ventricles but in the hypertrophied heart, the ventricles are the 

main source of increased ANP in circulation (Ruskoaho 1992, Sergeeva & 

Christoffels 2013). 

Processing of ANP 

The circulating forms of ANP are derived from a common 149–153 amino acid 

precursor, called preproANP, the sequence of which is highly conserved among 

mammalian species (Oikawa et al. 1985, for review, see Ruskoaho 1992). The 

amino-terminus of preproANP contains a 25-amino acid signal peptide that is 

involved in the co-translational transport of ANP across the endoplasmic reticulum. 

During the transport process, the signal peptide is cleaved to release the 126-amino 

acid proANP1–126, the predominant storage form of ANP in the atrial granules. 

ProANP1–126 is split into an amino-terminal proANP1–98 (NT-proANP), and the 

biologically active carboxy-terminal peptide, ANP90–126 (Ruskoaho 1992). The NT-

proANP is released by the heart in equimolar amounts with ANP99–126 but the half-

life of NT-proANP is 8-fold longer than that of its carboxy-terminal counterpart, an 

advantage that can be utilized in clinical monitoring (Thibault et al. 1988). The 

major endogenous enzyme responsible for converting proANP1–126 into ANP99–126 
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is multi-domain transmembrane serine protease, corin (Wu et al. 2002, Yan et al. 
2000, and for review, see Wu et al. 2009). The enzyme is co-expressed with 

proANP1–126 on the cardiomyocyte surface and the catalytic domain is exposed on 

the cell surface indicating that the cleavage of pro-ANP1–126 occurs on the surface 

of cardiac myocytes during the release of the peptide (Gladysheva et al. 2008, Yan 
et al. 2000). Therefore, ANP differs from most other endocrine peptides, which are 

processed in the rough endoplasmic reticulum, Golgi apparatus, and secretory 

granules to be stored as bioactive peptide hormones (Harris 1989, Ruskoaho 1992). 

Gene regulation 

The ANP gene has been used extensively as a model to study transcriptional 

regulation in the heart. The gene consists of three exons. Exon 1 encodes the 5’-

untranslated region, the signal peptide and the first 16 amino acids of proANP. Exon 

2 encodes most of the proANP sequence, and exon 3 encodes the terminal tyrosine 

and 3’-untranslated region (Nishikimi et al. 2011). In particular, the 5’ flanking 

sequences (5’ FS) and those encoding proANP are highly conserved between 

species (Seidman et al. 1984). Studies using transgenic mice carrying different 

lengths of the 5’ FS of ANP gene fused to reporter genes have shown that the 

proximal 500 bp of the human and 638 bp of the rat ANP genes are sufficient to 

confer cardiac restricted expression and to drive expression predominantly in the 

atria of the adult heart. However, additional regulatory sequences involved in the 

spatiotemporal expression pattern are probably located outside these fragments. 

(Houweling et al. 2005). 

Several regulatory elements have been identified in the ANP promoter (Fig. 1). 

These include an AP-1 site, a cAMP-responsible element (CRE) (Cornelius et al. 
1997), a SP-1-like site, two serum response elements (SRE), several Nkx-2.5 

binding elements (NKE), two binding sites at -120 and -278 for GATA zinc finger 

transcription factors, a low affinity A/T-rich sequence, PITX element (PTE), at least 

two functional T-box binding elements (TBEs), an element for signal transducers 

and activators of transcription (STAT) (Wang et al. 2005), two glucocorticoid 

responsive elements (GRE) and the hypoxia-response element (HRE). In addition, 

neuron restrictive silencer elements (NRSE) are located in the 3’ untranslated 

region of the gene. (For reviews, see Houweling et al. 2005, Temsah & Nemer 

2005).  
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Fig. 1. An overview of the 5’ flanking region of rat ANP gene (not to scale). Numbers 

refer to the position relative to the transcriptional start site. 

Many of these elements, including GATA, NKE, TBE, PTE and NRSE regulate 

tissue specific expression during cardiac development (Houweling et al. 2005, 

Temsah & Nemer 2005), but some of them are involved in the inducible expression 

of ANP by different prohypertrophic or stress stimuli. Cell culture experiments 

have revealed that the A/T-rich element, a target for myocyte enhancer factor-2 

(MEF-2), both SREs, which are targets for serum response factor (SRF), and the 

SP-1-like site, which is a target for PEX1/Zfp260 (Debrus et al. 2005), are involved 

in α-adrenergic signaling. Induction of the ANP promoter by ET-1 requires both an 

intact low affinity SRE at -112, and an intact juxtaposed GATA site at -120, over 

which GATA-4 and GATA-6 are both capable of forming a ternary complex via a 

physical interaction with SRF. In addition, ET-1 stimulates ANP gene expression 

by preventing binding of the neuron restrictive silencer factor on negative-acting 

NRSE. 

The effects of Ang II on ANP transcription are also mediated via the low 

affinity -112 SRE and -120 GATA site together with -675 STAT-element that binds 

STAT-1 and -3 proteins. However, the presence of an intact STAT element is not 

essential for this property, since GATA-4 is able to recruit STAT proteins onto the 

ANP promoter independently of the STAT element. (Wang et al. 2005). 

Glucocorticoids stimulate glucocorticoid receptor binding on the ANP promoter 
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GREs (Argentin et al. 1991). Although convincing mutational analyses are missing, 

these elements likely mediate the activation of ANP transcription by 

glucocorticoids (Argentin et al. 1991). The HRE, which binds hypoxia-inducible 

factor-1 (HIF-1), mediates the increase in ANP transcription in response to hypoxia. 

(For reviews, see Houweling et al. 2005, Sergeeva & Christoffels 2013).  

In addition, the AP-1 site together with CRE may be involved in the LV wall 

stress induced ANP transcription. When isolated perfused rat hearts were 

transfected with different ANP promoter-reporter constructs, a single mutation of 

either the AP-1 site or CRE, which is a target for CREB-binding protein (CBP), did 

not decrease reporter gene activity. Instead, when both of these elements were 

mutated, the promoter activity was markedly impaired after wall stress stimulation. 

(Cornelius et al. 1997). However, as the reporter activities were not measured in 

non-stressed hearts, it is not clear whether these differences reflect simply changes 

in basal reporter activity or true differences in the stress response. 

Considering the presence of several regulatory elements in the ANP promoter 

and the fact that induction of ANP gene expression is a highly conserved feature of 

ventricular hypertrophy in a wide variety of species (Ruskoaho 1992), the data on 

the inducibility of ANP promoter in in vivo models cardiac hypertrophy is 

surprisingly contradictory. In transgenic mice expressing reporter gene constructs 

driven by up to 3 kb of the rat ANP 5’ FS, an aortic constriction induced pressure 

overload failed to stimulate reporter activity even though the levels of endogenous 

ANP mRNA were significantly elevated (Knowlton et al. 1995, Rockman et al. 
1991). Similarly, rat hearts transfected in vivo with 5.1 kb of the rat ANP promoter 

did not undergo any increase in reporter activity after acute or chronic wall stress 

(Mayer et al. 2002). However, in a canine model of direct myocardial DNA 

injection, the expression of a reporter gene construct harboring the 3.4 kb rat ANP 

promoter was significantly induced after aortic banding. The effect was shown to 

be mediated via the AP-1 site (von Harsdorf et al. 1997). The discrepancies in the 

promoter response may be explained by sequences located between -5.1 and -3.4 

kb which house at least two AP-2 repressor elements (Mayer et al. 2002) or by 

species differences between dogs and rats. In addition, epigenetic mechanisms may 

influence transgenes integrated into the genome differently from injected and 

transfected plasmids (Houweling et al. 2005). 
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2.2.2 B-type natriuretic peptide  

BNP was originally isolated from porcine brain, and therefore it was initially called 

brain natriuretic peptide (Sudoh et al. 1988). Soon it became clear that the primary 

site of BNP synthesis was in the myocardium. In addition to heart tissue, lower 

BNP expression levels have been detected in other organs, including the central 

nervous system, lung, thyroid, adrenal glands, kidney, spleen, small intestine, ovary, 

uterus, and also striated muscle (Semenov & Seferian 2011). Unlike ANP, BNP is 

primarily released into the circulation by ventricular myocytes under both normal 

and pathophysiological conditions (LaPointe 2005). 

BNP levels have been shown to be a good predictor of left ventricular 

dysfunction and decompensated heart failure and BNP infusion has been approved 

as an effective treatment for acute heart failure (LaPointe 2005).Ventricular levels 

of BNP mRNA and peptide were substantially increased in response to chronic 

cardiac overload in the human heart as well as in experimental in vivo models of 

chronic cardiac overload, including SHRs (Tokola et al. 2001). Mechanical stretch 

has induced atrial BNP gene expression in the isolated perfused rat heart 

(Mäntymaa et al. 1993) and pressure overload rapidly stimulated BNP gene 

expression in the heart of normal and hypertensive rats. Compared with ANP, in 

response to hemodynamic stress, the increase in BNP gene expression occurred 

earlier, within 1 h in both atria and ventricles thereby mimicking the rapid induction 

of proto-oncogenes (Magga et al. 1994). 

Processing of BNP 

The basic mechanisms underpinning BNP peptide processing resemble those for 

ANP. However, BNP is thought to be synthesized and secreted into the circulation 

in a constitutive-like manner, and only limited amounts of immunoreactive BNP 

(ir-BNP) may be colocalized in the secretory granules with ANP. In humans, 

cleavage of the signal peptide from the 134-amino acid preproBNP results in the 

formation of ProBNP1–108, which is then processed into NT-proBNP1–76 and the 

active BNP1–32 (Potter et al. 2006). The most likely proBNP-processing enzymes 

are furin and corin, the activity of these two enzymes seems to be suppressed by O-

linked glycosylation of Thr71 in proBNP1–108. Interestingly, recent evidence 

suggests that in patients with heart failure, a significant proportion of ir-BNP exists 

as different truncated forms of BNP1–32, and only a minor fraction as intact BNP1–

32 in the circulation. Some of these truncated peptides may have reduced biological 



 39

activity but it is still unknown whether they play any causal role in the development 

of heart failure. In addition, the mechanisms that lead to the formation of truncated 

forms have not been well characterized. (For reviews, see Semenov & Seferian 

2011, Yandle & Richards 2015). 

Gene regulation 

Similar to the ANP gene, the BNP gene contains three exons. Exon 1 encodes the 

signal peptide and the N-terminal part of proBNP. Exon 2 encodes most of the 

proBNP sequence, and exon 3 encodes the C-terminal residues of proBNP and the 

3’-untranslated region. In comparison with ANP, the BNP promoter is less 

conserved between species. The human BNP 5’ FS is 65% homologous with the rat 

and 77% homologous with mouse BNP genes, although the rodent proximal 

promoters are more than 90% homologous. (LaPointe 2005). An analysis of human, 

rat and mouse -130 proximal promoter regions has revealed that, in addition to the 

most proximal GATA site at around -30 that actually appears to function as 

specialized TATA box, the GATA element, both the muscle-CAT binding element 

(M-CAT) and the AP-1/CRE-like (AP-1-like) element are all somewhat conserved. 

However, this region in the human gene contains two M-CAT elements and only 

one GATA site, whereas the rodent genes contain two GATA sites and one M-CAT 

element. In contrast, the more distal part differs significantly between humans and 

rats. (LaPointe 2005, Tokola et al. 2001). In this thesis project, the rat BNP 

promoter was employed to study the transcriptional mechanisms. Therefore, unless 

mentioned otherwise, this review will focus on regulation of the rat BNP promoter. 

It is worthwhile remarking that in the literature there are slight differences in the 

exact localization of the rat BNP promoter elements, probably due to the three 

alternate start sites present in the gene (Dagnino et al. 1991). Thus, approximate 

locations are mentioned in the text and Fig. 2. 

In the rat BNP promoter, the proximal 120 bp part is sufficient for high-level 

transcription in cardiomyocytes but additional upstream sequences are required to 

restrict the expression to the heart (Grépin et al. 1994, Temsah & Nemer 2005). The 

region between -535 and -400 appears to contain still unidentified cardiac repressor 

elements (Thuerauf & Glembotski 1997). Apart from the GATA, M-CAT and AP-1-

like elements, all of which have been shown to contribute to basal promoter activity in 

cardiac cells (Grépin et al. 1994, Marttila et al. 2001, Thuerauf & Glembotski 1997), 

the proximal promoter contains a CACC-box and a juxtaposed site for transcription 

factor Yin Yang 1 (YY1) at -70 bp (Fig. 2). The CACC box has been shown to be a 
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target for Sp1 protein (Sp1) in heterologous cells, but the endogenous protein that 

targets BNP CACC box in cardiac myocytes is unknown (Bhalla et al. 2001) although 

it has been speculated to function as a weak repressor of basal BNP expression (Grépin 
et al. 1994). YY1 cooperates with GATA-4 to synergistically activate BNP 

transcription. Although YY1 is able to activate basal BNP transcription through binding 

to its cognate site, its synergistic function requires only the presence of GATA-4 but 

not the YY1 DNA-binding site, i.e. GATA-4 recruits YY1 protein to enhance 

transcription (Bhalla et al. 2001). The YY1 site is conserved in human BNP where it 

has been shown to mediate transcriptional activation of BNP in response to ET-1 

(Glenn et al. 2009). The NKE-like element (Nke) at -390 is another element that 

has been revealed to mediate activation of BNP promoter in synergistic manner 

with GATA-4, though this synergy has been described only in HeLa cells after 

GATA-4 and Nkx-2.5 overexpression (Durocher et al. 1997). 

Fig. 2. An overview of the 5’ flanking region of rat BNP gene (not to scale). Numbers 

refer to the position relative to the transcriptional start site. 

With respect to hypertrophic stimulation in cultured NRVMs, the initial transfection 

experiments revealed that the proximal 115 bp of the promoter mediate about 50% of 

the BNP induction in response to phorbol esters and serum, but apparently mediate the 

full effects of phenylephrine (PE) (Thuerauf et al. 1994). More specific experiments 

using site directed mutagenesis confirmed that stimulatory effect of α-adrenergic 

agonists on the BNP gene was mediated partially via the tandem GATA-sites at -90 

although the -100 M-CAT element that binds transcriptional enhancer factor (TEF) 

family of transcription factors was even more critical (Koivisto et al. 2011, 

Thuerauf & Glembotski 1997). The endotoxin lipopolysaccharide is another 

stimulus known to target the GATA elements in vitro (LaPointe 2005). With respect 

to the ET-1 response, the -500 ETS binding sequence (EBS) has been shown to be 

essential while the tandem GATA element was dispensable. Despite the fact that 
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EBS element share an identical core sequence with -390 Nke, it specifically binds 

transcription factor Ets-like gene-1 (Elk-1). (Pikkarainen et al. 2003). 

The importance of the tandem GATA element for the hypertrophic response of 

BNP has been confirmed also in vivo. The proximal 120 and 530 bp of rat BNP 

promoter were sufficient to confer responsiveness to the acute hemodynamic stress 

generated by bilateral nephrectomy (Marttila et al. 2001) and chronic pressure 

overload induced by Ang II infusion (Majalahti et al. 2007). In the bilateral 

nephrectomy model, the tandem GATA element was shown to be both necessary 

and sufficient for the activation of BNP transcription by hemodynamic stress, while 

mutation of the AP-1-like element decreased only the basal promoter activity, but 

had no effect on the inducibility by nephrectomy (Marttila et al. 2001). A mutation 

of the tandem GATA element in the context of -530 promoter completely abolished 

also the effect of Ang II induced pressure overload on BNP whereas mutation of 

either -500 EBS or -375 AP-1 element had no effect (Majalahti et al. 2007). 

2.3 The cellular and molecular response of cardiomyocytes to 

mechanical stress 

Mechanosensation, the ultimate conversion of a mechanical stimulus into a 

biochemical signal, is a highly conserved process in different cell types, tissues, 

organs and even single-cell organisms (Kung 2005), and the heart is not an 

exception. The cardiac muscle is constantly subjected to mechanical forces in the 

form of shear stress of the blood flow, and more importantly, stretch (tensile stress) 

due to changes in diastolic filling (venous return) and blood pressure. Alterations 

in mechanical forces provoke adaptational process to allow the heart to cope with 

physiological or pathological conditions. Classical examples of this phenomenon 

were characterized already in the late 19th and early 20th centuries by the German 

physiologist Otto Frank and the English physiologist Ernest Starling. They found 

that within physiological limits, the force of contraction of the heart muscle was 

directly proportional to the initial length of the muscle fiber and therefore, the 

stroke volume of the heart increased in response to an increase in the volume of 

blood filling the heart (the end diastolic volume). This intrinsic mechanism of the 

heart is now named the Frank-Starling law (Tavi et al. 2001). In the long term, 

mechanical stress plays a prominent role in the development of myocardial 

hypertrophy and maladaptive remodeling (Frey & Olson 2003). While the ability 

of heart to sense mechanical load and generate appropriate physiological responses 

is well established, the steps involved in mechanotransduction i.e. how 
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mechanically induced signals are converted into physiological responses, are 

relatively poorly understood. The process of mechanotransduction in 

cardiomyocytes is particularly complex, since individual muscle cells both respond 

to externally applied mechanical forces as well as generating internal loads that are 

transmitted to adjacent cells and their surrounding ECM. Possible pathways include 

ion channels, integrin interaction between cells and the ECM, activation of various 

tyrosine kinases, and autocrine production and release of growth factors. These 

pathways lie upstream of de novo synthesis of immediate response genes and total 

protein synthesis, both of which are thought to be involved in the process of cardiac 

hypertrophy. 

2.3.1 The stretch sensor 

The molecular identity and localization of stretch sensor are only partly understood. 

At present, it is believed that stretch signals are not sensed by a single stretch-sensor 

but instead the process involves multiple protein complexes which are responsible 

for sensing stretch-linked biomechanical signals. In addition to the components 

discussed below, several potential candidates, such as the sarcomeric Z-disc 

stretch-sensor, have been identified or are currently the focus of investigation (Cox 
et al. 2008).  

Costameres and Integrins 

Costameres are subsarcolemmal rib-like bands that encircle the cardiomyocyte 

perpendicular to its long axis resembling the metal hoops of a wooden barrel. 

Costameres keep the plasma membrane aligned with nearby contractile structures 

and protect the sarcolemma against contraction-induced damage. Importantly, they 

also transmit forces of contraction laterally to the surrounding stress-tolerant 

interstitium by physically linking the Z discs of the contractile apparatus through 

the membrane to the ECM. (Samarel 2005). The precise structure of costameres is 

not clear, but this multiprotein network appears to comprise two main protein 

complexes: the dystrophin-glycoprotein complex and the vinculin-talin-integrin 

system (Anastasi et al. 2009, Ervasti 2003). 

Integrins are a family of αβ-heterodimeric transmembrane cell surface 

receptors that mediate cell adhesion to ECM, such as fibronectin, laminin and 

collagen (Takada et al. 2007). The cytoplasmic amino-terminal domain of integrins 

physically associates with signaling molecules in the focal adhesion complex, 
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which in cultured cells is an analogous structure to costameres and acts both as a 

signaling device and a connection to cytoskeleton. Since they are situated at the 

boundary between the ECM and focal adhesion, integrins are able to transduce 

mechanical forces across the cell membrane and activate several downstream 

signaling kinases (Manso et al. 2009, Samarel 2005). The role for integrins as 

mechanosensors or mechanotransducers in heart is supported by the in vivo 

observation that right ventricle (RV) pressure overload in cats increased β3 integrin 

association to cytoskeleton accompanied with activation of focal adhesion kinase, 

c-Src and extracellular signal-regulated kinase ERK (Kuppuswamy et al. 1997, 

Laser et al. 2000). A disruption of cardiac myocyte integrin β1 function by 

expression of a dominant-negative inhibitor termed Tacβ1A led to blunted activation 

of ERKs after aortic constriction in transgenic mice (Keller et al. 2001). 

Experiments using integrin-binding peptides or specific integrin antibodies to 

prevent the interaction between integrins and ECM have partly clarified the role of 

specific integrins. Mechanical stretch-induced activation of ERK in cultured adult 

rat cardiac fibroblasts was blocked by the combination of anti-α4 and -α5 integrin 

antibodies and an inhibitory arginine-glycine-aspartic acid (RGD) peptide 

(MacKenna et al. 1998). Accordingly, in cultured neonatal rat cardiomyocytes, 

antibodies directed against β1, -β3 and -αvβ5 integrins inhibit stretch-induced ERK, 

c-Jun NH2-terminal kinase (JNK) and p38 mitogen-activated protein kinase 

(MAPK) activities which, in addition, are inhibited by anti-α5 integrin antibody and 

RGD peptide, but not by α1 or α2 antibodies (Liang et al. 2000). However, RGD 

treatment of in vitro stretched cultured cardiomyocytes failed to inhibit c-fos gene 

induction (Sadoshima et al. 1992b), indicating that other mechanosensors, in 

addition to RGD-binding integrins, must exist. Although these observations are 

more than ten years old, it still remains something of a mystery exactly how the 

costamere-integrin complex senses mechanical stimuli. It is likely that integrin-

mediated mechanical deformation of one or more adhesion plaque proteins is the 

proximal step in an intracellular signaling cascade that leads to global cytoskeletal 

rearrangements and mechanotransduction at multiple, distant sites within the cell. 

Stretch-Activated ion channels (SACs) 

The SACs are another putative group of mechanosensors. These channels are 

opened by membrane or cytoskeletal stretch allowing ion fluxes (Na+, K+ and Ca2+) 

to enter the cell (for reviews, see Hu & Sachs 1997, Sachs 2010). A direct Ca2+ 

influx through SACs in heart was first reported in cultured chick cardiac cells that 
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were stimulated by gentle prodding with a pipette (Sigurdson et al. 1992). 

Subsequent studies showed that the stretch-induced increase in intracellular Ca2+ 

levels in cultured cells could be blocked by two SAC inhibitors, streptomycin and 

gadolinium (Gd3+), but stretch-activated protein synthesis or expression of target 

genes was blocked by Gd3+ only in some (Laine et al. 1996) but not all experimental 

systems (Hu & Sachs 1997). Therefore, the role of these channels as 

mechanotransducers remained controversial. Cloning of the channel subunits and 

the discovery of more specific inhibitors has shed some more light on this issue. 

Recently, it was postulated that two members of the canonical transient receptor 

potential channel (TRPC) superfamily may act as SACs in mammalian heart. TRPC 

1 and 6 both are able to form functional calcium-permeable non-selective cation 

channels not only as homotetramers but also as heterotetramers of either 

TRPC1/4/5 or TRPC3/6/7 subfamily members. More specifically, TRPC1 is 

classified as “store-operated ion channel” and is involved in the entry of calcium 

following calcium depletion of the endoplasmic reticulum. TRPC6 is activated in 

response to hydrolysis of phosphatidylinositol 4,5-bisphosphate after stimulation 

of various plasma membrane receptors, thus it is called a “receptor-operated 

channel”. (For reviews, see Inoue et al. 2009, Patel et al. 2010). The role TRPC6 

as SAC is supported by the observation that antibodies against TRPC6 prevent 

stretch activation of the voltage-independent, Gd3+ and Tarantula peptide GsMTx-

4-sensitive non-selective cation conductance of isolated cardiomyocytes 

(Dyachenko et al. 2009). Accordingly, overexpression of TRPC6 in the heart of 

transgenic mice in vivo results in increased responsiveness to pressure overload 

(Kuwahara et al. 2006) while cardiac specific expression of dominant negative 

TRPC6 in the heart blunted the cardiac hypertrophy induced by pressure overload 

(Wu et al. 2010). 

Similarly, transgenic mice lacking TRPC1 display a blunted cardiac 

hypertrophic response when subjected to pressure overload induced by transverse 

aortic constriction (TAC) or chronic Ang II infusion (Seth et al. 2009). Unlike the 

situation in neonatal cardiomyocytes isolated from wild type (WT) animals, those 

from TRPC1-/- mice fail to show activation of hypertrophy gene program in 

response to cyclic mechanical stretch. In addition, osmotic stress applied to the 

isolated adult cardiomyocytes increased the nonselective current in WT 

cardiomyocytes, but did not activate the nonselective current in cardiomyocytes 

lacking TRPC1 (Seth et al. 2009). Moreover, TRPC1 was found to be 

overexpressed in pressure overload hypertrophy (Ohba et al. 2007). 
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While the evidence for the involvement of TRCP1 and TRCP6 in 

mechanotransduction is convincing, their role as primary stretch sensors is not clear. 

The observation that Ang II is able to stimulate nonselective cation current in adult 

cardiomyocytes isolated from WT animals, but not in those from TRPC1-/- animals, 

together with the ability of AT1R inhibitor losartan to block the stretch response 

suggests that TRPC1 mediated stretch signaling may be downstream of the AT1R 

(Seth et al. 2009). Furthermore, it has been proposed that the stretch-induced 

activation of TRCP6 is a downstream response to activation of AT1R or some other 

GPCRs (Patel et al. 2010). 

AT1 receptor 

There exists both in vitro and in vivo evidence that stretch can also directly activate 

AT1R signaling independently of Ang II binding (Zou et al. 2004). Stretch-induced 

activation involves a conformational change in the receptor that is distinct from that 

induced by Ang II binding (Yasuda et al. 2008). The mechanism by which this 

occurs is still unknown. It is possible that physical stretching of the cell membrane 

functions as an allosteric modulator to induce a biased conformation of the AT1R 

which then selectively triggers downstream signaling by the multifunctional 

scaffold protein, β-arrestin, similar to that of β-arrestin-biased agonists. Thereby 

stretch would be able to activate a subset of AT1R-mediated signaling pathways 

(Tang et al. 2014). Alternatively, stretch may activate mechanical sensors that then 

secondarily activate the AT1R. 

2.3.2 Autocrine and paracrine factors and mechanical stress 

Load itself is a sufficient stimulus for the induction of cardiac growth in the intact 

heart, isolated cardiac tissue, and isolated cardiomyocytes (for reviews, see Morgan 
et al. 1987, Ruwhof & van der Laarse 2000). The process is modulated by a 

dynamic interplay between different cell types including cardiomyocytes and 

fibroblasts, which secrete a variety of growth factors, cytokines, and hormones 

acting on the cells themselves (autocrine mechanism) and on neighboring cells 

(paracrine mechanism). This theory is based on experiments showing that a stretch-

conditioned medium derived from stretched cardiomyocytes was able to induce 

hypertrophy in the non-stretched recipient cardiomyocytes (Sadoshima & Izumo 

1993a). In addition, some studies have shown that mechanical stretch induced a 
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hypertrophic response in cultured NRVMs only in the presence of non-myocytes, 

but not in pure myocyte cultures (Harada et al. 1998). 

The soluble factors has been shown to include Ang II (Sadoshima et al. 1993) 

and ET-1 (Yamazaki et al. 1996). These two compounds appear to act in series, 

since blockade of AT1R by losartan or ETA receptors by BQ-123 or their 

combination suppressed the stretch-induced hypertrophic response by 50%. 

Furthermore, BQ-123 was able to block the effects of Ang II, whereas losartan had 

no effect on ET-1-induced hypertrophic gene programming, indicating that the 

stretch triggered release of Ang II in turn had increased ET-1 synthesis and 

secretion. (Liang & Gardner 1998). In addition, stretch-activated ET-1 generation 

has been shown to induce ectoshedding of heparin-binding epidermal growth factor, 

which promotes myocyte hypertrophy via the activation of the epidermal growth 

factor (Anderson et al. 2004). The observation that the effect of stretch in cardiac 

myocyte – non-myocyte co-cultures was inhibited by treatment with an ETA 

antagonist suggests that ET-1 may have been derived from contaminating non-

myocytes (Harada et al. 1998). However, unlike the situation in cardiac myocytes, 

in which stretch stimulates ET-1 secretion, in cardiac fibroblasts, i.e. the 

predominant cell type in the non-myocyte fraction, stretch was shown to inhibit ET-

1 secretion (Pikkarainen et al. 2006), evidence that other non-myocyte derived 

substances were involved. 

In addition, pressure-mediated LVH, as well as mechanical stretch of cardiac 

myocytes and especially cardiac fibroblasts, has been shown to generate sub-

inflammatory levels of interleukin-1β, which is sufficient to induce the production 

of insulin-like growth factor-1 (IGF-1) (Honsho et al. 2009). Other factors that may 

act as modulators of the stretch response are transforming growth factor β1 (TGFβ1) 

(Takahashi et al. 1994, van Wamel et al. 2002, Wang et al. 2012), vascular 

endothelial growth factor (VEGF) (Seko et al. 1999a), cardiotrophin-1, interleukin-

6, leukemia inhibitory factor (Pan et al. 1999), tumor necrosis factor-α (Wang et al. 
2007). However, stretch-induced hypertrophy in isolated adult rabbit ventricular 

myocytes was independent of Ang II, IGF-1 and TGFβ1, despite the fact that stretch 

increased the expression of IGF-1 and TGFβ1 (Blaauw et al. 2010). 

Finally, it is becoming evident that, in addition to the proteinous signals, 

microRNAs and possibly other RNA species are potential players in cell-to-cell 

communication. These may act directly as paracrine signals in a ‘mircrine’ fashion 

as moderators of the intercellular crosstalk (for review, see Viereck et al. 2014) or 

alternatively, they can modulate downstream signaling cascades. For example, 
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microRNA-208a has been suggested to act as a downstream effector of TGFβ1 in 

mechanical stretch-induced hypertrophy in cultured NRVMs (Wang et al. 2013). 

2.3.3 Signal transduction pathways activated by mechanical stretch 

Intracellular signal transduction consists of a complex network of pathways that 

allow a cell to adapt to external stimuli. Elucidation of the intracellular signal 

transduction systems that mediate the hypertrophic program has been one of the 

major challenges during the last decades. In addition to PKC, which will be 

discussed in more detail, mechanical stretch has been shown to evoke various 

intracellular signaling pathways including all the three main MAPK pathways 

(ERK, JNK and p38 MAPK), the janus kinase/signal transducers and activators of 

transcription (JAK/STAT) pathway, phospholipases C and D, and tyrosine kinases, 

such as focal adhesion kinase (for reviews, see Heineke & Molkentin 2006, Kudoh 
et al. 2003, Ruwhof & van der Laarse 2000, Sadoshima & Izumo 1997). However, 

efforts to find a final common pathway regulating the hypertrophic response, and 

consequently a target for universal but specific pharmacological interventions have 

failed so far. 

Protein kinase C 

PKC is a ubiquitous enzyme that was originally described as a Ca2+-activated, 

phospholipid-dependent protein kinase (Nishizuka 2003). Today it is known to 

comprise a family of more than ten protein isoforms with highly conserved C-

terminal catalytic domains but with distinctive N-terminal regulatory domains. 

Based on their structural homology and substrate requirements, PKCs are usually 

divided into three groups: 1) conventional PKCs (α, βI, βII, and γ), which are Ca2+-

dependent and activated by 1,2-diacylglycerol (DAG) and phosphatidylserine (PS); 

2) novel PKCs (δ, ε, η, and θ), which are Ca2+-independent but are activated by 

DAG and PS; and 3) atypical PKCs (ζ,and λ (mouse)/ι (human), which are Ca2+ 

and DAG-independent but are PS sensitive. (For reviews, see Mellor & Parker 1998, 

Steinberg 2012). Activation of some PKC isozymes, including βI, βII, δ and ε, 

involves translocation to isoform specific subcellular compartments. This process 

is targeted by receptor proteins, RACKs (receptors for activated C-kinase), that 

bind specific PKC isozymes in their active form and anchor the active enzyme to a 

specific locus on the cell membrane (Mackay & Mochly-Rosen 2001, Mochly-

Rosen et al. 2012). 
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Ventricular myocytes express PKCα, PKCδ, PKCε, PKCλ; conflicting data 

exists on whether PKCβ is present in adult cardiomyocytes. In addition, PKCζ has 

been detected in neonatal ventricular cells. (For reviews, see Mackay & Mochly-

Rosen 2001, Sabri & Steinberg 2003). Activation of PKC has been postulated to be 

one of the central mediators in the hypertrophic response. Treatment of cultured 

neonatal rat cardiomyocytes with the direct PKC activator 12-O-

tetradecanoylphorbol 13-acetate (TPA), a surrogate for DAG, results in 

accumulation and increased assembly of myosin light chain-2 into organized 

contractile units, as well as activation of hypertrophic gene expression (Dunnmon 
et al. 1990). PKC is also involved in mediating the effects well known hypertrophic 

agonists such as activators of α1-ARs (Henrich & Simpson 1988), ET-1 

(Bogoyevitch et al. 1993) and Ang II (Sadoshima & Izumo 1993c) in cell culture 

model. Overexpression of constitutively active PKCα, and especially PKCβ each 

activated transcription of β-MHC (Kariya et al. 1991), whereas in another study 

which used adenoviral gene transfer of different PKC isoforms, only PKCα, but not 

PKCβII, PKCδ or PKCε, led to the appearance of an activated hypertrophied 

phenotype in cultured cardiomyocytes (Braz et al. 2002). 

The role of PKC have been studied in several transgenic mouse models as 

reviewed by Dorn & Force (2005). In gain of function studies, overexpression of 

either WT or constitutively active PKCβII led to LVH with impaired systolic 

function, but overexpression of PKCε, which like PKCβII is activated by pressure 

overload, or its translocation activator ψεRACK, resulted in an adaptive concentric 

hypertrophy with preserved systolic function. Furthermore, overexpression of 

PKCδ translocation activator ψδRACK, led to an adaptive hypertrophy. Despite the 

prohypertrophic effect of PKCα in cell culture, transgenic overexpression of PKCα 

did not induce hypertrophy in vivo, although it evoked ventricular dysfunction. 

Although gain of function studies have indicated that PKCε, PKCβ and PKCδ are 

sufficient for promoting the hypertrophic phenotype, in gene knockout models none 

of these isoforms (Klein et al. 2005) nor PKCα have been proven to be necessary 

for the development of hypertrophy. This may reflect functional redundancy among 

the various PKC isoforms in the regulation of cardiac growth (Dorn & Force 2005). 

Indeed, there is evidence in mice lacking PKCε, that the expression of PKCδ is 

compensatorily elevated (Klein et al. 2005). 

Mechanical stretch activates PKC in cultured NRVMs (Kashiwagi et al. 1998, 

Sadoshima & Izumo 1993a). Further, pharmacological inhibition of PKC blocks 

the stretch-induced activation of ERK and increase in c-fos gene expression in 

cultured NRVMs (Sadoshima & Izumo 1993a, Seko et al. 1999b) as well as stretch-



 49

activated BNP gene expression in the right atrium of isolated perfused rat heart 

(Magga et al. 1997b) pointing to a functional role for PKC in stretch-induced 

hypertrophy. To confirm this proposal, Pan et al. (2005) demonstrated that cyclic 

stretch-induced hypertrophy, as measured by cell size, myofibrillar organization 

and protein synthesis, was mediated by PKCα and δ, which regulate the activation 

of Rho GTPases, and MAPK pathways (Pan et al. 2005). 

2.3.4 Transcription factors implicated in hypertrophy 

Gene expression is a multi-step process starting from the transcription of DNA 

through to the eventual production of proteins or RNA products. The three key 

stages in gene expression are transcription, RNA processing and translation; of 

these, the regulation of transcription is central for tissue specific gene expression 

as well as for the regulation of gene activity in response to specific stimuli. (For 

review, see eg. Latchman 1997). The regulatory regions of genes contain short 

DNA sequences, which have been shown to be common for genes with a particular 

pattern of regulation. These DNA sequences, cis-regulatory elements, act by 

binding specific regulatory proteins known as transcription factors, which serve as 

integration centers of the different signal-transduction pathways affecting the given 

gene. In addition by changing the concentration of the transcription factor, cytosolic 

signal-transduction pathways regulate the activity of these factors e.g. 

phosphorylation or dephosphorylation thus controlling their access to nucleus and 

complex formation with DNA. (For review, see Calkhoven & Ab 1996). 

Research during the past decades has produced a growing amount of data 

detailing which transcription factors that are involved in cardiac development and 

the differentiation of myocytes. It is now becoming clear that many of them, 

including GATA-4, MEF2, SRF, nuclear factor of activated T cells c4 (NFATc4), 

Nkx-2.5, nuclear factor κB (NFκB), dHAND and eHAND, become re-activated  

after birth in the initiation and maintenance of cardiac hypertrophy. (For reviews, 

see Kohli et al. 2011, Oka et al. 2007). 

GATA-4 

GATA-4 is one of the best characterized transcription factors implicated in 

hypertrophic response; it belongs to the GATA family of zinc finger transcription 

factors. The GATA family consists of six members; these are divided into the 

GATA-1/2/3 subfamily which is prominently expressed in hematopoietic cells and 
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the GATA-4/5/6 subfamily, which can be detected in various mesoderm and 

endoderm-derived tissues including heart. In the heart, GATA-4 and -6 are present 

in the myocardium, whereas GATA-5 is largely restricted to the endocardium. 

GATA proteins share a highly conserved domain consisting of two zinc fingers that 

direct binding to the DNA sequence (A/T)GATA(A/G) although the carboxy-

terminal zinc finger is sufficient to ensure site specific binding. (For review, see 

Pikkarainen et al. 2004). 

GATA-4 has been shown to play an important role in cardiogenesis (for review, 

see Peterkin et al. 2005). GATA-4 mRNA can be detected already at 7.0–7.5 days’ 

postcoitum in the precardiac mesoderm and continues to be expressed abundantly 

in cardiac myocytes throughout the life of the animal (Heikinheimo et al. 1994). 

Inhibition of GATA-4 expression by an antisense DNA strategy has been 

demonstrated to block terminal differentiation of precardiac cells, while 

overexpression of GATA-4 enhanced differentiation of beating cardiocytes in 

pluripotent P19 embryonal carcinoma cells. Homozygous GATA-4 knockout 

mouse embryos died in utero a little over a week postcoitum and displayed severe 

defects in cardiac tube formation. However, as these embryos developed a 

splanchnic mesoderm which differentiated into primitive cardiomyocytes 

expressing contractile proteins and overexpressing GATA-6 throughout the body, 

there may be functional redundancy between GATA-4 and GATA-6. (Pikkarainen 

et al. 2004). 

In the postnatal heart, GATA-4 has been shown to be an important 

transcriptional regulator of numerous cardiac genes including ANP, BNP and 

sarcomeric proteins such as α-MHC, β-MHC, cardiac troponin C, and many others. 

Importantly, in addition to its role in controlling cardiac enriched/specific gene 

expression, GATA-4 also mediates induction of many genes in response to 

hypertrophic stimuli both in vitro and in vivo. (Pikkarainen et al. 2004). 

Hemodynamic stress in vivo up-regulates left ventricular GATA binding activity 

and activates β-MHC, AT1aR and BNP genes in a GATA dependent manner 

(Hasegawa et al. 1997, Herzig et al. 1997, Marttila et al. 2001) pointing to a role 

for GATA-4 in stretch-induced hypertrophy. 

Evidence that GATA-4 has a role in development of cardiac hypertrophy was 

obtained from an experiment where overexpression of GATA-4 in culture induced 

cardiomyocyte hypertrophy emphasizing the crucial role of GATA-4 in this process. 

Conversely, expression of dominant-negative GATA-4 or anti-sense GATA-4 

mRNA each blocked features of cardiomyocyte hypertrophy induced by 

hypertrophic agonists in culture. Further, in vivo mild overexpression of GATA-4 
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in the transgenic mouse heart evoked a progressive hypertrophic response. (Oka et 
al. 2007). Several conditionally targeted animal models utilizing Cre-Lox 

recombination have been generated to further characterize the role of GATA-4 in 

development of hypertrophy. Mice with a cardiac specific deletion of GATA-4 by 

using either β-MHC-Cre or α-MHC-Cre transgene were viable into young 

adulthood but eventually developed cardiac dilation and heart failure associated 

with myocyte apoptosis. Importantly, these animals showed a 40% to 50% 

reduction of the hypertrophic response following pressure overload or exercise 

stimulation, as well as attenuated basal expression of ANP. (Oka et al. 2006). 

Interestingly, animals with conditional cardiac specific knockout of GATA-6 

displayed an almost identical phenotype, although these mice showed increased 

basal expression of ANP (van Berlo et al. 2010) unlike animals with GATA-4 

deletion. These results raise the possibility that GATA-4 and GATA-6 may 

compensate for each other also in postnatal heart, and further, GATA-6 may 

actually act as a repressor of the ANP gene. 

In attempt to address the former question, van Berlo et al. (2013a) have 

performed conditional gene deletion of GATA-4 or GATA-6 by β-MHC-Cre 

transgene in the mouse heart in conjunction with reciprocal gene replacement using 

a transgene encoding for either GATA-4 or GATA-6 under a tetracycline 

transactivator driven inducible and cardiac specific α-MHC promoter in the heart. 

Their results indicated that GATA-4 and GATA-6 were playing a dosage-dependent 

and redundant role in programming the cardiac hypertrophy induced by pressure 

overload. However, the cardiac GATA-4 transgene was not able to functionally 

compensate for the deletion of GATA-6 from the heart, and conversely, the cardiac 

GATA-6 transgene was not able to compensate functionally for the loss of GATA-

4, even though each form could effectively compensate for itself. More specifically, 

only the GATA-6 transgene restored the ability of mice with cardiac specific 

deletion of GATA-6 to compensate and resist heart failure after TAC, as the GATA-

4 transgene replacement in the GATA-6 null background produced even slightly 

worse cardiac function after TAC. On the contrary, in the mice with heart specific 

GATA-4 deletion, only the GATA-4 transgene prevented functional 

decompensation, whereas the GATA-6 transgene was ineffective. (van Berlo et al. 
2013a). 

It should be noted that the timing and extent of gene inactivation may critically 

affect the phenotype. Combined conditional inactivation of GATA-4 and GATA-6 

from the heart by β-MHC-Cre transgene during fetal development produced viable 

offspring that developed spontaneous systolic heart failure that resulted in death by 
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the age of 16 weeks (van Berlo et al. 2010). However, in the very recent report of 

Prendiville et al. (2015), acute neonatal inactivation of both GATA-4 and GATA-6 

by using systemic delivery of adeno-associated virus 9 expressing cardiac specific 

Tnnt2 promoter driven Cre (AAV9-Tnnt2-Cre) caused a rapidly developing systolic 

heart failure resulting in death within 7 days. It was proposed that the difference 

between chronic (β-MHC-Cre) and acute (AAV9-Tnnt2-Cre) loss of function may 

have been due to secondary, compensatory adaptations that occur in the chronic 

model. Further, when both GATA-4 and GATA-6 were inactivated in the adult heart, 

the animals developed lethal diastolic heart failure whereas only mild systolic 

dysfunction was noted. Both neonatal and adult GATA-4/GATA-6 inactivation 

upregulated ANP and β-MHC gene expression, indicating that normal GATA-4 and 

GATA-6 levels were not necessary for maintaining the cardiac specific expression 

of these genes. Furthermore, mosaic inactivation of these genes by the same method 

revealed their essential roles in physiological postnatal cardiomyocyte growth, 

suggesting that GATA-4 and GATA-6 are key regulators of postnatal 

cardiomyocyte maturation. (Prendiville et al. 2015). Unfortunately, the animals 

with combined inactivation of GATA-4 and GATA-6 were not exposed to 

hemodynamic overload to evaluate the possibility of functional redundancy in the 

hypertrophic response. 

As reviewed by Suzuki (2011) and Zhou et al. (2012), the activation of GATA-

4 occurs via various cell signaling events. GATA-4 is phosphorylated in response 

to various hypertrophic stimuli at Ser-105 thereby increasing its DNA binding 

affinity and transcriptional activity, and rendering it more resistant to cellular 

degradation. The enzymes that are responsible for Ser-105 specific phosphorylation 

are ERK and p38 MAPK, which appear to be regulated by GTPase RhoA – Rho 

kinase –pathway. (Suzuki 2011). GATA-4 DNA binding activity is also enhanced 

by PKC mediated phosphorylation of Ser-419 and Ser-420 within the C-terminal 

activation domain of GATA-4 (Wang et al. 2005). The nuclear accumulation of 

GATA-4 has been reported to be controlled in a phosphatidylinositol 3-kinase 

(PI3K)/Akt dependent manner by glycogen synthase kinase 3β that phosphorylates 

the amino-terminal part of GATA-4 resulting in its increased export from nucleus. 

In addition, phosphorylation of GATA-4 on Ser-261 by protein kinase A enhanced 

GATA-4 activation of cAMP-responsive Leydig cell promoter transcription in MA-

10 Leydig tumor cells, but the significance of this modification in heart is still 

unknown (Zhou et al. 2012). GATA-4 has been shown to be a subject of lysine 

modifications including acetylation, ubiquitination, sumoylation and methylation, 

with probably the best characterized being cyclin dependent kinase 9 - histone 
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acetyltransferase p300 (p300) mediated acetylation of GATA-4, which in the heart 

may predispose to systolic dysfunction. (Suzuki 2011, Zhou et al. 2012). 

Interestingly, ERK appears to control GATA-4 activity and stability also by 

regulating the acetylation and ubiquitination processes via phosphorylation of 

GATA-4 on Ser-261 and Ser-105, respectively (Jun et al. 2013a, Jun et al. 2013b). 

GATA-4 has been shown to cooperate with a number of other transcription 

factors and co-activators including dHAND, MEF-2. NFATc4, p300, TBX5, 

GATA-6, Nkx-2.5, YY1, STAT-1 and Zfp260 (Wang et al. 2005, Debrus et al. 2005, 

and for reviews, see Temsah & Nemer 2005, and Pikkarainen et al. 2004). In 

addition, GATA-4 interacts with transcription factor Art27 (Carter et al. 2014), 

friend of GATA-2 and retinoid X receptor-α, all of which appear to act mainly as 

co-repressors of transcription. There is also evidence that GATA-4 may interact 

simultaneously with multiple factors either directly or through other proteins, such 

as p300/CBP to form multiprotein complexes (Pikkarainen et al. 2004). It is 

noteworthy that these interactions can enable the recruitment of other cofactors on 

target promoters that lack cognate binding sites for these cofactors. For example, 

GATA-4 has been shown to recruit MEF-2 independently of MEF elements 

(Temsah & Nemer 2005). Conversely, SRF have been shown to be able to recruit 

GATA-4 to cardiac gene promoters (Sepulveda et al. 2002). The significance of 

these interactions is that they confer more functional diversity within the 

transcriptional regulation and allow synergistic activation of target promoters. 

Through cooperative interaction with other transcriptional regulators, GATA-4 also 

serves as a nuclear integrator of several signaling pathways, most notably 

calcineurin, MAPK, PI3K, receptor serine-threonine kinases, JAK/STAT and PKC 

(Wang et al. 2005). Combinatorial interactions between GATA-4 and its cofactors 

are likely to one mechanism to control chromatin occupancy and thereby cardiac 

specific gene expression (Zhou et al. 2012). 

AP-1 

AP-1 is a critical transcription factor that participates in a wide range of cellular 

processes including proliferation, apoptosis, differentiation, survival, and 

transformation. It is not a single protein, but consists of a homo- or hetero-dimeric 

complex of basic leucine zipper proteins that are subdivided into families of the 

Jun (c-Jun, JunB, JunD), Fos (c-fos, FosB, Fra-1 and Fra-2), Maf (c-Maf, MafB, 

MafA, MafG/F/K and Nrl) and activating transcription factor (ATF) (ATF2, 

LRF1/ATF3, B-ATF, JDP1, JDP2), which recognize either TPA response elements 
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(5'-TGAG/CTCA-3') or CRE (5'-TGACGTCA-3') in the promoter of the target 

genes. (Ye et al. 2014). 

The first evidence for the potential involvement of AP-1 in stretch-induced 

hypertrophy was provided by the observation that pressure overload induced by 

TAC rapidly activated gene expression of c-fos, c-jun and jun-B in vivo (Rockman 

et al. 1991). Similarly, Fra-2 was strongly induced in a similar experimental model 

(Ricci et al. 2005). Remarkably, in cultured NRVMs, static stretch has been 

reported to induce expression of c-fos and c-jun which then increase the binding of 

AP-1 to the AP-1 consensus sequences (Sadoshima et al. 1992a) and to stimulate 

AP-1 dependent transcription in transfection experiments using an artificial AP-1 

binding site-containing reporter gene (Komuro et al. 1996). AP-1 elements have 

also been shown to be involved in the activation of the AT1aR promoter by pressure 

overload in vivo (Herzig et al. 1997) and conceivably in the activation of ANP 

promoter by left ventricular wall stress in isolated perfused hearts (Cornelius et al. 
1997). 

Studies using genetically engineered animals have produced inconsistent data 

on the role of AP-1 in stretch-induced hypertrophy. In one study, mice lacking JunD 

developed less adaptive hypertrophy (Ricci et al. 2005), but another trial reported 

enhanced hypertrophic response in JunD knockouts compared with that in WT mice 

after mechanical pressure overload (Hilfiker-Kleiner et al. 2005). Conflicting data 

also exists on ATF3. Initially ATF3 deficiency in mice was believed to promote 

cardiac hypertrophy, dysfunction and fibrosis after aortic banding (Zhou et al. 
2011), but in a later study, ATF3 knockout mice displayed a lower level of 

hypertrophy in PE-infusion pressure overload model (Koren et al. 2013) compared 

to WT mice. Therefore, ATF3 seems to play a dual role in pressure overload 

depending on the stimulus. Moreover, conditional knock-out experiments have 

shown that mice lacking Fra-1 exhibit a normal hypertrophic response (Ricci et al. 
2005) and c-Jun specifically counteracts pathologic remodeling by inhibiting 

fibrosis in a heart which had been subjected to TAC induced pressure overload 

(Windak et al. 2013). In a similar model, c-fos appeared to be redundant in heart 

function (Windak et al. 2013). In conclusion, based on the available studies with 

genetically engineered animals, the precise role of AP-1 in stretch-induced 

hypertrophy is still unsettled. 
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Nkx-2.5 

Nkx-2.5 (also known as NK-2 transcription factor related, locus 5 or Csx) is a 

homeobox transcription factor, which binds the DNA consensus sites 5’-

TNAAGTG-3’ and 5’-TTAATT-3’. It is a critical regulator of cardiac gene 

expression and heart development, but its functional role in the postnatal heart is 

only partially understood. A potential role for Nkx-2.5 in the development of 

hypertrophy is supported by circumstantial evidence. First, the expression of Nkx-

2.5 is upregulated during pressure overload or stress stimulation. Secondly, Nkx-

2.5 can regulate a subset of hypertrophic marker and differentiation specific genes, 

such as ANP in the heart. (For reviews, see Akazawa & Komuro 2003, Oka et al. 
2007). Third, Nkx-2.5 is able to interact with other hypertrophy associated cardiac 

transcription factors such as GATA-4 and SRF. Nkx-2.5 together with SRF is able 

to recruit GATA-4 to cardiac target gene promoters via SREs (Sepulveda et al. 
2002). It has been suggested that the direct physical interaction between Nkx-2.5 

and GATA-4 then induces a conformational change in Nkx-2.5 that unmasks its 

activation domain, thereby enhancing binding of Nkx-2.5 to DNA and enabling 

synergistic transactivation of target gene promoters (Durocher et al. 1997, 

Sepulveda et al. 2002, Temsah & Nemer 2005). 

However, transgenic mice with ubiquitous overexpression of Nkx-2.5 had 

normal-sized hearts, despite increased expression of ANP and BNP. This suggests 

Nkx-2.5 is not sufficient to induce cardiac hypertrophy although it can regulate a 

subset of hypertrophic marker genes. Further, cardiac specific overexpression of a 

dominant negative mutant of Nkx-2.5 resulted in cardiac failure without any 

significant change in heart size. (Akazawa & Komuro 2003). Similarly, animals 

with cardiac specific overexpression of WT Nkx-2.5 developed systolic 

dysfunction associated with cardiac dilatation without change in LV or septal wall 

thickness (Kasahara et al. 2003). In conclusion, Nkx-2.5 appears to participate in 

the transcriptional regulation of the cardiac gene program in hypertrophied hearts 

but direct evidence is still lacking for its ability to induce hypertrophic growth. 

2.3.5 Molecular characterization of the stretch-induced hypertrophy 

The first evidence for the ability of cardiac myocytes to respond to mechanical 

stretch by hypertrophy was provided by Mann et al. (1989), who showed that static 

deformation of cultured adult feline ventricular myocytes led to an increase in 

protein synthesis. Komuro et al. (1990) and Sadoshima et al. (1992a) characterized 
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more comprehensively cardiac myocyte adaptation to mechanical stretch by 

demonstrating that static stretch caused an induction of immediate-early genes such 

as c-fos, c-jun, c-myc, and Egr-1, which was followed by the activation of the “fetal 

gene program” as reflected by the increase in skαA and β-MHC mRNA levels in 

cultured NRVMs. They also confirmed that the stretch stimulated protein synthesis 

and accumulation of total protein without causing any cell injury or an increase in 

DNA synthesis. (Komuro et al. 1990, Sadoshima et al. 1992a). Later, the increase 

in protein/DNA ratio and β-MHC gene expression was established in a model of 

cyclic mechanical stretch in NRVMs by Cadre et al. (1998), who showed that 

stretch also significantly downregulated SERCA 2.  

Both cyclic and static mechanical stretch increase also the cell size in NRVSs 

(Pan et al. 2005, Sawada et al. 1997), and essentially similar results have been 

obtained in cyclically stretched neonatal rat atrial myocytes (De Jong et al. 2013) 

and adult rabbit ventricular cardiomyocytes (Blaauw et al. 2010) in culture. 

Moreover, static stretch has been shown to enhance sarcomere organization in 

cultured NRVMs (Frank et al. 2008). All of these observations are in line with the 

general hallmarks of cardiac hypertrophy as discussed in paragraph 2.1.1 and in the 

reviews of Sadoshima & Izumo (1997) and Ruwhof & van der Laarse (2000). 

However, a comprehensive microarray analysis of stretched and PE treated NRVMs 

has hypothesized that there might be a parallel stretch specific gene program which 

may counteract the detrimental effects of hypertrophy. More specifically, 

mechanical stretch, but not PE treatment, increased the expression of 

metallothionein-1, heme oxidase I, and cytokine growth and differentiation factor 

15, all of which have been shown to possess cardioprotective effects (Frank et al. 
2008).  

2.4 Peptide growth factors in cardiac hypertrophy 

The role of the peptide growth factors as hypertrophic agonists started to emerge in 

the early 1990’s when the first in vitro studies on the effects of fibroblast growth 

factors 1 and 2 (FGF1 and FGF2), and TGFβ1 on NRVMs were published 

(Schneider & Parker 1990). Today it has become clear that the development of 

cardiac hypertrophy can be modified by a variety of autocrine or paracrine 

mediators that are produced not only by cardiac myocytes, but also by non-

myocytes, such as fibroblasts, vascular cells, and blood cells. In addition to 

members of TGFβ superfamily and the FGF family, some of which will be 

discussed in more detail, there is evidence that connective tissue growth factor, 
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neuregulin-1, IGF-1, VEGF and gp130-mediated factors, such as cardiotrophin-1 

and interleukin-6, are able to promote the growth of cardiomyocytes. (For reviews, 

see Kamo et al. 2015, MacLellan & Schneider 2000). 

IGF-1 has been a focus of intensive studies, but the results have been somewhat 

contradictory. For example, while IGF-1 has reduced the cell size, ANP mRNA 

levels and ANP immunostaining in some cell culture studies (Eppenberger-

Eberhardt et al. 1997, Harder et al. 1996), others have described a prohypertrophic 

effect of IGF-1 as reflected by an increase in cell size and ANP mRNA levels 

(Miyashita et al. 2001) as well as by enhanced ANP, skαA and c-fos promoter 

activity (Munoz et al. 2009). The early in vivo studies revealed that administration 

of high doses of IGF-1 alone or in combination with growth hormone resulted in 

LVH with improved cardiac performance in intact and severely dysfunctional heart 

after myocardial infarction (Duerr et al. 1995, Tanaka et al. 1998), suggesting that 

IGF-1 may mediate the adaptive physiologic hypertrophy rather than the pathologic 

maladaptive hypertrophy. This concept was supported by the observations that IGF-

1 treatment in hypertensive rats caused a more pronounced increase in the left 

ventricular weight to body weight ratio with a concomitant inhibition of ANP 

induction and MHC isoform switch (Donath et al. 1998). Presently, as reviewed by 

Maillet et al. (2013) IGF-1, as well as VEGF, is generally regarded as an initiator 

of physiological hypertrophy, and therefore they will not be discussed in more 

detail. 

2.4.1 Transforming growth factor β superfamily 

The TGFβ superfamily comprises a large number of structurally related 

polypeptide growth factors that mediate many key events in normal growth and 

development (Kingsley 1994). The human TGFβ family consists of more than 30 

factors that can be divided into two distinct branches. Factors such as TGFβ, activin, 

nodal, lefty, and myostatin are clustered in one family branch, and bone 

morphogenetic proteins (BMPs), anti-müllerian hormone, and various growth and 

differentiation factors are grouped into the other branch. (Massague 2008). It does 

seem that the TGFβ subfamily itself most likely regulates the cardiac adaptation to 

an increased load. The TGFβ subfamily in mammals comprises TGFβ1, -β2 and -β3 

which share approximately 70% sequence homology at the amino acid level 

(Kingsley 1994). All three isoforms are expressed in the heart at the mRNA and 

protein levels (Li & Brooks 1997, MacLellan et al. 1993). 
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TGFβ1 

TGFβ1 is the prototype member of the TGFβ subfamily. The first evidence for its 

involvement in the hypertrophic process emerged from cell culture studies 

demonstrating its ability to induce the hypertrophic gene program. Specifically, 

TGFβ1 stimulated ANP, skαA and β-MHC mRNA expression as well as ANP and 

BNP promoter activities, and conversely, it suppressed α-MHC and SERCA 

expression in NRVM-enriched cultures. (Lim et al. 2005, Parker et al. 1990a, 

Parker et al. 1990b). However, TGFβ1 exerted no significant effect on total protein 

in NRVM-enriched cultures (Parker et al. 1990b), although it stimulated collagen 

and proteoglycan synthesis in cardiac fibroblasts (Butt et al. 1995). Its effect on 

cardiomyocytes may be partially indirect. In the study of Harada et al. (1997), 

TGFβ1 did not stimulate ANP and BNP production in a pure myocyte culture. In 

contrast, in a neonatal rat cardiac myocyte-non-myocyte co-culture, TGFβ1 

increased myocyte size and promoted the secretion of ANP and BNP. Because ET-

1 mRNA expression and secretion were increased in the co-culture in response to 

TGFβ1, and the action of TGFβ1 was inhibited by the ETA antagonist, the 

hypertrophic activity of TGFβ1 may be, at least partly, mediated by increased 

secretion of ET-1 from non-myocytes. (Harada et al. 1997). 

In experimental cardiomyocyte hypertrophy, the expression levels of TGFβ1 

are increased, further supporting its contribution to the cardiac adaptation. In 

neonatal rat cell culture models, Ang II has increased TGFβ1 mRNA levels in 

cardiomyocytes (Sadoshima & Izumo 1993b) similarly to the adrenergic agonist 

NE (Takahashi et al. 1994), which also stimulates TGFβ1 secretion from cardiac 

fibroblasts (Fisher & Absher 1995). In vivo pressure overload induced by aortic 

constriction resulted in a transient increase in TGFβ1 mRNA and protein levels in 

hypertrophied rat LV myocardium returning to basal levels within 14 to 21 days 

(Calderone et al. 1995, Li & Brooks 1997, Villarreal & Dillmann 1992). The 

induction of the gene seems to occur only in the myocyte fraction in the pressure 

overloaded hearts, although the expression of TGFβ1 is more abundant in the non-

myocytes (Takahashi et al. 1994). The TGFβ1 mRNA and protein levels have also 

been found to be elevated in human patients with idiopathic hypertrophic 

cardiomyopathy (Li et al. 1997). 

In vitro gain of function studies employing adenoviral gene delivery have 

shown that TGFβ1 stimulates type I and III collagen gene expression in cultured rat 

cardiac fibroblasts whereas in cardiac myocytes, TGFβ1 gene delivery leads to 

increased levels for sarcomeric and β-actin (Villarreal et al. 1996). Transgenic mice 
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with cardiac specific overexpression of constitutively active mutant of TGFβ1 

developed minor LVH associated with atrial but not ventricular fibrosis (Nakajima 

et al. 2000). However, animals with ubiquitous TGFβ1 overexpression displayed a 

significant cardiac hypertrophy accompanied by interstitial fibrosis also in the 

ventricles (Rosenkranz et al. 2002). Accordingly, heterozygous TGFβ1 (+/−)-

deficient mice exhibited decreased signs of fibrosis of the aging heart (Brooks & 

Conrad 2000). Moreover, disruption of TGFβ1 signaling in knockout animals 

completely abolished the increase in LV mass, myocyte size, and the induction of 

ANP in response to sub-pressor doses of Ang II (Schultz Jel et al. 2002). This was 

assessed as convincing evidence that the effects of Ang II on cardiac growth and 

remodeling were partly mediated by TGFβ1. The interplay of cardiac myocytes and 

non-myocytes appeared to play a central role in this process (Rosenkranz 2004). In 

summary, it seems that TGFβ1 participates in cardiac remodeling not only by 

inducing hypertrophic growth of cardiomyocytes but also by enhancing ECM 

deposition. 

Bone morphogenetic proteins 

BMPs are one subgroup in the TGFβ superfamily (Massague 2008). They were 

initially identified by their ability to induce ectopic cartilage and bone formation 

(Wozney et al. 1988). Nonetheless, they mediate a diverse array of developmental 

processes, including cell proliferation and differentiation, apoptosis and cell fate 

determination as reviewed by Hogan (1996). BMPs have been shown to play a 

crucial role in cardiomyocyte differentiation (for review, see Monzen et al. 2002). 

Specifically, BMP-2 and BMP-4 are involved in the induction of cardiac 

myogenesis by regulating the expression of Nkx-2.5 and other cardiac enriched 

proteins such as GATA-4 (Schultheiss et al. 1997). Although loss of function of 

either gene leads to early embryonic lethality, the importance of these factors for 

cardiac development is emphasized by the observations that BMP-2 null mice have 

an abnormal cardiac development (Zhang & Bradley 1996) and few BMP-4 null 

mice develop a beating heart (Winnier et al. 1995). Later studies have clarified the 

crucial role for BMPs in septovalvular development during the formation of the 

four-chambered heart, as reviewed by van Wijk et al. (2007). 

In addition to their fundamental importance in cardiac development, there is 

evidence emerging which highlights the functional role for BMPs in the 

cardiovascular system also after birth. BMP-2 has been reported to protect 

cardiomyocytes from serum deprivation induced apoptosis (Izumi et al. 2001) and 
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to regulate transcription factor myocardin expression (Callis et al. 2005) in cultured 

neonatal rat cardiomyocytes. BMP-2 also stimulated contractility of isolated adult 

cardiomyocytes (Ghosh-Choudhury et al. 2003). The first evidence for a possible 

role for BMP-2 and BMP-4 in the development of cardiac hypertrophy was 

provided by the observation that TGFβ activated kinase 1, a potential mediator of 

hypertrophic response (Zhang et al. 2000), was shown to be a mediator of BMP-

induced expression of GATA-4 and Nkx-2.5 in cardiomyocytes (Monzen et al. 
1999). Recently, BMP-4 was shown to be activated in pressure overload in vivo, 

and to mediate cardiac hypertrophy, apoptosis, fibrosis and ion channel remodeling 

in pathological cardiac hypertrophy (Sun et al. 2013a, Sun et al. 2013b). In addition, 

BMP-2 mRNA and protein expression were reported to be increased in pathological 

pressure overload hypertrophy and in swimming-exercise induced physiological 

cardiac hypertrophy (Lu et al. 2014). Remarkably, the ability of BMPs to enhance 

embryonic stem cell differentiation to cardiomyocytes (Laflamme et al. 2007) 

indicates that these proteins may have significant therapeutic potential in cardiac 

regeneration. 

2.4.2 Fibroblast growth factor family 

The mammalian FGFs form a family of multifunctional regulatory signaling 

proteins, at present 22 structurally related members have been recognized 

(Imamura 2014). A phylogenetic analysis of the FGF gene family has identified 

seven subfamilies, but more practically FGFs can be subclassified by their 

mechanisms of action as intracrine, paracrine, and endocrine FGFs. Intracrine 

FGFs are not secreted extracellularly and act directly on intracellular targets 

independently of the cell-surface tyrosine kinase FGF receptors (FGFR). Paracrine 

and endocrine FGFs act via seven major FGFRs (1b, 1c, 2b, 2c, 3b, 3c and 4), that 

are encoded by four FGFR genes. They contain a split intracellular tyrosine kinase 

domain, a transmembrane domain and an extracellular ligand-binding domain. The 

ligand-binding domain consists of three immunoglobulin-like domains, one of 

which is generated by alternative splicing of FGFR1-FGFR3 genes thereby 

determining the specificity of binding. In addition, some members of the paracrine 

subclass can directly be translocated to the nucleus, and therefore act also in an 

intracrine manner. (Itoh & Ornitz 2011). Individual FGFs play important roles in 

various physiological and pathological processes, including embryonic 

development, cell growth, tissue repair, angiogenesis, neoplasia and metabolism 

(Imamura 2014, Itoh & Ornitz 2011). 
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Although a number of other FGFs, including FGF7, FGF10, FGF12, FGF13 

and FGF18, have been localized to the heart (Schultz et al. 1999), only two 

paracrine FGFs, basic FGF (bFGF or FGF2) and FGF16, as well as two endocrine 

FGFs, FGF21 and FGF23, have been shown to play pathophysiological roles in 

cardiac hypertrophy and remodeling. Of these, FGF16 and FGF21 have been 

postulated to possess antihypertrophic effects whereas FGF2 and FGF23 promote 

hypertrophy. (Itoh & Ohta 2013). FGF2 is the most extensively characterized 

member of this family. 

Cultured neonatal ventricular muscle cells respond to exogenous FGF2 by 

increased levels of total protein and changes in gene expression that are 

characteristic of the hypertrophic response. Specifically, FGF2 enhances the 

expression of β-MHC, ANP and skαA whereas it suppresses mRNA levels of 

SERCA and α-MHC. (Parker et al. 1990a, Parker et al. 1990b). Accordingly, when 

adult rat ventricular myocytes were cultured in the presence of serum, FGF2 

increased significantly the size of the myocytes, and up-regulated ANP protein as 

detected by immunostaining (Harder et al. 1996). Further, FGF2 gene expression 

was increased by hypertrophic stimuli, such as ET-1 and Ang II in isolates of adult 

rat ventricular myocytes (Fischer et al. 1997), and by the α1-adrenergic agonist PE 

in cultured NRVMs (Detillieux et al. 1999). Electrical pacing of cultured adult 

ventricular cardiomyocytes has enhanced the release of FGF2 into the culture 

medium associated with cellular hypertrophy, and this could be inhibited by 

treatment with the FGF2 specific antibody (Kaye et al. 1996) suggesting that the 

hypertrophic response to mechanical activity may be mediated by FGF2. However, 

anti-FGF2 antibody treatment did not inhibit PE-induced protein synthesis (Kaye 

et al. 1996) indicating that some mediators other than FGF2 are involved in 

hypertrophic effect of α-adrenergic agonists. 

The in vivo intraperitoneal (i.p.) injection of PE increased FGF2 transcription 

(Detillieux et al. 1999) and a single sublethal dose of the β-adrenergic agonist 

isoproterenol (i.p.) also increased FGF2 immunoreactivity (Padua & Kardami 

1993). However, both of these studies lack hemodynamic data, as well as 

documentation of cardiac hypertrophy. Therefore, it is impossible to determine 

whether the changes in FGF2 were associated with hypertrophy. Perhaps the most 

convincing evidence for a role of FGF2 in cardiac hypertrophy has emerged from 

genetically engineered animal studies. Mice that had a targeted disruption of the 

FGF2 gene developed significantly less hypertrophy in response to aortic 

constriction-induced pressure overload (Schultz et al. 1999) and Ang II-dependent 

renovascular hypertension (Pellieux et al. 2001) as compared with their wild-type 
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littermates. Accordingly, transgenic FGF2 overexpression exacerbated the 

hypertrophy developing after myocardial infarction (House et al. 2010) and 

administration of isoproterenol (Virag et al. 2007), whereas FGF2 knockout mice 

were protected from hypertrophy in both experimental models (House et al. 2010, 

Virag et al. 2007). 

The prohypertrophic effect of FGF23 is supported by the observations that 

elevated serum levels of FGF23 were independently associated with LVH in 

patients with chronic kidney disease (Faul et al. 2011, Gutiérrez et al. 2009), and 

exogenous FGF23 induced hypertrophic growth in cultured NRVMs accompanied 

by increased expression of β-MHC, ANP and BNP (Faul et al. 2011). Moreover, 

injection of recombinant FGF23 into the left ventricular myocardium in mice led 

to the development of LVH (Faul et al. 2011). However, it is uncertain whether 

FGF23 exerts a direct effect on LVH, since α-klotho, which is believed to be 

indispensable for the physiologic actions of FGF23, is not expressed in the 

myocardium and a neutralizing FGF23 antibody failed to protect rats with chronic 

kidney disease from cardiovascular injury (Itoh & Ohta 2013). 

In addition, the first characterized member of the FGF family, acidic FGF 

(aFGF or FGF1), which also belong to the paracrine subfamily, has been suggested 

to be involved in cardiac hypertrophy (Parker et al. 1990a, Parker et al. 1990b). 
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3 Aims of the research 

The general aim of the present study was to evaluate the involvement and 

mechanisms of mechanical stress and peptide growth factors in the hypertrophic 

response of cardiac myocytes by utilizing ANP and BNP as model genes. More 

specifically, the objectives were: 

1. To study whether mechanical stretch without humoral and neural factors would 

directly induce ANP and BNP gene expression and the hypertrophic response 

in cardiac cells 

2. To evaluate the activation of transcription factors in the hypertrophic response 

of cardiac myocytes by pressure overload in vivo and by mechanical stretch in 
vitro. 

3. To examine the functional role of stretch responsive transcription factors and 

promoter elements regulating rat BNP gene.  

4. To investigate the effect and mechanism of action of FGF1 on ANP gene 

expression and secretion in cardiac cells 

5. To clarify the effects and potential role of BMP-2 and BMP-4 in the mechanical 

stretch-activated cardiac adaptation 
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4 Materials and methods 

4.1 Materials 

4.1.1 Chemicals and reagents 

The chemicals, reagents, drugs and their suppliers used in this study were: ABI 

PRISM® BigDye™ Terminator Cycle Sequencing Kit (Applied Biosystems by Life 

Technologies); FGF1, arginine8-vasopressin (AVP) (Peninsula Laboratories); 

Alexa Fluor 488 Phalloidin (Molecular Probes by Life Technologies); Bio-Rad 

Protein Assay Dye Reagent Concentrate (Bio-Rad); Collagenase CLS-2 

(Worthington Biochemical Corporation); CsCl (Pharmacia Biotech and Serva 

Feinchemica); DNA polymerase DyNAzyme (Finnzymes); Basal Eagle vitamin 

solution (100 x liquid), Dulbecco's modified Eagle's medium (DMEM), 1:1 

DMEM/F-12 cell culture medium (DMEM/F-12), Dulbecco's phosphate-buffered 

saline (PBS), Fetal bovine serum (FBS), L-glutamine, Minimum Essential Medium 

(MEM) Amino acids solution with glutamine (50 x liquid), MEM Non-Essential 

amino acids solution (100 x liquid), sodium bicarbonate for cell culture (Gibco by 

Life Technologies and Sigma Chemical Company); formaldehyde and guanidine 

isothiocyanate (Fluka Chemie); LiCl (JT Baker Chemicals); FuGENE® 6 

Transfection Reagent (Roche Diagnostics); heparin (Leiras); BAS 85 nitrocellulose 

membrane (Schleicher & Schüll); agarose NA, dNTPs, ECL Plus Western Blotting 

Detection Reagents, Hybond N+ nylon membrane, First-Strand cDNA Synthesis 

Kit, oligo dT cellullose, poly-(dI-dC)·(dI-dC), Quick Prep Micro mRNA 

Purification kit, Random Primed DNA Labeling Kit (Boehringer Mannheim); 

Rediprime™ II DNA Labeling System, restriction enzymes, T7 Quick Prime Kit, 

[α32P]-deoxycytidine-5'-trisphosphate (dCTP), [3H]-leucine, radioiodine and rat 

[125I] ANP (GE Healthcare, former names Amersham Biosciences, Amersham 

Pharmacia biotech); Luciferase Assay System (Promega); TA Cloning® Kit and 

TRIzol® Reagent (Invitrogen by Life Technologies); Luminescent β-galactosidase 

Detection Kit II (Clontech Laboratories); MAGNA® nylon membrane (Osmonics); 
Phase Lock Gel™ (Eppendorf); Quantikine BMP-2 Immunoassay (R&D Systems); 

QuikChange kit (Agilent Technologies, former Stratagene); Protein Pak-125 gel 

filtration high pressure liquid chromatography (HPLC) column, Sep-Pak C18 

cartridges (Waters Chromatography Division); Shandon Immu-Mount™ (Thermo 

Electron Corporation); X-ray films (Eastman Kodak and Amersham biosciences); 
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Atipamezole hydrochloride (Antisedan, Orion Pharma); Buprenorphine 

hydrochloride (Temgesic, Schering-Plough); Fluanisone-Fentanylcitrate 

(Hypnorm, Janssen-Cilag); Ketamine hydrochloride (Ketalar, Pfizer); Medetomidine 

hydrochloride (Domitor, Orion Pharma) and Midazolam (Dormicum, Roche). 

Antibiotics, Bovine Serum Albumin (BSA) fraction V, Dexamethasone, Igepal CA-

630, Insulin-transferrin-sodium-selenite media supplement, Nonidet P-40 (NP-40), 

Para-aminobenzoic acid, Sodium pyruvate, Synthetic rat ANP99–126, 3, 3', 5-Tri-

iodo-L-thyronine (T3), TPA, Vitamin B12, Ang II, ET-1, PE, staurosporine and other 

chemicals were from Sigma. 

The BNP peptides were supplied by Dr. Kazuwa Nakao, Kyoto University 

School of Medicine (Kyoto, Japan). Recombinant human BMP-2 and -4 (rhBMP-

2 and -4) were generous gifts from Dr. Vicki Rosen of the Genetics Institute (today 

part of Pfizer) or purchased from R&D Systems. TGFβ1 was from R&D Systems. 

4.1.2 Antibodies 

The BNP antiserum for radioimmunoassay (RIA) was a generous gift from Dr. 

Kazuwa Nakao, Kyoto University School of Medicine (Kyoto, Japan). Specific 

antibodies raised against GATA-4 (C-20 and H-112), GATA-5 (M-20), GATA-6 (C-

20), components of AP-1 complex (c-fos (4)-G, c-fos (K-25)-G, c-Jun/AP-1 (N)-G, 

Jun B (N-17)-G, or JunD (329)-G), and Nkx-2.5 (N-19) were from Santa Cruz 

Biotechnology, and anti-rabbit IgG antibody linked to horseradish peroxidise was 

from New England Biolabs. 

4.1.3 Oligonucleotides, plasmids, and adenoviral vectors 

The 390 bp fragment of rat BNP (rBNP) cDNA probe was supplied by Dr. Kazuwa 

Nakao and rat ANP cDNA probe Car-55 was provided by Dr Peter L. Davies, 

Queen's University (Kingston, Canada). Full length cDNA probe complementary 

to glyceraldehyde 3-phosphate-dehydrogenase (GAPDH) is described in Fort et al. 
(1985). Plasmid expressing murine Nkx-2.5 (pEF-FLAG-Nkx2.5) was a generous 

gift from R. P. Harvey (The Victor Chang Cardiac Research Institute, Darlinghurst, 

Australia) (Ranganayakulu et al. 1998). Oligonucleotides were from Biocenter 

Oulu, Pharmacia Biotech and Sigma-Genosys except for the GATA consensus 

sequence, which was from Santa Cruz Biotechnology. 

Probes for β-MHC, c-fos, GATA-4, GATA-6 and skαA were made by the 

reverse transcription-polymerase chain reaction (RT-PCR) technique. The resulting 
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polymerase chain reaction (PCR) products were ligated to dT-tailed pCR™II vector 

(Invitrogen by Life Technologies) by using TA Cloning® Kit. Sequencing showed 

that the probes correspond to bases 5774–5923 of rat β-MHC, 231–1280 of rat c-

fos, 1196–2613 of rat GATA-4 and 2950–3184 of rat skαA (GenBank™ accession 

numbers X15939, X06769, L22761 and V01218, respectively). 

In the 5′ deletion assay (III), rBNP-luciferase plasmids containing various 

rBNP promoter fragments were obtained by subcloning appropriate 5′ deletions of 

the rat BNP promoter, generated by restriction or by PCR, in pXP-2 as described 

earlier (Grépin et al. 1994). In mutation experiments -534rBNP based constructs 

were used to obtain higher reporter activities. -534rBNP was generated by 

subcloning p(Δ-534/+4)BNP in pGL3 Basic background (Promega) (Pikkarainen 

et al. 2002). Site-directed mutations were introduced to -534rBNP using the 

QuikChange kit under conditions recommended by the manufacturer. The 

oligonucleotides for mutagenesis were as follows (forward primer, mutated 

nucleotides in bold): 5′-GGCAGGAATGTGTCTTGCAAATCAGATGCAACC-

CCACCCCTAC-3′, 5′-GCTAACTGGAAGTGTTTTTGACAGTTCACCCCAT-

AAGCCCCACACC-3′, 5′-GGTGATGGTGGGTGCTAACTAGCCTCCTTTTT-

GATGAGTCACCCC-3′, and 5′-GCTACCAGAGTGCCCAGCCTCCGTGCAG-

CCCGGCCC-3′ for tandem GATA binding sequence at -90 bp, AP-1 binding 

sequence at -373 bp, Nke at -387 bp, and Nke at -498 bp of rBNP promoter 

(GenBank™ accession number M60266), respectively. Several candidate clones 

were sequenced using an ABI Prism 310 Genetic Analyzer (Applied Biosystems by 

Life Technologies). 

The generation of recombinant replication-deficient adenoviruses type 5 

expressing a nuclear localization signal linked Escherichia coli β-galactosidase 

(LacZ) gene and antisense directed specifically toward GATA-4 have been 

described previously (Charron et al. 1999, French et al. 1994). The recombinant 

adenovirus containing the full coding region of human BMP-2 cDNA under the 

control of cytomegalovirus promoter was generated as described previously 

(Uusitalo et al. 2001) and generously supplied by Dr. Veli-Matti Kähäri from the 

University of Turku. 

4.2 Animals 

1–5-day-old Sprague-Dawley (SD) rat pups and 10 to 12-week-old normotensive 

male SD rats (weighing 250–350 g) were obtained from the Laboratory Animal 

Centre of the University of Oulu. All rats were housed in plastic cages with free 
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access to tap water and normal rat chow. Prior to surgery, rats were kept at constant 

40% humidity and +22 °C temperature. A 12 h light and 12 h dark environmental 

light cycle was maintained. The experimental design was approved by the Animal 

Use and Care Committee of the University of Oulu or National Animal Experiment 

Board.  

4.3 Experimental protocols 
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Table 1. Summary of the experimental protocols. 

Study in vivo/in vitro tissue/cells Experimental model Duration Drugs 

I in vitro Atrial and 

ventricular cell 

culture 

Hypotonic cell swelling -

induced stretch 

24 h  

   Dexamethasone treatment   

II in vitro Ventricular and 

atrial cell culture 

FGF1 treatment 24 – 48 h Staurosporine,TPA 

III in vivo LV AVP-induced pressure 

overload 

15’ – 4 h Bosentan, 

Losartan 

 in vitro Cardiac cell culture ET treatment 15’ – 4 h Bosentan 

IV in vitro Ventricular cell 

culture 

Mechanical stretch 15’ – 48 h  

   BNP reporter plasmid 

transfection 

  

   Adenovirus-mediated gene 

transfer 

  

V in vitro Ventricular and 

atrial cell culture 

Mechanical stretch 1 – 48 h Noggin 

   BMP-2, BMP-4, TGFβ1  1 – 48 h Noggin 

   ET, PE, Ang II treatment 24 h Noggin 

   Adenovirus-mediated gene 

transfer 

72 h  

 in vivo LV AVP -induced pressure 

overload 

4 h  

  LV Ang II-induced pressure 

overload 

6 h – 2 wk  

  LV Myocardial infarction 24 h –4 wk  

  LV, RV, LA, RA Adenovirus-mediated gene 

transfer 

72 h  

FGF1, fibroblast growth factor 1; Ang II, angiotensin II; AVP, arginine8-vasopressin; BNP, B-type 

natriuretic peptide; BMP, bone morphogenetic protein; ET, endothelin; LA, left atrium; LV, left ventricle; 

PE, phenylephrine; RA, right atrium; RV, right ventricle; TGFβ1, transforming growth factor β1; TPA, 12-O-

tetradecanoylphorbol 13-acetate. 
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4.3.1 Cell culture 

Cardiac myocyte culture 

Cardiac myocyte cultures were prepared using a collagenase dissociation method, 

as described by Uusimaa et al. (1992) with a few modifications. The 1- to 5-day-

old SD rat pups were decapitated, the thoracic cavity was opened and the heart was 

perfused slowly with 1:1 mixture of PBS and disaggregation medium (collagenase 

CLS-2 2 g/l and CaCl2 50 μM in PBS at 37 °C) to diminish the amount of blood 

cells in the cell culture. The heart was excised, and for atrial cultures, the left and 

right auricles were removed from the heart and pooled before digestion. For 

ventricular cultures, only the apical two thirds of the hearts were removed and 

pooled separately from the atria. The tissue was cut into 1–2 mm fragments with 

surgical scalpel and dispersed by sequential incubations in disaggregation medium 

at 37 °C augmented by repeated pipetting. The cell suspension was filtered through 

100 µm nylon mesh. To wash out remnants of collagenase, the suspension was 

centrifuged for 5 min at 175 g and resuspended in RPMI 1640-medium (I) or 1:1 

mixture of Dulbecco’s modified Eagle’s medium (DMEM) and Ham’s nutrient 

mixture F-12 (II–V) supplemented with 10% FBS and antibiotics (100 IU/ml 

penicillin and 100 mg/l streptomycin). This medium is called DMEM/F-12-10% 

FBS. Centrifugation and resuspension were repeated once to enhance washing. 

In an attempt to reduce the number of contaminating non-muscle cells, the cells 

were pre-plated into 100 mm culture dishes (Nunc (I) or BD Biosciences (II–V)) in 

DMEM/F-12-10% FBS for 30 min at 37 °C in humidified air with 5% CO2. An 

aliquot of cells not attached to the pre-plated dishes was stained with trypan blue 

in order to count non-staining viable cells in a Bürker hemocytometer. Thereafter 

the cells were plated at the density of 1800–2000 viable cells/mm2 into 15 mm, 25 

mm, 35 mm and 100 mm cell culture dishes/wells (BD Biosciences) in 0.5 ml, 1–

2 ml, 2–4 ml and 10 ml, respectively, or into BioFlex® collagen 6-well plates 

(Flexcell International Corporation) in 2–4 ml/well of DMEM/F-12-10% FBS. 

After 24 h the DMEM/F-12-10% FBS was replaced with a complete serum-free 

medium (CSFM). 

CSFM I for hypo-osmolar stretch experiments (I) was prepared from cell 

culture quality D-glucose, glutathione, phenol red and inorganic salts at similar 

final concentrations to those in RPMI-1640 medium with the exception of sodium 

chloride, the concentration of which was 50 mM. The medium was supplemented 

with MEM amino acids solution with glutamine, MEM non-essential amino acids 
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solution, Basal Eagle vitamin solution, vitamin B12 (5 µg/ml) and para-

aminobenzoic acid (1 mg/l). Despite the fact that Basal Eagle vitamin solution 

contains choline chloride and I-inositol, they were added to final concentrations of 

3.0 mg/l and 35 mg/l, respectively. The osmolality was measured with an Advanced 

wide-range osmometer 3W2 (Advanced Instruments) and adjusted to 205, 245 or 

289 mosm/kg H2O with mannitol. The CSFM II (II–V) was formulated using the 

components known to support the maintenance of primary neonatal cardiac 

myocytes (Shields & Glembotski 1988). It was prepared in 1:1 mixture of 

DMEM/F-12 with 15 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES). Both CSFMs were supplemented with penicillin (100 U/l), streptomycin 

(100 mg/l), BSA (2.5 g/l), sodium pyruvate (3.3 mM), T3 (0.1 nM (I–II) or 1 nM 

(III–V)), insulin (1 μM), sodium selenite (33 nM) and transferrin (5.8 mg/l). 

In general after 24 to 48 h incubation in CSFM, the wells were divided into test 

groups and the medium was replaced with CSFM containing vehicle or vehicle 

supplemented with dexamethasone (I), FGF1 with or without staurosporine, TPA 

with or without FGF1 (II), ET-1 with or without bosentan (III), with or without 

noggin (V), or rhBMP-2, rhBMP-4, Ang II, PE with or without noggin (V). The 

experimental conditions are described in detail in articles I–V. The media were 

replaced at least every 24 hours. When measuring the secretion of ir-natriuretic 

peptides, 1 ml sample of 12 h or 24 h accumulate of CSFM II was taken and stored 

at -20 °C until assayed. After the experiments, the cells were washed twice with 

PBS and quickly frozen at -70 °C, except for nuclear extracts where the cells were 

washed twice with tris(hydroxymethyl)aminomethane (Tris)-buffered saline just 

prior to extraction. 

Stretch of cultured cardiomyocytes (I,IV,V) 

Hypotonic cell swelling -induced stretch (I) to atrial and ventricular 

cardiomyocytes was started 24 hours after switching to CSFM I by dividing the 

dishes to test groups and replacing the medium with CSFM I (control) or media 

identical to CSFM I, except that it contained variable concentrations of mannitol to 

adjust the osmolality to 205, 245 or 289 mosm/kg H2O. 

Cyclical mechanical stretch (IV,V) was evoked in the ventricular 

cardiomyocytes cultured on flexible-bottomed 6-well culture plates (BioFlex®, 

Flexcell International Corporation) in CSFM II by Flexercell Strain Unit FX-3000 

apparatus (Flexcell International Corporation). The bottoms of the BioFlex® plates 

were made of silicone elastomer membrane covered by type I collagen. The 
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computer controlled vacuum suction under the plates varied in two-second cycles 

at a level sufficient to promote uniform radial and circumferential 10 to 25% 

elongation of the cardiomyocytes at the point of maximal distension of the culture 

surface. The experiments were started after 24 to 48 h, or when the cells were 

transfected, 18 to 20 h after switching to CSFM II. 

COS-1 cell line (IV) 

The continuous cell line COS-1, originally obtained from American Type Culture 

Collection, was generously provided by Professor Jukka Hakkola (University of 

Oulu, Finland). The cells were grown on 10 cm diameter cell culture plates in 

DMEM with 10% FBS, 4 mM L-glutamine, 1.5 g/l of sodium bicarbonate and 4.5 

g/l of glucose. 

In vitro gene transfer (IV–V) and reporter gene analysis (IV) 

Transfection mediated gene transfer was performed 18 h (to 24 h) after plating the 

cells with FuGENE™ 6 reagent in fresh DMEM/F-12-FBS for 6–8 h. The total 

amounts of FuGENE™ 6 and DNA were mainly 6 and 3 μg/1.8 × 106 cells, 

respectively. To control the transfection efficiency, luciferase reporter plasmids 

were co-transfected with Rous sarcoma virus-β-galactosidase (RSV-β-gal) 

plasmids at the ratio of 2:1. The reporter gene activities were measured from 10–

20 µl of cell lysates by using the Luciferase Assay System and the Luminescent β-

galactosidase Detection Kit II with Luminoskan RS luminometer (Thermo 

Labsystems). 

Adenoviral gene transfer was performed on the myocytes at 4 h after switching 

to CSFM II at different multiplicities of infection (i.e. from 2 to 16) by adding the 

appropriate recombinant adenovirus to the culture media overnight. After 

transfection and adenoviral infection, the cells were washed once with DMEM/F-

12 and the medium was replaced with fresh CSFM II. 

Cell staining and microscope analysis (IV) 

After the stretch experiments, the cultured cardiomyocytes which had been grown 

on BioFlex® 6-well plates were washed twice with Hanks' balanced salt solution. 

The cells were then fixed and permeabilized by 4% paraformaldehyde and 0.2% 

Triton X-100 in PBS for 15 min at room temperature (RT) and washed 3 times with 
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PBS. Filamentous actin was labeled with Alexa Fluor 488 phalloidin, followed by 

washing several times with PBS-glycine and once with double distilled H2O. 

Finally, glass coverslips were applied on both sides of a silicone elastomere 

membrane with a few drops of Shandon Immu-Mount™. After polymerization of 

the mountant, the membranes were cut along the edges of the coverslips. The 

resulting sandwich was placed onto microscope slides with another few drops of 

mountant thereby enabling visualisation of the stretched cells in a laser confocal 

microscope (LSM 510, Zeiss) using the green fluorescence channel. To score for 

reorganized cells, a minimum of 10 random fields per well were taken. The number 

of cardiomyocytes harboring striated actomyosin fibers extending from one 

extremity of the cell to the other was counted and divided by the total number of 

cardiomyocytes in the same field. The observations were performed blindly. 

4.3.2 In vivo experiments (III,V) 

Acute pressure overload (III,V) 

The rats were anesthetized with 8.25 mg/kg i.p. fluanisone, fentanyl citrate (0.26 

mg/kg) and 4.1 mg/kg i.p midazolam. The abdominal aorta was cannulated with 

PE-60 catheter through the right femoral artery for measurement of blood pressure 

and heart rate. PE-50 catheters were inserted into the left femoral vein for 

administration of drugs. Both catheters were exteriorized behind the neck, filled 

with a heparinized (500 IU/ml) saline solution and plugged with a stainless steel 

pin. After the surgical procedure, the rats were housed individually in the 

experimental cages. On the next day, the arterial catheters were attached to pressure 

transducers (Model MP-15, Micron instruments) and a Grass polygraph (Model 7E, 

Grass instruments) for recording of mean arterial pressure (MAP) and heart rate 

(HR). The venous catheter was connected to a syringe of an infusion pump (B. 

Braun perfusor, ED, Braun Melsungen AG) for administration of drugs. The 

animals were left undisturbed for 30 minutes to become acclimatized to the 

laboratory before the recordings of hemodynamic variables in the conscious, freely 

moving rats were started. 

The experiments were started by measurement of MAP and HR 30 min before 

infusion of AVP (0.05 µg/kg/min) or vehicle (0.9% NaCl) at 37.5 ml/min for 15 

minutes, 30 minutes, 1 hour, 2 hours and 4 hours. In a separate series of experiments, 

bosentan (10 mg/kg), losartan (10 mg/kg), or vehicle (0.9% NaCl) was injected as 
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an i.v. bolus (injection volume 0.1 ml/100 g body weight), followed by 30 minutes 

of vehicle or AVP infusion. 

The rats were decapitated immediately after the experimental period. The 

abdominal cavity was opened and the heart removed. Atrial tissue and right 

ventricular free wall were removed from the left ventricular-septal portion. To 

avoid possible contamination of the sample by atrial tissue, the left ventricular-

septal portion was cut into the superior (about 15–20% of total weight) and inferior 

parts, the latter being used for ventricular ir-BNP, mRNA and nuclear protein 

determinations. The LV 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 earlier (Ruskoaho et al. 1989). All cardiac 

tissue samples were blotted dry, weighed, immersed in liquid nitrogen, and stored 

at -70°C until assayed. 

Chronic pressure overload (V) 

Ang II (33.3 μg/kg/h) or vehicle (0.9% NaCl) was infused for 6 h, 12 h, 72 h, and 

2 weeks via osmotic minipumps (Alzet Durect corporation). Prior to the installation 

of subcutaneous (s.c.) minipumps through a neck incision, the rats were 

anesthetized as described above. 2 h Ang II was infused for 2 h through a PE-50 

catheter placed into the left femoral vein and a PE-60 catheter was placed into the 

left femoral artery to permit the measurement of hemodynamic variables. The rats 

were decapitated, the heart was prepared and the tissue handled as described above 

except that the epicardium and the endocardium of LV were not separated. 

Adenoviral gene transfer in vivo(V) 

The adenovirus-mediated gene transfer into the LV was performed as a local 

intramyocardial injection as previously described (Rysä et al. 2010). Male SD rats 

weighing 250–300 g were anesthetized with medetomidine hydrochloride (250 

μg/kg, i.p.) and ketamine hydrochloride (50 mg/kg, i.p.). A left thoracotomy and 

pericardial incision was performed. Recombinant adenoviruses (1.1 x 109 pfu) in a 

100 μl volume were injected using a Hamilton precision syringe directly into the 

anterior wall of the LV, the heart was repositioned in the chest, and the incision was 

closed. After the operation, the anesthesia was partially antagonized with 

atipamezole hydrochloride (1.5 mg/kg, i.p.) and the rats were given buprenorphine 

hydrochloride (0.05–0.2 mg/kg s.c.) for analgesia. 
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Myocardial infarction (V) 

Myocardial infarction was produced by ligation of the left anterior descending 

coronary artery (LAD) as described by Pfeffer et al. (1979). The rats were 

anesthetized with medetomidine hydrochloride and ketamine hydrochloride as 

described above. The animals were connected to the respirator through a 

tracheotomy and ventilated at a rate of 55–60 per minute. A left thoracotomy and 

pericardial incision were performed and the LAD was ligated about 3 mm distal to 

its origin. After ligation, the heart was repositioned in the chest and the incision 

closed. The sham-operated rats underwent the same surgical procedure without 

ligation of the LAD. The effects of the medetomidine were antagonized with 

atipamezole hydrochloride as described above, and the rats were hydrated with 10 

ml of 0.9% NaCl s.c. Buprenorphine hydrochloride was administered for 

postoperative analgesia. 

4.4 Analysis of RNA 

4.4.1 Isolation and analysis of cytoplasmic RNA 

RNA isolation 

Total RNA was isolated by three different methods. In studies I and II, the guanidine 

thiocyanate-LiCl protocol was used according to (Chirgwin et al. 1979). Cells were 

harvested in lysis buffer consisting of 5 M guanidinium thiocyanate (GT), 10 mM 

ethylene diaminetetraacetate (EDTA), 50 mM Tris-HCl ph 7.5 and 8% β-

mercaptoethanol. The lysates were homogenized by vortexing and RNA was 

precipitated overnight with 5 M LiCl at 4ºC. After centrifugation at 11000 x g at 

4ºC, the precipitate was resuspended in 3 M LiCl and centrifuged again for 1 hour 

as described above. The pellets were dissolved for one hour in solubilization buffer 

(0.1% sodium dodecyl sulphate (SDS), 1 mM EDTA and 10 mM Tris-HCl pH 7.5) 

facilitated by repeated freezing and thawing and vortexing. RNA was then extracted 

twice with phenol and chloroform, once with chloroform only, and precipitated at 

-20ºC by adding 0.05 volume of saturated ammonium acetate and 2.5 volumes of 

ethanol. The RNA was collected by centrifugation at 16000 x g at 4ºC for 30 min, 

and to remove salts, the samples were rinsed with 1 ml of 70% ethanol. Finally the 
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samples were dried in a Savant Speed Vac concentrator (Thermo Electron 

Corporation) and RNA was resuspended in 10 µl of the solubilization buffer. 

In studies II–IV, RNA cells or tissue were lysed in lysis buffer containing 4 M 

guanidinium thiocyanate, 0.1 M Tris-HCl pH 7.5, 7% β-mercaptoethanol and 1.0–

2.0% Na-laurylsarcosine. Tissue was homogenized with Ultra-Turrax® (IKA®) and 

cells were sucked in and out repeatedly through a G27 needle. RNA was then 

isolated from the homogenates by ultracentrifugation overnight through a 5.7 M 

CsCl cushion at 4 ºC (Cathala et al. 1983). The resulting pellet was resuspended in 

lysis buffer and RNA was precipitated with 3 M Na-acetate pH 5.2 (1/10 vol) and 

ice cold absolute ethanol (3 x vol) at least for 1 h at -20 ºC. The precipitated RNA 

was pelleted by centrifugation for 15–20 min 12000 rpm at 4 ºC and washed by 

resuspending in 70% ethanol in diethylpyrocarbonate (DEPC)-treated water 

followed by another centrifugation for 5–10 min as described above. The washing 

was repeated, supernatant was discarded and RNA was air dried before dissolving 

in TE-buffer or DEPC-H2O. 

In study V, total RNA was isolated with TRIzol® Reagent according to the 

manufacturer’s protocol by using the Phase Lock Gel™system. The purity and 

quantity of the RNA was measured spectrophotometrically by absorption at 260 nm 

and 280 nm. 

RNA dot blot and Northern blot 

In the dot blot analyses, 0.5–4 μg of RNA was transferred to the nitrocellulose 

membrane with 50 µl of 20 x saline sodium citrate (SSC) by vacuum suction with 

the aid of a filtration manifold (Kafatos et al. 1979). In the Northern blot analyses, 

0.5–20 μg of RNA were separated by agarose-formaldehyde gel electrophoresis 

and transferred to nitrocellulose (I–II) or nylon membrane (III–V) (Alwine et al. 
1977). 

The cDNA probes complementary to rat ANP, BNP, β-MHC, skαA, GAPDH, 

GATA-4 and GATA-6 mRNA or ribosomal 18S RNA were random prime-labeled 

with [α32P]-dCTP. The membranes were hybridized overnight at 42 °C in 5 x SSC, 

0.5% SDS, 5 x Denhardt's solution, 50% formamide and 0.1 mg/ml sheared salmon 

sperm DNA. After the hybridizations, the membranes were washed in 0.1 x SSC 

and 0.1% SDS three times at 50 to 63°C and exposed at -70 °C to X-ray films 

(Eastman Kodak) with intensifying screens (Du Pont) or phosphor screens (GE 

Healthcare Life Sciences and Eastman Kodak) at RT. The signal in X-ray films was 

measured by densitometric scanning of the individual dots/bands. Phosphor screens 
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were detected with Molecular Imager FX Pro Plus equipment (Bio-Rad) and the 

signal was quantified with Quantity One software (Bio-Rad). Northern blot 

analysis using these cDNA probes revealed one single band of the appropriate size. 

The hybridization signals of specific mRNAs were normalized to that of GAPDH 

mRNA or 18S rRNA in each sample to correct for potential differences in loading 

and/or transfer. 

4.4.2 Real-time quantitative RT-PCR (V) 

Rat and human BMP-2, rat BMP-4, rat c-fos, and 18S mRNA levels were measured 

by real-time quantitative RT-PCR using TaqMan chemistry on an ABI 7700 

Sequence Detection System (Applied Biosystems) as previously described 

(Majalahti-Palviainen et al. 2000). The sequences of the forward (F) and reverse 

(R) primers and for fluorogenic probes for RNA detection are shown in Table 2. 

The results were normalized to 18S RNA quantified from the same samples. 

Table 2. The forward and reverse primers for real-time quantitative RT-PCR. 

Gene Primers Fluorogenic Probe 

human BMP-2 (F) CAGCCAGCCGAGCCAA ACTGTGCGCAGCTTCCACCATGAA 

 (R) ACTCGTTTCTGGTAGTTCTTCCAAA  

rat BMP-2 (F) ACACCGTGCTCAGCTTCCAT ACGAAGAAGCCATCGAGGAACTTTCAGAA 

 (R) GTCGGGAAGTTTTCCCACTCA  

rat BMP-4 (F) TCAAGGGAGTGGAAATTGGG CCAACTCCGGCCCCTCCTGG 

 (R) GCCATCGTGGCCAAAAGT  

rat c-fos (F) GGCTGAACCCTTTGATGACTTC TGTTTCCGGCATCATCTAGGC 

 (R) GGGCAGTCTCCGAGCCA  

rat 18S (F) TGGTTGCAAAGCTGAAACTTAAAG CCTGGTGGTGCCCTTCCGTCA 

 (R) AGTCAAATTAAGCCGCAGGC  

BMP, bone morphogenetic protein 

4.5 Protein extraction (III–V) 

Protein extracts were prepared from cultured cells as described by Schreiber et al. 
(1989). Cells were washed and scraped with PBS. After centrifugation (12 500 rpm 

for 15 s), the cell pellets were resuspended in 200 µl of ice-cold buffer A (10 mM 

hydroxyethylpirerazine ethane sulfonic acid (HEPES, pH 7.9), 10 mM KCl, 0.1 

mM EDTA, 0.1 mM ethylene glycol tetraacetic acid (EGTA)) supplemented with 

200 µM Na3VO4, 50 mM NaF, 20 µg/ml leupeptin, 2 µg/ml pepstatin, 20 µg/ml 
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aprotinin, 0–2 mM benzamidine, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 

1 mM dithiothreitol (DTT), 6 µg/ml L-1-tosylamido-2-phenylethyl chloromethyl 

ketone and L-1-chloro-3-tosylamido-7-amino-2-heptanone with gentle pipetting 

and allowed to swell on ice for 15 minutes. The cell membranes were then lysed by 

adding 12.5 µl of 10% NP-40 or Igepal CA-630 per sample and vortexing 

vigorously for 15 seconds followed by a 30 second centrifugation (12 500 rpm). 

The supernatants were collected as the cytosolic fragments. The pellets were 

resuspended in 35 µl of buffer C (20 mM HEPES (pH 7.9), 0.4 M NaCl, 1 mM 

EDTA, 1 mM EGTA), with supplements similar to those in buffer A and rocked for 

15 minutes. The samples were centrifuged (12 500 rpm for 5 min) and the 

supernatant was collected as the nuclear fragment. The entire procedure was carried 

out at 4 °C. 

Nuclear extracts from cardiac tissue were prepared as described by (Deryckere 

& Gannon 1994) with a few modifications. Briefly, the tissue was broken and 

reduced to a powder in liquid nitrogen. The thawed powder was homogenized in a 

low salt solution (0.6% NP-40 or Igepal CA-630, 150 mM NaCl, 10 mM HEPES 

pH 7.9, 1 mM EDTA, 0.5 mM PMSF). The resulting tissue homogenates were 

centrifuged for 30 s at 2000 rpm to remove any unbroken tissue. In order to separate 

the nuclei, 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 DTT, 0.5 mM PMSF, 2 mM benzamidine, and 5 μg/ml of each 

aprotinin, leupeptin and pepstatin), followed by incubation on ice for 20 min. 

Insoluble cellular debris was removed by a 15 s centrifugation, and the supernatant 

was collected as the nuclear extract. 

The nuclear extracts were aliquoted, frozen in liquid nitrogen and stored at-

70 °C until assayed. The protein concentration of each sample was determined by 

incubation with Protein Assay Dye Reagent Concentrate of Bio-Rad Protein Assay 

followed by measurement of the absorbance at 595 nm with a spectrophotometer. 

Comparison to a standard curve provided a relative measurement of protein 

concentration. 

4.6 Western blot (IV) 

Protein extracts were boiled in Laemmli buffer, resolved by SDS-PAGE, and 

transferred to Optitran BA-S 85 nitrocellulose membranes. The membranes were 

blocked in 5% nonfat milk and then incubated with GATA-4 antibody (H-112) at a 
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1:5000 dilution in 1% milk in Tris-buffered saline-Tween 20 overnight at 4 °C. 

Antibody binding was detected with an anti-rabbit horseradish peroxidase-IgG at a 

1:2000 dilution and revealed using ECL Plus Western Blotting Detection Reagents 

as described by the manufacturer. 

4.7 Electrophoretic mobility shift assay (EMSA, III–V) 

Double-stranded synthetic oligonucleotides were prepared by Klenow fragment-

mediated filling of the sticky ends of double-stranded oligonucleotides and labeled 

with [α32P]-dCTP. Binding reactions contained 30 µg of crude nuclear extract or 3–

6 μg of nuclear protein from cardiac myocytes and 2 μg of poly-(dI-dC)·(dI-dC) in 

a buffer containing 10 mmol/l HEPES (pH 7.9), 1 mmol/l MgCl2, 50 mmol/l KCl, 

1 mmol/l DTT, 0.1 mmol/l EDTA, 10% glycerol, 0.025% NP-40 or Igepal CA-630, 

0.25 mmol/l PMSF and 1 μmol/l of each aprotinin, leupeptin and pepstatin, and 

when appropriate, various molar excesses of competitor DNAs. After a 10 min 

preincubation of extract, the probe was added and binding was allowed to proceed 

at RT for 20 min. The reaction mixes were then analysed by electrophoresis on 5% 

polyacrylamide gel in 0.5 x Tris-borate-EDTA buffer at 220 V for 2 h at 4°C. The 

gel was dried and exposed to a phosphor screen. The signals of DNA-protein 

complexes were detected and quantitated as described in chapter “RNA dot blot 

and Northern blot”. To study the specificity of the binding reaction, different non-

labeled double-stranded oligonucleotides were used as competitors and supershift 

experiments were performed by preincubating nuclear extracts with specific 

antibodies for 20 min at RT prior to performing the binding reaction. The sequences 

of the oligonucleotides used in EMSA are shown in Table 3. 
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Table 3. Oligonucleotides used in EMSA. 

Binding site 5’-Coding strand-3’ 

rBNP-90 GATA TGTGTCTGATAAATCAGAGATAACCCCACC 

rBNP-90 GATAmut TGTGTCTTGCAAATCAGATGCAACCCCACC 

rBNP-373 AP-1 GGAAGTGTTTTTGATGAGTCACCCCA 

rBNP-373 AP-1 mut GGAAGTGTTTTTGACAGTTCACCCCA 

rBNP-387 Nke AGAGTAACTGGAAGTGTTTTTGCCCG 

rBNP-387 Nkemut AGAGTAACTAGCCTCCTTTTTGCCCG 

rBNP-496 Nke AGAGTGCCCGGAAGTGGTGCAGCCCG 

ANP NKE AGAGACCTTTGAAGTGGGGGCCTCTTGAGGCCCCG 

ANP NKEmut AGAGACCTTAGCCTCCGGGGGGAGGCTAGGCCCCG 

Oct-1 GATCTCAATCGCTTATGCAAATAAGGTGAAGCTCGGATC 

Nucleotides corresponding to the point mutations are in bold, and 5’ overhangs that were filled in labeling 

reaction are in italics. rBNP, rat BNP; GATAmut, mutated GATA site; AP-1mut, mutated AP-1 site; Nke 

mut, mutated NKE-like element; NKEmut, mutated Nkx-2.5 binding element. 

4.8 Immunoassays 

4.8.1 Assay of immunoreactive natriuretic peptides (II–V) 

Ir-ANP, ir-BNP and ir-NT-proANP levels were measured by RIA. For the ANP (II, 

IV–V) and BNP (IV–V) RIAs the samples of cell culture incubation media were diluted 

1:50–200 and 1:25–50 with RIA buffer, respectively. For left ventricular tissue BNP 

RIA, the guanidine thiocyanate extracts were diluted 50-fold and extracted through 

Sep-Pak C18 cartridges. Eluates were lyophilized and redissolved in RIA buffer 

(Magga et al. 1997a). The diluted cell culture medium samples and tissue extracts 

were incubated in duplicates of 100 µl with 100 µl of rabbit ANP antiserum 

(Vuolteenaho et al. 1985) or rabbit BNP antiserum (Ogawa et al. 1991) in final 

dilution of 1:25 000 or 1:50 000, respectively. Tracers were prepared by 

chloramine-T iodination of synthetic rat ANP99–126, or [Tyr0]-BNP51–95 and followed 

by desalting and final purification in a reverse phase HPLC. After incubation for 

48 h at +4 °C, the immunocomplexes were precipitated with sheep antiserum 

against rabbit γ-globulin in the presence of 500 μl 1.2 M ammonium sulphate or 8% 

polyethylene glycol, pH 7, followed by centrifugation at 3000 x g for 40 min. 

The NT-proANP was measured directly from duplicate 25 µl samples of cell 

culture incubation medium by incubating overnight at +4 °C with 200 µl 

radioiodinated [Tyr0]-proANP79–98 and 200 µl rabbit NT-proANP antiserum (final 
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dilution 1:40 000) (Vuolteenaho et al. 1992) and the immunocomplexes were 

separated as described above. 

Synthetic rat ANP99–126, rat BNP51–95 and human proANP79–98 ranging from 0 to 

500 pg/tube, 0–125 fmol/tube and 0 to 75 fmol/tube, were incubated as standards, 

respectively. The sensitivities of the ANP, BNP and NT-proANP were 0.8 pg/tube, 

2 fmol/tube and 0.4 pg/tube, respectively. The 50% displacements of the respective 

standard curves occurred at 20 pg/tube for ANP, 16–25 fmol/tube for BNP and 13 

pg/tube for NT-proANP. For all the three different RIAs, the intra- and interassay 

variations were < 10% and < 15%, respectively. The NT-proANP antiserum cross-

reacted 100% with human proANP79–98 and rat proANP1–126, but did not recognize 

rat proANP99–126 (crossreactivity < 0.01%). Serial dilutions of incubation media or 

the tissue extracts showed parallelism to the synthetic ANP standard. 

4.8.2 BMP-2 immunoassay (V) 

The levels of human BMP-2 (hBMP-2) in the cell culture medium were quantified 

by a commercially available enzyme linked immunosorbent assay (ELISA) kit. 

Quantikine® BMP-2 Immunoassay was performed according to the manufacturer’s 

instructions. Briefly, 50 µl of control standards or samples were incubated in the 

microplate pre-coated with a monoclonal antibody specific for hBMP-2 for 2 hours 

on a horizontal orbital shaker at 500 rpm at RT. Unbound substances were removed 

by washing the plates four times with wash buffer. Then the wash buffer was 

removed, horseradish peroxidase–linked monoclonal antibody specific for hBMP-

2 was added and the plate was incubated for 2 hours at RT with shaking at 500 rpm 

at RT. After four washes, the assay was developed with tetramethylbenzidine 

substrate for 30 minutes at RT under protection from light. The color development 

was stopped by an acid solution and the absorbance was read at 450 nm on a 

microplate reader (Dynex MRX-TC Revelation, Dynex Technologies). A 

correction measurement at 540 nm was subtracted to correct for plate 

imperfections. Values were calculated based on the standard curve and expressed 

as pg/ml. 

4.9 High performance liquid chromatography (II) 

Appropriate aliquots of the incubation media were lyophilized, dissolved in 0.4 ml 

of 40% acetonitrile/0.1% trifluoroacetic acid in water, and passed through a 0.45-

μm filter. The samples were then applied to a 7.8 x 300 mm Protein Pak-125 gel 
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filtration HPLC column and eluted with the same solvent. The flow rate was 1 

ml/min, and fractions of 0.5 ml were collected. The fractions were dried with 0.1 

mg BSA in a Savant Speed Vac concentrator and redissolved in buffer for ANP and 

NT-proANP RIAs. The column was calibrated with BSA (Vo), rat proANP (purified 

from SD rat auricles by acid extraction followed by gel filtration and two steps of 

reversed phase high performance liquid chromatography), rat ANP99–126, and 

radioiodine (Vtot). In addition, 200–500 cpm radiolabeled rat ANP99–126 and 

radioiodine were run with each sample as internal standards. The recovery of ir-

peptides from the column was in the range 60–90%. 

4.10 Measurement of protein synthesis (V) 

The rate of de novo protein synthesis was assessed by measuring the [3H]-leucine 

incorporation into the cellular protein as described earlier (Berk et al. 1989). Briefly, 

after 48 hours’ incubation in CSFM II, the cardiomyocytes on 24-well plate were 

treated with CSFM II supplemented with [3H]-leucine (5 μCi/ml) and when 

appropriate, with rhBMP-2 or -4. After 24 h, the cells were lysed and processed for 

measurement of incorporated [3H]-leucine in a liquid scintillation counter 

(Rackbeta II, LKB Wallac). Cardiomyocytes incorporated [3H]-leucine time-

dependently at a constant rate for up to 48 h. 

4.11 Statistical analysis 

Results are expressed as the mean ± standard error of mean (SEM). The data were 

analyzed with two- or one-way analysis of variance (ANOVA). The hemodynamic 

variables were analyzed with one-way ANOVA, followed by Student-Newman-

Keuls post hoc test (III). In the multiple comparisons, data were analyzed with one-

way ANOVA followed by least significant difference (LSD) (IV–V) post hoc test. 

In the comparison of statistical significance between two groups, Student’s t-test 

for paired (I) or for unpaired (II–V) data were used. A value of p < 0.05 was 

considered statistically significant. 
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5 Results 

5.1 Effect of hemodynamic load and cellular stretch on markers of 

cardiac hypertrophy 

5.1.1 Hemodynamic load activates BNP gene expression and 

synthesis in vivo (III) 

Pressure overload in vivo was generated by i.v. administration of AVP for up to 4 hours 

in conscious normotensive rats. AVP evoked a rapid increase in MAP peaking at 15 

minutes, with concomitant decrease in heart rate. The increase in blood pressure was 

followed by a significant elevation in the BNP mRNA levels in the endocardial layer of 

the LV already after 1 hour, and the maximal 3.5-fold increase in BNP mRNA levels 

was noted after 4 hours of AVP infusion (Fig. 3). Similarly, in comparison with vehicle 

infused controls, AVP infusion resulted in a rapid increase in LV ir-BNP levels at 2 and 

4 (from 193 ± 13 to 332 ± 10 pmol/g, p < 0.001) hours. 

Fig. 3. The effect of AVP on hemodynamic variables and left ventricular endocardial BNP 

mRNA in AVP-infused conscious rats. After a 30 min control period, vehicle (open 

square/bar) or AVP 0.05 μg/kg/min (solid square/bar) were infused intravenously for 240 

min. mRNA results are expressed as the ratio of BNP mRNA to GAPDH mRNA as 

determined by Northern blot analysis. Results are the mean ± SEM (n = 6 to 9). *p < 0.05 

vs. basal level at time point 0 min (one way ANOVA followed by Student Newman Keul’s 

post hoc test) and #p < 0.05, ###p < 0.001 vs. vehicle (Student’s t test). 

5.1.2 Mechanical stretch activates BNP gene expression and 

secretion in vitro (IV) 

In accordance with the in vivo results, cyclic mechanical stretch of cultured 

neonatal rat ventricular cardiomyocytes resulted in a 59% increase in BNP gene 
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expression already after 4 hours of stretch and a 2.1-fold increase in BNP mRNA 

levels was observed after 24 h (Fig. 4A). Mechanical stretch stimulated BNP 

secretion into the culture medium even more rapidly; after 1 hour the ir-BNP levels 

were 44% higher in stretched cells than in non-stretched controls and after 24 hours 

there was a maximal 2.5-fold increase in BNP secretion (Fig. 4B). 

To study whether the stretch-induced increase in BNP mRNA levels was due 

to enhanced transcription, luciferase reporter constructs containing various lengths 

of the rBNP promoter region were transfected into NRVMs. The deletion of the 

rBNP 5’ FS from -2200 to -520 bp did not significantly change the stretch-induced 

rBNP promoter activity, which remained constantly 55–67% higher than the 

reporter activity of the corresponding construct in non-stretched control cells. 

However, deletion the region between -520 and -114 bp reduced the stretch-

inducibility by 70–80%, and a further deletion from -114 to -60 bp completely 

abolished the stretch response (Fig. 4C). In conclusion, while the proximal region 

between -114 bp and -60 bp possesses slight, but statistically significant inducibility, 

the -520 bp of 5’ FS of BNP promoter is sufficient to confer full activation in 

stretched myocytes. 

5.1.3 Stretch regulates ANP gene expression and  

secretion in vitro (I & IV) 

The effect of cellular stretch on ANP gene expression in neonatal cardiomyocyte 

cultures was studied by using two different experimental models, 1) hypo-osmotic 

swelling (I) and 2) cyclic mechanical stretch (IV). In the hypo-osmotic stretch 

model three variations of hyponatremic completely serum-free media were used. 

They differed from each other only in terms of the mannitol concentration, and 

thereby by their osmolality: 289 mosm/kg H2O (control), 245 mosm/kg H2O and 

205 mosm/kg H2O (I). 

In atrial cell cultures, lowering the osmolality from 289 to 245 mosm/kg H2O 

for 24 h caused a 26% increase (p < 0.004) in ANP mRNA levels, while a further 

decrease in osmolality from 289 to 205 mosm/kg H2O returned ANP mRNA levels 

to values of control. 
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Fig. 4. Cyclic mechanical stretch stimulates BNP synthesis and secretion in cultured 

NRVMs. Cells attached to flexible-bottomed culture plates were subjected to computer 

controlled cyclical strain for up to 24 h. The amplitude of stretch varied between 10 to 

25% at 0.5 Hz frequency. A) Results are expressed as the ratio of BNP mRNA to 18S RNA 

as determined by Northern blot analysis. B) The culture medium was collected, ir-BNP 

was measured by radioimmunoassay, and the ratio of the relative change in secretion 

in stretched cells to that in control cells is shown. The lower panel (C) shows that the 

proximal -520 bp of BNP promoter containing the tandem GATA elements (GG), an AP-

1 element and two NKE-like elements (Nke) is sufficient to confer full transcriptional 

activation of BNP in stretched myocytes. The cells were co-transfected with luciferase 

(LUC) reporter constructs containing various lengths of the BNP 5’ flanking region and 

RSV-β-gal plasmid and subjected to stretch for 24 h. Promoter activity is expressed as 

the luciferase to β-gal ratio of stretched cells relative to that of non-stretched control 

cells transfected with the same construct. Open bars indicate control and solid bars 

indicate stretched cells. Results are the mean ± SEM from 3 to 12 independent cultures. 

*p < 0.05, ***p < 0.001 vs. control (Student’s t test). 

In ventricular cells, lowering the osmolality from 289 to 245 or 205 mosm/kg H2O 

for 24 hours resulted in a 43% (p < 0.03) and 34% decrease (ns.), respectively, in 

ANP mRNA levels. In contrast, cyclic mechanical stretch caused slight but 

statistically significant 25-33% increases in ANP mRNA levels at 4 to 24 h time 

points (Fig. 5). After 12 to 24 hours’ cyclic mechanical stretch also increased ANP 

secretion into the culture medium by 38–69% (Fig. 5). 
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Fig. 5. Cyclic mechanical stretch stimulates ANP gene expression and secretion in 

cultured NRVMs. Cells were subjected to cyclical strain for up to 24 h as described in 

figure legend 4. mRNA results are expressed as the ratio of ANP mRNA to 18 S RNA as 

determined by Northern blot analysis. The culture medium was collected, ir-ANP was 

measured by radioimmunoassay, and the ratio of the relative change in secretion in 

stretched cells to that in control cells is shown. Open bars indicate control and solid 

bars indicate stretched cells. Results are the mean ± SEM from 12 independent cultures. 

*p < 0.05, **p < 0.01, ***p < 0.001 vs. control (Student’s t test). 

5.1.4  The effect of mechanical stretch on other markers of cardiac 

hypertrophy (IV & V) 

To further study the effect of cyclic mechanical stretch on markers of hypertrophy, 

the levels of c-fos and skαA mRNA and sarcomere organization in cultured NRVMs 

were measured. Cyclic mechanical stretch caused a rapid 2.4-fold (p < 0.01) 

increase in the c-fos mRNA expression at 1 h (V) and the kinetics of skαA 

expression closely resembled that of ANP expression. After 4 h, 12 h and 24 h of 

stretch, skαA mRNA levels were 41% (p < 0.01), 32% (p < 0.05) and 51% (p < 0.05) 

higher than in control cells, respectively (IV). A quantification of the number of cells 

with organized sarcomeres showed that stretch increased the sarcomere 

reorganization by 4.1-fold (p < 0.05), thereby demonstrating that the hypertrophic 

phenotype in this model was not limited only to specific changes in gene expression 

but involved also typical changes in cell morphology (IV). 
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5.2 Activation of cardiac transcription factors by hemodynamic 

load and cellular stretch (III & IV) 

5.2.1 GATA-4 

The activation of GATA-4 was studied at the levels of mRNA, protein expression 

and binding activity. To investigate the binding activity a radioactively labeled 

probe corresponding to the -90 GATA element of the rBNP gene was used in EMSA. 

In vivo pressure overload generated by i.v. AVP administration increased LV 

GATA-4 DNA binding activity rapidly already after 15 min of infusion and a 

maximal 2.2 -fold increase (p < 0.05) was noted at 30 min. The binding activity 

remained elevated also after 1 h AVP infusion, whereas at 2 or 4 h no differences 

were seen between AVP- and vehicle-treated animals (III). Similarly, cyclic 

mechanical stretch in vitro increased binding activity by 57% (p < 0.01) at the one 

hour time point in cultured ventricular myocytes (Fig. 6A). In both models, the 

specificity of the nuclear protein-DNA interaction was ensured by DNA 

competition analysis as well as in supershift experiments which proved that the 

protein in the complex was GATA-4. In cultured cells, the activation of GATA-4 

binding was accompanied by a transient 59% increase in GATA-4 mRNA levels at 

4 hours (Fig. 6B), whereas pressure overload in vivo for up to 4 hours had no effect 

on GATA-4 mRNA levels. Western blot analysis of nuclear extracts showed 

additionally a trend towards an increase in nuclear accumulation of GATA-4 protein 

in the stretched cardiac myocytes, although this was not statistically significant (Fig. 

6C) (IV). 

5.2.2 AP-1 

The activation of AP-1 was studied by measuring its binding activity on rBNP gene 

promoter -373 AP-1 element in EMSA. Cyclic mechanical stretch of cultured 

NRVMs resulted in 149, 74 and 54% increases in AP-1 DNA binding activity at 1, 

4 and 24 hour time points (p < 0.01), respectively. Supershift experiments revealed 

the presence of JunD, c-Jun and JunB as well as either Fos B or Fos-related antigen-

1 in the transcription factor complex. However, despite the increased mRNA levels 

of c-fos, c-fos protein was not detected in the complex. (IV). By contrast, AVP-

induced pressure overload in vivo had no significant effect on AP-1 binding activity 

(III). 
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Fig. 6. The effect of mechanical stretch on GATA-4 binding activity, mRNA levels and 

protein expression in cultured NRVMs. Cells were subjected to cyclical strain for up to 

24 h as described in figure legend 4. A) The nuclear proteins were extracted, probed 

with radiolabeled rBNP-90 GATA and subjected to EMSA. The time course of the stretch-

induced GATA binding activity is shown in the bar graph and by a representative EMSA 

below. The specific GATA-4 band is indicated by an arrowhead. B) GATA-4 mRNA results 

are expressed as the ratio of mRNA to 18S RNA as determined by Northern blot analysis. 

Open bars indicate the control and solid bars stretched cells (n = 6–10). The results are 

the mean ± SEM from three (binding) or two (RNA) independent cultures. **p < 0.01 vs. 

control (Student’s t test). C) GATA-4 protein levels in nuclear extract or cytosolic 

fraction as determined by Western blot analysis. 

5.3 Functional role of cardiac transcription factors GATA-4, Nkx-2.5 

and AP-1 in stretch-activated hypertrophic response (IV) 

The functional role of GATA-4 in stretch-induced hypertrophic process was studied 

in cultured cardiomyocytes by transfection experiments employing rBNP promoter 

constructs that contain mutations in the binding elements for GATA-4 and/or its 

potential cofactors, and by inhibiting GATA-4 protein expression by an adenovirus 

expressing antisense GATA-4 cDNA (GATA-4as). Site directed mutations were 

introduced in -534rBNP promoter that was sufficient to confer full stretch 

inducibility. 
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Fig. 7. Functional -387 NKE-like element (Nke), but not -496 Nke, cooperates with the 

tandem -90 GATA sites in mechanical stretch-induced rBNP transcription. After co-

transfection with luciferase reporter constructs (LUC) and RSV-β-gal plasmid NRVMs 

were cyclically stretched for 24 h. Combining a mutation of -387 Nke with a mutation of 

-90 GATA (mGATA/Nke387) almost completely abolished the stretch responsiveness of 

the BNP promoter, whereas the inhibitory effect of mutation of -90 GATA sites (mGATA) 

on stretch inducibility was not further potentiated by the combination with the mutation 

of -496 Nke (mGATA/Nke496). Mutation of either -387 Nke (mNke387) or -496 Nke 

(mNke496) alone had no effect on stretch-induced BNP transcription. Results are 

expressed as the LUC to β-gal ratio relative to induction of intact -534 rBNP promoter (-

534rBNP) (mean ± SEM, n = 6–14 from 3–5 independent cultures); *p < 0.05, **p < 0.01, 

***p < 0.001 vs. stretched cells transfected with -534rBNP and #p < 0.05 vs. stretched 

cells transfected with the -534rBNP-containing mutation in -90 GATA sites (one way 

ANOVA followed by LSD post hoc test). Schematic presentation of the binding sites of 

∆-534/+4 BNP-LUC construct with the mutated nucleotides of -90 GATA (GG), -373 AP-

1, -387Nke, and -496Nke is shown on the right. 

In transfection experiments, mechanical stretch evoked a 2.2-fold increase (p < 

0.001) in the activity of the intact -534rBNP promoter and mutation of the tandem 

GATA sites located at -90 GATA of rBNP promoter resulted in a 37% decrease in 

the stretch-induced reporter activity compared to that seen with the intact promoter 

(Fig. 7). Mutation of the -387 Nke alone had no effect on stretch inducibility. 

Strikingly, when this element, that proved to be the true binding target for Nkx-2.5 

in EMSA, was mutated together with the tandem -90 GATA sites, the inducibility 

by stretch was almost completely abolished (Fig. 7). In contrast, the -496 Nke, 

which despite its identical core sequence to -387 Nke, was not able to bind 

overexpressed Nkx-2.5 in EMSA and it did not alter the stretch response either 

when mutated alone or in combination with the mutation of the tandem GATA sites 
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(Fig. 7). Furthermore, the mutation of the -373 AP-1 binding element alone or in 

combination with the -90 GATA sites did not modify stretch-induced transcription 

of rBNP. Together these data suggest that Nkx-2.5 acts in cooperation with GATA-

4 in stretch-activated BNP transcription via -387 Nke. 

Inhibition of GATA-4 protein production by adenovirus-mediated transfer of 

GATA-4 antisense cDNA blocked not only the stretch-induced 51% increase in the 

BNP mRNA levels (p < 0.05) but also the increase in sarcomere reorganization, a 

morphological hallmark of hypertrophy of cultured cardiomyocytes. The 

proportion of myocytes with assembled sarcomeres in cultures infected with 

control adenovirus increased from 14 to 59% (p < 0.05) in response to stretch, 

whereas the corresponding values for GATA-4 antisense-treated cells were 6 and 

13% (n.s), (Fig. 8). 

Fig. 8. Representative laser confocal microscope images to demonstrate that hindering 

GATA-4 protein production inhibits stretch-induced sarcomere reorganization. Cultured 

ventricular myocytes were infected with adenoviruses expressing either a nuclear 

localization signal-lacZ gene (LacZ) for control or antisense regions directed 

specifically toward GATA-4 (GATA-4as). After 48 h of cyclic mechanical stretch, the cells 

were fixed and actin filaments were stained using Alexa Fluor 488 phalloidin. 
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5.4 The effect of peptide growth factors on markers of  

cardiac hypertrophy 

5.4.1 The effect of FGF1 on ANP secretion and mRNA levels (II) 

The effect of FGF1 on ANP secretion and gene expression was studied in cultured 

atrial and ventricular cardiomyocytes. In ventricular cells, administration of FGF1 

(10–50 ng/ml) for 24 h caused a dose-dependent increase in ir-ANP release into the 

culture medium and after 48 h, the effect of FGF1 on ANP secretion was even more 

pronounced (Fig. 9). At the concentration of 50 ng/ml, FGF1 increased the 

accumulation of ir-ANP into the culture medium by 70% after 24 h and by 181% 

after 48 h of treatment. HPLC analysis of the incubation media revealed no change 

in the proportion of ANP99–126 –like material of total ANP immunoreactivity after 

FGF1 treatment demonstrating its lack of effect on ANP processing. In ventricular 

cells, FGF1 stimulated also ANP gene expression; after 48 hours of incubation ANP 

mRNA levels of FGF1-treated ventricular myocytes were 3.1 -fold higher than 

those of control cells (p < 0.001). In atrial cells, FGF1 had no effect on ANP 

secretion or mRNA levels. 

Fig. 9. FGF1 stimulates immunoreactive-ANP (ir-ANP) secretion from cultured 

ventricular myocytes in dose- and time-dependent manner. In the left panel, the cells 

were treated for 24 h with vehicle (control) or 10 to 50 ng/ml of FGF1 and results are 

expressed relative to control. n = 9–34. In the right panel, the cells were incubated for 

24 or 48 h with vehicle (open bars) or 50 ng/ml FGF1 (solid bars) and the results are 

expressed relative to basal secretion within each group. n = 15. Values are mean ± SEM. 

***p < 0.001 vs. control (Student’s t test). 
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5.4.2 The effect of BMP-2 and -4 on natriuretic peptide  

mRNA levels (V) 

The effect of BMP-2 on natriuretic peptide gene expression was studied in cultured 

ventricular and atrial cells and in adult rat myocardium in vivo. In cultured 

ventricular cells, addition of 10 ng/ml recombinant human BMP-2 resulted in 2.6- 

and 2.4-fold increases in BNP mRNA levels after 24 and 48 h, respectively (Fig. 

10A). Similarly, 48 h BMP-2 (10 ng/ml) treatment increased BNP expression by 

2.4-fold in atrial cell culture (p < 0.01). BMP-2 also stimulated ANP gene 

expression but significant increases in ANP mRNA were seen only after 48 h 

treatment, being 100% in ventricular cells (Fig. 10B) and 30% in atrial cells (p < 

0.05). In adult myocardium, in vivo adenovirus-mediated gene transfer of hBMP-2 

(1.1 x 109 pfu) in the LV of normotensive rats resulted in a 41% (p < 0.01) increase 

in BNP gene expression three days after injection in the RA, but no significant 

change was observed in LV, or in the expression of ANP in either RA or LV. 

The effect of BMP-4 was studied only in cultured ventricular cells, with 

essentially similar results to those obtained with BMP-2 (Figs. 10A-D). BMP-4 (10 

ng/ml) treatment caused a maximal 3.0-fold increase in BNP mRNA levels after 24 

h (Fig. 10E), whereas the induction of ANP gene expression was slower, being 59% 

after 48 h (Fig. 10F). 

5.4.3 The effect of BMP-2 and -4 on natriuretic peptide secretion (V) 

BMP-2 (10 ng/ml) stimulated ir-BNP and ir-ANP secretion in cultured ventricular 

cells by 297% and 37% after 48 h, respectively, but had no significant effect on 

either peptide at the 24 h time point (Figs. 10C–D). Accordingly, BMP-4 (10 ng/ml) 

increased ir-BNP accumulation into the culture medium by 126% and that of ir-

ANP by 62% after 48 h treatment (Fig. 10G). 
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Fig. 10. BMP-2 and BMP-4 stimulate BNP and ANP gene expression and secretion in 

cultured neonatal rat ventricular cardiomyocytes. The cells were cultured in serum free 

conditions for 48 h before treatment with recombinant human BMP-2 (A–D) or BMP-4 

(E–G) for up to 48 hours. A–B and E–F) Results are expressed as the ratio of specific 

mRNA to 18S relative to control. Open bars are control and solid bars are 10 ng/ml BMP-

2 or BMP-4. n = 6–22. C–D) The dose dependent effect of BMP-2 (3 ng/ml, 10 ng/ml or 

100 ng/ml) on BNP and ANP secretion. Light gray bars represent the 24 h results and 

dark grey bars are 48 h results. n = 13–24. G) The effect of BMP-4 (10 ng/ml) on BNP and 

ANP secretion at 48 h. Open bars refer to control and solid bars designate 10 ng/ml 

BMP-4. n = 24–28. BNP and ANP accumulation in the culture medium was measured by 

radioimmunoassay and is expressed as the fold increase of immunoreactive (ir-) 

natriuretic peptide relative to control. Values are mean ± SEM. *p < 0.05, **p < 0.01, ***p 

< 0.001 versus control (one-way ANOVA followed by LSD post hoc test) and #p < 0.05, 
##p < 0.01, ###p < 0.001 versus control (Student’s t test). 
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5.4.4 The effect of BMP-2 and -4 on protein synthesis (V) 

To study whether BMP-2 and -4 evoke additional signs of hypertrophy other than 

genetic reprogramming, the rate of de novo protein synthesis was measured by 

adding [3H]-labeled leucine into the culture medium of ventricular cardiomyocytes. 

BMP-2 (100 ng/ml) treatment for 48 h resulted in a 37% increase in [3H]-leucine 

incorporation to cellular protein (p < 0.001). In addition, BMP-4 at the dose of 30 

ng/ml stimulated protein synthesis by 27% after 24 h treatment (p < 0.001), 

although 100 ng/ml had no significant effect at the 48 h time point. 

5.5 The role of protein kinase C in FGF1 -induced  

ANP secretion and synthesis (II) 

The PKC inhibitor staurosporine and the phorbol ester, TPA, which directly 

activates PKC, were used to study the role of PKC in FGF1 -induced ANP secretion 

and synthesis in cultured ventricular cardiomyocytes. 

5.5.1 The effect of staurosporine 

Staurosporine at a concentration of 2 nM partially inhibited the effect of FGF1 (50 

ng/ml) on ir-ANP secretion at 48 h, but had no effect at 24 h, whereas at the 

concentration of 10 nM, it completely blocked the FGF1-induced increase in ir-

ANP release at both the 24 h and 48 h time points (Fig. 11A). Staurosporine also 

significantly decreased the basal ir-ANP secretion compared to the situation in cells 

treated only with the vehicle. After 48 h, ir-ANP secretion in 2 nM staurosporine-

treated cells was decreased by 26% (F=3.9, p <0.05) and by 46% (F=10.4, p <0.001) 

in cells treated with 10 nM staurosporine. Similarly, 10 nM staurosporine 

completely abolished the effect of FGF1 on ANP gene expression at 48 h (Fig. 11B). 

Staurosporine alone at a concentration of 10 nM had no significant effect on ANP 

mRNA levels, although a tendency towards decreased expression was observed 

(not shown). 

5.5.2 The effect of TPA 

TPA (100 nM) alone significantly increased the secretion of ANP. After a 48 h 

incubation, the ir-ANP levels in the incubation medium were 3.7–fold higher than 

in vehicle treated control cultures (F=35.1, p < 0.001). The effects were not 
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augmented when 100 nM TPA was combined with FGF1 (50 ng/ml), which in these 

sets of experiments alone increased the ANP secretion 93% compared with vehicle-

treated control (F=7.16, p < 0.01) (Fig. 11C). Similarly, TPA increased ANP mRNA 

levels by 80%, while FGF1 alone resulted in 93% increase of ANP gene expression. 

Combining FGF1 (50 ng/ml) together with TPA (100 nM) did not augment the 

effect of TPA on ANP mRNA (Fig. 11D). 

Fig. 11. The effect of staurosporine (SP) and 12-O-tetradecanoyl-phorbol-13-acetate 

(TPA) on FGF1-induced ANP secretion and gene expression. Cultured ventricular 

myocytes were incubated for up to 48 h in serum-free medium containing FGF1 (50 

ng/ml) alone or in combination with SP at the concentrations of 2 nM (SP2) or 10 nM 

(SP10) (A–B), or with 100 nM TPA (C–D). In A and C, the culture medium was collected 

and ir-ANP was measured by radioimmunoassay and the results are expressed relative 

to the basal secretion within each group. n = 6–9. In B and D, 48 h results are expressed 

as the ratio of ANP mRNA to GAPDH mRNA relative to control as determined by dot blot 

analysis. n = 4–7. Values are mean ± SEM. *p < 0.05, ***p < 0.001 as indicated by brackets, 
#p < 0.05, ##p < 0.01, ###p < 0.001 vs. control at the same time point (Student’s t test). 
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5.6 Activation of GATA-4 by BMP-2 and -4 (V) 

The activation of GATA-4 by BMP-2 and BMP-4 was studied in cultured 

ventricular cardiomyocytes and in adult myocardium in vivo after adenovirus-

mediated gene transfer of BMP-2. Exposing cultured ventricular cells to exogenous 

BMP-2 (10 ng/ml) for 24 h resulted in 91% increase in GATA-4 binding to 

radioactively labeled -90 GATA element of the rBNP gene as studied by EMSA. 

The specificity of the GATA-4 protein – DNA –interaction was confirmed by 

competition analysis and supershift experiments. BMP-2 also increased 

significantly GATA-4 mRNA levels already after 4 h treatment and the largest 87% 

(p < 0.01) induction in GATA-4 gene expression was observed at 48 h. GATA-4 

gene appeared to be somewhat less sensitive to BMP-4, which at the same 

concentration increased GATA-4 mRNA levels by 46% (p < 0.01) after 48h 

treatment. 

Adenovirus-mediated gene transfer of hBMP-2 (1.1 x 109 pfu) in the LV of 

normotensive rats resulted in a 32% (p < 0.05) increase in GATA-4 gene expression 

three days after injection in the RA, but no significant change was observed in LV. 

5.7 Humoral and paracrine/autocrine mechanisms  

of load-induced hypertrophy 

5.7.1 The role BMP-2 (V) 

Hemodynamic stress in vivo was produced in three ways - by 4 h i.v. AVP infusion, 

by s.c. Ang II infusion for up to 2 weeks and after myocardial infarction; they all 

stimulated BMP-2 expression (Figs. 12A–B and 12E) whereas BMP-4 mRNA 

levels were significantly increased only by myocardial infarction (Figs. 12C–D and 

12F). The effect of mechanical stretch on BMP-2 and BMP-4 gene expression was 

studied after 1, 4, 12, 24 and 48 h of cyclic mechanical stretch of cultured 

ventricular cardiomyocytes. A significant 140% increase in BMP-2 mRNA levels 

was seen already after 4 h of stretch and the maximal 3.2-fold increase in BMP-2 

gene expression was seen at 48 h (Fig. 12G). On the contrary, the mRNA levels of 

BMP-4 were transiently attenuated by 42% at 12 h but no significant changes were 

seen at any of the other time points (Fig. 12H). 
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Fig. 12. The differential effect of hemodynamic load in vivo and mechanical stretch in 

vitro on BMP-2 (panels on the left) and BMP-4 (panels on the right) gene expression. A 

and C) The effect of intravenous infusion of arginine8-vasopressin (AVP) for 4 h on left 

ventricular mRNA levels. Open bars represent vehicle and solid bars represent AVP. n 

= 8–10. B and D) The effect of experimental myocardial infarction (MI) on left ventricular 

mRNA levels. Open bars represent sham control and solid bars represent MI. n = 6–7. E 

and F) The effect of subcutaneous administration of angiotensin II via osmotic 

minipumps for 6, 12 and 72 h, and 2 weeks on left ventricular mRNA levels. Open bars 

represent vehicle control and solid bars represent angiotensin II. n = 5–8. G and H) 

Cultured NRVMs were stretched cyclically for up to 48 h. The amplitude of stretch varied 

between 10 to 25% at 0.5 Hz. n = 6–26. Open bars represent control and solid bars 

represent stretched cells. All results are expressed as the ratio of BMP-2 or BMP-4 

mRNA to 18S RNA as determined by real-time quantitative RT-PCR (mean ± SEM). ##p < 

0.01 vs. vehicle (Student’s t test) and *p < 0.05, **p < 0.01, ***p < 0.001 vs. control ***p < 

0.001 (one-way ANOVA followed by LSD post hoc test). 
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To evaluate the potential role of BMP-2 in mediating the effects of stretch on 

cardiomyocyte gene expression, the BMP antagonist noggin was used in 

combination with stretch of the cultured cardiomyocytes. As shown in Fig. 13, 

noggin completely blocked the stretch-induced BNP gene expression and partially 

prevented the increase in ANP mRNA levels, whereas on its own it did not exert 

significant effect on either gene. 

Fig. 13. Noggin inhibits stretch-induced increase in BNP and ANP gene expression. 

Cultured NRVMs were supplemented with or without 500 ng/ml of noggin 1 h before 24 

h cyclic stretch experiment. The results are expressed as ratio of BNP or ANP mRNA to 

ribosomal 18S RNA as determined by Northern blot analysis. n = 6–7. Values are mean 

± SEM. *p < 0.05, **p < 0.01 vs. control, #p < 0.05 vs. stretch (one-way ANOVA followed 

by LSD post hoc test). 

5.7.2 The role of ET-1 (III) 

The requirement of ET-1 in hypertrophic response was studied in the AVP-induced 

pressure overload model in vivo by using an i.v. bolus of the mixed ETA/ETB 

receptor antagonist, bosentan. Bosentan was used at a dose of 10 mg/kg, which 

according to the previous study of Magga et al. (1997a) would not significantly 

modify the hemodynamic responses evoked by AVP infusion, thus making it 

possible to examine directly the role of ET-1 rather than the effect of altered 

hemodynamics in mediating the pressure overload–induced increase in GATA-4 

binding to the tandem GATA sites at -90 of rat BNP promoter. The pressure 

overload-induced increase in GATA-4 binding to tandem GATA sites located at -90 

of rat BNP promoter was completely inhibited by bosentan (10 mg/kg), which alone 

had no significant effect on BNP GATA binding activity as studied by EMSA (Fig. 

14). 
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Fig. 14. Bosentan (Bos) inhibits pressure overload-induced increase in GATA-4 DNA 

binding activity in conscious rats. After 30 min control period bosentan (10 mg/kg) or 

vehicle was injected as an intravenous bolus followed by a 30 min intravenous infusion 

of vehicle or 0.05 μg/kg/min arginine8-vasopressin (AVP). The nuclear proteins were 

extracted, probed with radiolabeled rBNP-90 GATA and subjected to EMSA. Results are 

mean ± SEM (n = 5). *p < 0.05 vs. vehicle (Student’s t test). A representative EMSA is 

shown on the right and the specific GATA-4 band is indicated by the arrowhead. 
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6 Discussion 

6.1 Feasibility of neonatal rat cardiomyocyte culture 

The predominant experimental model in this study was a primary culture of 

neonatal rat cardiomyocytes. Cell culture is virtually the only method that make it 

possible to study separately the biochemical and molecular characteristics of 

different components of cardiac overload under experimentally controlled 

conditions for periods long enough to detect changes in morphology and gene 

expression (Sugden & Clerk 1998). Although the use of immortal, transformed cell 

lines, such as HL-1 or AT cells, would have been more convenient than harvesting 

primary cells, unfortunately the process of transformation changes the basic 

properties of cardiomyocytes that are very relevant to cardiac biology (Garbern et 
al. 2013). In addition, conditions for maintaining differentiated properties e.g. of 

HL-1 cells are stringent and require supplementation with serum and the adrenergic 

agonist NE (White et al. 2004), both of which are known to induce hypertrophic 

growth of cultured cells (Simpson et al. 1982). As such, there are no well-

established continuous cell lines that can be used to study cardiomyocyte 

development and growth (Adams & Brown 2001). 

While the primary cultures derived from the adult rat heart would, at least in 

theory most accurately reflect the situation in intact adult heart, the problem is that 

in culture, these cells either lose their morphology, or if cultured under conditions 

where the rod-shaped morphology is retained, the ability to undergo spontaneous 

contractions is lost (Jacobson & Piper 1986, Mitcheson et al. 1998). Despite the 

increasing use of genetically engineered mice, the utilization of neonatal mouse 

ventricular cell cultures is limited because of a phenotypic change, in which the 

cells develop autonomous hypertrophy (Deng et al. 2000). Therefore, the most 

common in vitro model of hypertrophy employs primary cultures of neonatal rat 

ventricular cardiomyocytes (Adams & Brown 2001, Glembotski 2013, Simpson et 
al. 1982, Simpson & Savion 1982). In comparison with adult cardiomyocytes, the 

isolation of neonatal cardiomyocytes is technically more straightforward than cell 

isolation from adult hearts, as it does not require the rather difficult procedure of 

aorta cannulation and perfusion. Neonatal cells have also the advantage of being 

easily cultured and amenable to non-viral gene transfer (Louch et al. 2011), a 

feature that was essential for studying regulation of BNP gene in the present study. 
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The recent advances in stem cell technology may produce better cell culture 

systems that enable more precise modeling of human disease. Indeed, considerable 

progress has been made particularly in the human induced pluripotent stem cell 

technology, and differentiation methodologies for generating cardiomyocytes have 

been developed during the past few years (Karakikes et al. 2015). Although there 

are still unresolved questions, such as how to attain mature adult-like 

cardiomyocyte phenotype (Karakikes et al. 2015), the first experiments with these 

cells to study mechanisms of cardiac hypertrophy have been encouraging 

(Aggarwal et al. 2014, Carlson et al. 2013). Moreover, pluripotent stem cell-

derived cardiomyocytes have been shown to be compatible with high-throughput 

screening assays (Carlson et al. 2013). Therefore, this model appears to provide a 

promising tool for the future studies on human pathophysiology and drug 

development. 

6.2 Cellular stretch and natriuretic peptides  

The induction of ANP gene expression in response to increased atrial wall stretch 

is well established in vivo (for reviews, see de Bold et al. 1996, Ruskoaho 1992). 

Here hypo-osmotic swelling was exploited as the stretch model and this is first 

study to demonstrate that mechanical stretch without neurohumoral control which 

would normally be present in whole organism, directly increases ANP mRNA 

levels in cultured atrial myocytes (I). Subsequently, this observation has been 

confirmed in cyclic (De Jong et al. 2013, Gardner et al. 1992) and static (Saygili et 
al. 2007) mechanical stretch models of neonatal rat atrial myocytes cultivated on 

flexible bottomed culture wells. 

In ventricular cells, ANP gene expression was also enhanced by cyclic 

mechanical stretch (Study IV) whereas hypo-osmotic swelling decreased ANP 

mRNA levels (Study I) indicating that osmotic stress and cyclic mechanical stretch 

are not equivalent stimuli. Indeed, it appears that osmotic stress is exerted in three 

dimensions by the cytoskeleton acting as a sponge, and only a small component is 

borne by the membrane (Sachs 2010). This is emphasized by the observation that 

during osmotic swelling, the cells generally become softer and not stiff as expected 

(Spagnoli et al. 2008). Further, osmotic stress induces a pronounced elevation in 

the level of Ca2+, which is a serious perturbation for many currents, and the 

exchange of osmolytes during volume regulation will alter the chemical milieu of 

the cytoskeleton and the ion channels (Sachs 2010). In addition, the 
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unphysiologically low sodium concentration in the hypo-osmotic culture medium 

likely promotes some type of electrochemical disturbance. 

While these phenomena explain, at least partially, the different results in 

ventricular cells between the two stretch models utilized in the present work, the 

disparate responses of atrial and ventricular cells to hypo-osmotic stress need more 

clarification. The key may be swelling-activated chloride channels; at least in some 

species, such as guinea pig, these are predominantly distributed in atrial myocytes 

as compared to ventricular myocytes and they are known to be activated by a hypo-

osmotic bathing solution (Baumgarten & Clemo 2003, Vandenberg et al. 1994). 

Indeed, these channels have been shown to be involved in the regulation ANP 

secretion by hypo-osmotic stress in isolated rat atria (Bai et al. 2008). An earlier 

report by Greenwald et al. (1989) argued against this hypothesis, since short term 

(15 min) hypo-osmotic stress stimulated ANP secretion similarly from atrial and 

ventricular cells. However, the signaling mechanisms activated by hypo-osmotic 

stress are very different in cells stimulated for 15 min vs. for 24 h as in Study I, and 

the swelling of cells becomes weaker over time in hypotonic medium (Hoffmann 

& Simonsen 1989). 

The ability of cultured ventricular cardiomyocytes to respond to mechanical 

stretch with increased ANP gene expression and secretion has been confirmed in 

several studies employing models of static (Sadoshima et al. 1992a) or cyclic 

stretch (Cadre et al. 1998, Pan et al. 2005) of cells attached onto a flexible 

membrane. Similarly the observation that mechanical stretch stimulates BNP gene 

expression and secretion in cultured ventricular myocytes (Study IV) has been 

replicated by others by using neonatal rat (Kudoh et al. 2003, Kuwahara et al. 2010, 

Liang et al. 1997, Sawada et al. 1997), mouse (Knöll et al. 2002) and adult rabbit 

(Blaauw et al. 2010) ventricular cells. 

6.3 Transcriptional regulation of BNP gene in response to stretch 

Although Torsoni et al. (2003) have reported enhanced activity of the ANP 

promoter after 4 h of cyclic stretch of cultured NRVMs, in several other studies 

reporter constructs driven by various lengths of ANP 5’ FS have been unresponsive 

to pressure overload in vivo (Knowlton et al. 1995, Mayer et al. 2002, Rockman et 
al. 1991) and to static mechanical stretch in cultured NRVMs (Sadoshima et al. 
1992a). In contrast, even the proximal 118 and 534 bp of rat BNP promoter are 

sufficient to confer responsiveness to the acute hemodynamic stress generated by 

bilateral nephrectomy (Marttila et al. 2001) and chronic pressure overload induced 
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by Ang II infusion (Majalahti et al. 2007), respectively. In addition, -1595 and -904 

human BNP luciferase constructs were activated between 3- to 4-fold by cyclic 

mechanical stretch in cultured NRVMs (Liang et al. 1997, Liang & Gardner 1999). 

In comparison with ANP, BNP was more sensitive to cyclic mechanical stretch in 

cultured ventricular cells as reflected by the greater increase in mRNA levels and 

the faster response in peptide secretion. These data provided a strong rationale for 

the use of rat BNP as a target gene to elucidate the mechanisms of stretch-induced 

gene expression. 

Previously, activation of human BNP promoter by mechanical stretch in 

cultured cells was shown to be mediated partly via NFκB binding on the shear stress 

response elements (SSRE) (Liang & Gardner 1999). However, these elements are 

not conserved in the rat BNP promoter (LaPointe 2005, Tokola et al. 2001). 

Moreover, in the human genome, these elements are located at around -650, which 

is clearly distally to -520, that was sufficient to confer full stretch inducibility of 

the rat promoter in Study IV indicating that human and rat BNP genes are regulated 

differentially by stretch. 

Mechanical stretch of cultured ventricular cells stretch evoked a rapid increase 

in AP-1 binding activity (Study IV) on -373 AP-1 element of rat BNP promoter, 

consistent with the effect of elevated left ventricular wall stretch in isolated 

perfused rat heart (Hautala et al. 2002) and Ang II-induced pressure overload in 
vivo (Suo et al. 2002). On the contrary, in Study III, AVP-induced pressure overload 

had no effect on AP-1 binding to this element. The reason for this apparent 

discrepancy is unclear, but the degree of stretch delivered to the myocytes may be 

lower in AVP-induced pressure overload than in the other above-mentioned models. 

Pressure overload in vivo may also activate neurohumoral mechanisms that 

counteract AP-1 binding but are not sufficient to override the previously reported 

direct effect of Ang II on AP-1 (Wenzel et al. 2001). Although AP-1 elements have 

been shown to be involved in the activation of AT1aR promoter by pressure overload 

in vivo (Herzig et al. 1997) and possibly in the activation of ANP promoter by left 

ventricular wall stress in isolated perfused hearts (Cornelius et al. 1997), the 

mutation of -373 AP-1 site did not modify stretch-induced reporter activity of -

534rBNP promoter in Study IV. It is also unlikely that the AP-1-like element 

present at -114 would possess a significant functional role in stretch-induced BNP 

transcription, since the stretch response of the -114rBNP deletion construct (still 

containing the AP-1-like element) was reduced by 70-80% in comparison with -

520 rBNP. In support with this concept, mutation of -114 AP-1-like element had no 

effect on the response to the acute volume overload generated by bilateral 
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nephrectomy (Marttila et al. 2001). The inability of AP-1 element to modify the 

stretch response in spite of increased binding activity may stem from the structural 

complexity of AP-1. Experiments with genetically engineered mice have shown 

that the lack of c-Jun increased (Windak et al. 2013) whereas the lack of JunD 

decreased the induction of BNP expression in response to pressure overload (Ricci 

et al. 2005). As both of these components of the AP-1 complex were present in the 

stretched cells (IV), it is possible that they oppose each other’s function. 

6.3.1 GATA-4 

The effect of mechanical stress on GATA DNA binding activity was investigated in 

Studies III and IV. In agreement with previous studies (Hasegawa et al. 1997, 

Herzig et al. 1997), pressure overload in vivo activated GATA-4 binding on the 

tandem GATA element of the proximal BNP promoter in the LV (III). Importantly, 

Study IV demonstrated for the first time that cyclic mechanical stretch per se is 

sufficient to activate GATA-4 binding on this element, which based on the 

mutational analysis appeared to be a critical mediator of stretch-induced BNP 

transcription. However, the role the tandem GATA element of BNP in mechanical 

stretch appears to differ from that in hemodynamic stress in vivo. In the bilateral 

nephrectomy model, this element was shown to be both necessary and sufficient 

for the activation of BNP transcription (Marttila et al. 2001), and its mutation 

completely abolished also the effect of Ang II induced pressure overload on -

534BNP (Majalahti et al. 2007). In contrast, in mechanical stretch, it accounted 

alone for only about 40% of the response in the context of -534BNP. The relatively 

higher significance of the tandem GATA element in hemodynamic overload vs. 

mechanical stretch is not clear, but may be due to the neurohumoral factors that are 

activated by hemodynamic stress in vivo. This hypothesis is supported by the 

observations that sequences proximal to -116 of rat BNP, where two GATA sites 

are located, contribute significantly to inducibility by serum and apparently 

mediate the full effects of the α-adrenergic agonist, PE (Thuerauf et al. 1994). 

The ability of GATA-4 to transactivate cardiac specific promoters is dependent 

on the presence and activity of additional cofactors such as Nkx-2.5, SRF, and 

MEF-2 (Pikkarainen et al. 2004). One key finding emerging from Study IV was 

that mutation of -387 Nke, which proved to be the true binding target for Nkx-2.5, 

in combination with a mutation of the tandem GATA sites almost completely 

abolished the stretch inducibility of BNP promoter while the former mutation alone 

had no effect. The synergistic activation of BNP promoter by physical interaction 
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of GATA-4 and Nkx-2.5 with each other has been described in HeLa cells after 

overexpression of both of these transcription factors (Durocher et al. 1997). The 

present results suggests that interaction of GATA-4 with Nkx-2.5, or related 

homeobox transcription factor, is targeted by stretch-induced signaling, therefore 

extending the same mechanism to postnatal cardiomyocytes and implicating this 

interaction in the mechanical stretch-induced hypertrophic response. Nonetheless, 

unlike the situation in HeLa cells where both GATA and Nkx elements were 

indispensable to achieve synergy (Durocher et al. 1997), in cardiac myocytes either 

element was sufficient for stretch-activated transcription in the context of -534BNP, 

though the tandem GATA element appeared to be more important. This suggests 

that GATA-4 and Nkx-2.5 are able to recruit each other to the BNP promoter either 

directly or indirectly via other cofactors that are more abundant in cardiac myocytes 

than in HeLa cells. Indeed, at least Nkx-2.5 and SRF have been shown to be able 

to recruit GATA-4 to cardiac gene promoters (Sepulveda et al. 2002). At present, it 

is not known whether GATA-4 has the ability to directly recruit Nkx-2.5, but for 

example MEF-2 modulates promoter activity via the GATA binding site (Morin et 
al. 2000). 

Interestingly, Kuwahara et al. (2010) have later identified a CArG box, a direct 

downstream target of SRF, at -193 of human BNP promoter that appears to be 

critical for the stretch response. Mutation of this SRE abolished the response of the 

BNP promoter to SRF cofactor myocardin-related transcription factor A (MRTF-A) 

overexpression and significantly reduced the response to mechanical stretch. This 

element is completely conserved in humans, rats, and mice. (Kuwahara et al. 2010). 

In addition, the M-CAT element, present at -102 of rat BNP 5’ FS has been shown 

to confer about 60% the stretch-activated BNP transcription. M-CAT is a target for 

TEF-1 and immunoprecipitation studies have revealed that mechanical stretch was 

able to induce MEF-2 binding to TEF-1. (Koivisto et al. 2011). Therefore, it is 

intriguing to speculate that SRF/MRTF-A and TEF-1/MEF-2 may all act in concert 

in the same complex with GATA-4 and Nkx-2.5 in the regulation of stretch-induced 

BNP transcription. 

To confirm the functional role of GATA-4 in stretch-induced hypertrophy, an 

adenovirus-mediated antisense strategy to specifically inhibit GATA-4 protein 

production was employed (IV). Previously, this approach has been shown to down 

regulate the basal transcription of ANP and BNP (Charron et al. 1999) as well as 

sarcomeric reorganization in response to hypertrophic agonists (PE and ET-1) in 

cultured NRVMs (Charron et al. 2001). Attenuating GATA-4 protein levels by 

adenovirus carrying GATA-4 antisense cDNA completely blocked the stretch-
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induced increase in BNP mRNA levels and inhibited sarcomere reorganization. 

Therefore, the role of GATA-4 in mechanical stretch-induced hypertrophy is not 

limited to transcriptional regulation but extends also to morphological hallmark of 

hypertrophy (Chien et al. 1991, Hill & Olson 2008). Considering that inhibition of 

GATA-4 protein production by antisense had more substantial effect on BNP than 

the inhibition of GATA-4 DNA binding by mutation, it is tempting to speculate that 

the reduction of GATA-4 protein was able to disrupt the interaction with its 

cofactors. It is noteworthy that despite the recent evidence for the importance of 

GATA-6 in cardiac hypertrophy (van Berlo et al. 2010, van Berlo et al. 2013a), and 

the possibility of some kind of functional redundancy between GATA-4 and GATA-

6 (van Berlo et al. 2013a, Zhao et al. 2008), endogenous GATA-6 was unable to 

substitute for the decrease in GATA-4 protein in stretch-induced hypertrophy. 

Collectively, these data suggest that activation of the BNP promoter by mechanical 

stretch involves the participation of several transcription factors, many of which 

are probably cooperating with GATA-4, but GATA-4 appears to be the central factor 

in the complex. 

Finally, unlike the effect of AVP-induced pressure overload (III), mechanical 

stretch transiently increased GATA-4 mRNA levels peaking at 4h, but no 

significant changes were seen in either cytosolic or nuclear GATA-4 protein levels 

(IV). However it is well known that GATA-4 activity is regulated by an array of 

posttranslational modifications (for reviews, see Suzuki 2011, Zhou et al. 2012). 

Kaikkonen (2014) have recently elucidated these mechanisms in stretch-induced 

hypertrophy by demonstrating that there was a rapid increase in GATA-4 

phosphorylation on Ser-105 evoked by cyclic mechanical stretch via ERK1/2 and 

p38, but not by JNK. In addition, the results suggested that mechanical stretch 

regulated GATA-4 by ubiquitination whereas the acetylation profile of GATA-4 

was not affected by mechanical stretch (Kaikkonen 2014). 

6.4 Peptide growth factors in cardiac hypertrophy 

6.4.1 FGF1 

FGF1 is the prototype of the 22-member FGF family of proteins and has been 

implicated both in normal development and in a range of neoplastic, metabolic and 

neurological diseases (Itoh & Ornitz 2011). Study II demonstrated that FGF1 

increased ANP gene expression in cultured NRVMs thus confirming the previous 
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results of Parker et al. (1990a, 1990b). In addition to the increase in ANP mRNA 

levels, they demonstrated that FGF1, similar to FGF2, increased total protein and 

expression of β-MHC whilst both FGF1 and FGF2 suppressed mRNA levels of 

SERCA and α-MHC (Parker et al. 1990a, Parker et al. 1990b). Based on these 

seminal findings, FGF1 was generally regarded as a novel hypertrophic agonist 

(Bogoyevitch et al. 1994). The new findings in Study II were that FGF1 stimulated 

also ANP secretion from NRVMs, whereas in atrial cell culture, it had no effect on 

either its secretion or mRNA levels. Moreover, the observations that staurosporine 

completely blocked the effect of FGF1, and the TPA induced ANP gene expression 

and secretion were not augmented by combining FGF1 with TPA were the first 

evidence for the involvement of the PKC pathway in FGF1 signal transduction in 

cardiac cells. Later, by determining the subcellular localization of individual PKC 

isoforms, it was confirmed that novel PKCs δ and ε, as well as an atypical PKC ζ 

were activated by FGF1 in cultured NRVMs (Disatnik et al. 1995). Nonetheless, 

the FGF1 induced ERK activation in cardiac cells appears to be independent of 

conventional and novel PKC subfamilies (Bogoyevitch et al. 1994) although c-Raf 

has been reported to be activated by FGF1 (Bogoyevitch et al. 1995). 

Even though FGF1 stimulated ANP synthesis and secretion in the present study, 

and is known to activate signal transduction pathways involved in cardiac 

hypertrophy (Bogoyevitch et al. 1994, Bogoyevitch et al. 1995, Disatnik et al. 
1995), the concept of FGF1 as a hypertrophic agonist requires some re-evaluation. 

First, in experimental models of cardiac pressure or volume overload, FGF1 mRNA 

levels remained unchanged or even declined (Calderone et al. 1995, Lako-Futo et 
al. 2003). Secondly, transgenic mice with cardiac specific overexpression of FGF1 

did not show any signs of cardiac hypertrophy, but instead had significantly higher 

density of coronary arteries associated with enhanced post-ischemic hemodynamic 

recovery (Fernandez et al. 2000). FGF1 knockout mice displayed no evident 

phenotype changes under standard laboratory conditions (Miller et al. 2000), but it 

seems that these animals have never been exposed to hemodynamic overload. Third, 

cell culture studies have revealed FGF1 to have some atypical features different 

from other known prohypertrophic agents. In contrast to its close relative FGF2 and 

most other hypertrophic agonists, which stimulate skαA actin gene expression, 

FGF1 inhibits this process (Parker et al. 1990a, Parker et al. 1990b). Furthermore, 

FGF1 induced cell cycle reentry and proliferative growth of both neonatal and adult 

cardiomyocytes, a phenomenon very rarely seen in response to any treatment. 

(Novoyatleva et al. 2014, Parker et al. 1990b). The proliferative effect of FGF1 can 

also significantly contribute to its stimulatory effect on total protein. Moreover, 
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despite the fact that the prohypertrophic function for FGF1 was proposed already 

more than twenty years ago, as far as is known, the effect of FGF1 on cell size and 

sarcomeric organization has never been published. Collectively, these data do not 

support a prohypertrophic role of FGF1. Instead, it appears that FGF1 can 

reprogram the cardiac myocytes ontogenetically back beyond the fetal gene 

program, and reinstate proliferation of terminally differentiated cells, which may 

have significant applications in regeneration and repair of the adult heart (Xin et al. 
2013). 

6.4.2 BMP-2 and BMP-4 

The effect of BMP-2 and BMP-4 on cardiac myocytes was investigated in Study V. 

These two proteins are derived from a single ancestral gene and share high 

structural homology within the ligand domain (McCauley & Bronner-Fraser 2004). 

Moreover, they have virtually identical receptor-binding specificities (Miyazono et 
al. 2010) and similar functions during multiple aspects of organogenesis (Goldman 

et al. 2009). In this context, it is not surprising that the effects of BMP-2 and BMP-

4 in NRVMs were essentially the same. Both growth factors stimulated BNP and 

ANP synthesis and secretion, increased GATA-4 gene expression and enhanced 

protein synthesis, suggesting that each of them has a role as a hypertrophic agonist. 

In support of this concept, it was recently shown that BMP-4 caused an increase in 

cell size, sarcomeric assembly and protein/DNA ratio, as well as an induction of 

ANP, BNP and β-MHC gene expression in cultured NRVMs (Sun et al. 2013a). 

Likewise, BMP-2 has been shown to significantly increase cell area, protein 

synthesis and the expression of BNP and JunB in a similar cell culture model (Izumi 

et al. 2001). Furthermore, the expressions of both BMP-2 and BMP-4 have been 

shown to be increased in the pathological pressure overload hypertrophy induced 

by TAC (Lu et al. 2014, Sun et al. 2013a). 

However, there are some discrepancies regarding the role of these two factors 

in hypertrophy. In the present study, only BMP-2 but not BMP-4, mRNA levels 

were increased by AVP- or Ang II-induced pressure overload. In the study of Lu et 
al. (2014), BMP-2 alone failed to increase protein synthesis, cell size or, with the 

exception of BNP, BMP-2 did not alter expression of genetic markers of 

hypertrophy in cultured NRVMs. In contrast, BMP-2 antagonized BMP-4-induced 

cardiomyocyte hypertrophy (Lu et al. 2014). Nevertheless, the small molecule 

BMP antagonist, DMH1, has been shown to inhibit the pressure overload induced 

hypertrophy as demonstrated by the decreased heart weight to body weight ratio, 
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LV weight to body weight ratio, myocyte cross section area, as well as ANP, BNP, 

β-MHC mRNA levels (Sun et al. 2013a). Similarly, another BMP antagonist, 

noggin, inhibited Ang II- or PE-induced expression of ANP and BNP in vitro in the 

present study. Although neither of these antagonists display selectivity between the 

BMP subtypes (Guo & Dong 2014), collectively these data strongly support the 

view that BMPs are at least contributing factors in development cardiomyocyte 

hypertrophy. More studies and the development of subtype specific BMP 

antagonists that presently are lacking, will be needed to clarify the precise role of 

BMP-2 and BMP-4 in this process. 

6.5 Paracrine control of stretch-activated hypertrophic response 

6.5.1 The role of ET-1 

In Study III, the mixed endothelin-1 ETA/ETB receptor antagonist bosentan 

completely inhibited the pressure overload-induced increase in GATA-4 binding to 

the tandem GATA sites of the proximal BNP promoter. Similarly, bosentan has been 

shown to completely inhibit LV wall-stretch-induced increase in GATA-4 binding 

in  isolated perfused rat hearts (Hautala et al. 2002) and to significantly attenuate 

the stretch-induced activation of GATA-4 in isolated rat atria (Kerkelä et al. 2011). 

In addition, exogenous administration of ET-1 stimulated GATA-4 binding onto the 

BNP promoter in cultured neonatal rat cardiac myocytes (III, Pikkarainen et al. 
2002), an effect that was completely abolished by bosentan (III). Further, cyclic 

mechanical stretch has been reported to activate ET-1 synthesis and secretion in 

cultured NRVMs (Liang & Gardner 1998, Pikkarainen et al. 2006), and the ETA 

receptor antagonist BQ-123 suppressed the stretch-induced human BNP gene 

transcription by approximately 60 to 85% (Anderson et al. 2004, Liang & Gardner 

1998). Together, these data suggest that the release of ET-1 by stretch could activate 

BNP transcription via GATA-4. However, mutation of the tandem GATA element 

was not able to inhibit transcriptional activation of BNP by exogenous 

administration of ET-1 in NRVMs (Pikkarainen et al. 2002, Pikkarainen et al. 2003). 

In addition, bosentan exerted no effect on the pressure overload-induced increase 

in LV BNP mRNA levels in AVP model (Magga et al. 1997a), These data indicate 

that while ET-1 release is obviously a contributing factor in mechanical stretch-

induced hypertrophy, it is not essential for induction of BNP gene by stretch, and 

the ET-1 dependent component of stretch is transduced on the BNP gene by some 
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mechanisms other than GATA-4. Indeed, ET-1 has been shown to activate rat BNP 

gene via the transcription factor Elk-1 binding on -498 EBS (Pikkarainen et al. 
2003). Moreover, ET-1 stimulated human BNP gene transcription has been reported 

to be mediated by YY1 binding to its cognate site positioned at -62 bp in association 

with histone deacetylase 2 (Glenn et al. 2009). 

6.5.2 The role of BMP-2 

In Study V, BMP-2 expression was increased in the LV in three different models 

of in vivo hemodynamic load, as well as in cultured NRVMs by mechanical stretch. 

The major finding was that mechanical stretch-induced expression of ANP and 

BNP genes expression was attenuated by the BMP antagonist, noggin, suggesting 

that BMPs act as paracrine factors in cardiac mechanotransduction. To be precise, 

the results do not directly implicate specifically an involvement of BMP-2, since 

noggin is able to inhibit also BMP-4, -5, -7, -13, and -14 (Krause et al. 2011). 

However, it is unlikely that BMP-4 would mediate the effect of stretch on 

natriuretic peptides, since BMP-4 gene expression remained unchanged or 

decreased in response to stretch (V). At present, it is unknown whether BMP-5, -7, 

-13 or -14 have any effect on ANP or BNP, and therefore their role cannot be 

excluded. There is support for the view that mechanical stretch regulates natriuretic 

peptides in a BMP-2 mediated manner i.e. previous results from other cell types 

including human bladder smooth muscle cells (Adam et al. 2004) and endothelial 

cells of aortic valve (Balachandran et al. 2010), have indicated that BMP-2 

expression is increased by stretch. 

Previous studies have shown that Ang II partially mediates the hypertrophic 

response to stretch (Harada et al. 1998, Liang & Gardner 1998, Sadoshima et al. 
1993, Saygili et al. 2007). Although the mechanism by which stretch induces BMP-

2 expression was not studied in the present study, it is tempting to speculate that 

BMP-2 may act in series with Ang II. In support of this concept, in human umbilical 

vein endothelial cells, Ang II stimulated BMP-2 expression, an effect that was 

attenuated by the AT1R antagonist irbesartan (Zhang et al. 2008), and further, 

noggin inhibited both stretch and Ang II induced natriuretic peptide expression. 

Thus, stretch-induced Ang II release may trigger the generation of BMP-2. Another 

issue worthy of speculation is the possible involvement of BMP-2 in the control of 

the GATA-4-Nkx-2.5 interaction described in Study IV. Previously, the GATA-

4/Nkx-2.5 interaction has been shown to be targeted by BMP-2 and -4 signaling 

during cardiac differentiation (Monzen et al. 2002, Schultheiss et al. 1997). 
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Although BMP-2 alone did not stimulate reporter construct driven by -520 FS’ of 

rat BNP promoter (V), it may still act as a permissive factor promoting the 

functional and physical interaction between Nkx-2.5 and GATA-4 in stretched 

cardiomyocytes, and in this way it could participate in the regulation of BNP 

transcription. These hypotheses represent a logical target for future studies. 

6.6 General considerations and perspectives 

The connection between increased hemodynamic load and cardiac hypertrophy is 

well established. By revealing that mechanical stretch per se is sufficient to induce 

a hypertrophic response in cardiac myocytes, the results of this study emphasize 

the importance of normalization of the mechanical burden imposed on the 

overloaded heart. In support of this concept, blood pressure–lowering therapy has 

been shown to reduce LV mass in hypertension, the main cause of LVH. However, 

there are some differences between the individual drug classes. For example, β-

receptor blockers achieve less regression of LV mass, whereas angiotensin receptor 

blockers appear to induce greater regression than diuretics, calcium channel 

blockers, and ACE inhibitors (Fagard et al. 2009). Nonetheless, as some patients 

are refractory to the beneficial effects of these drugs (Calhoun et al. 2008), 

additional agents are needed. 

By demonstrating that GATA-4 and BMP-2 are involved in mechanical stretch-

induced hypertrophic response, the results of the current studies may prove useful 

for the future development of novel therapies, especially for those patients with 

resistant hypertension. In this regard, GATA-4 would be a more attractive target for 

further studies. It could be predicted that the multiple interactions of GATA-4 with 

other cofactors would allow the development of a more targeted therapy than could 

be possible with BMP-2, which though it acts through transmembrane receptors 

that are easier to access, these are expressed in multiple tissues. However, several 

reservations need to be taken into consideration. The primary model genes in the 

present study, ANP and BNP, both serve as adaptive factors by reducing cardiac 

load during hypertrophic process. Further studies will be needed to clarify more 

comprehensively whether the maladaptive aspects of the hypertrophic response are 

mediated via BMP-2 and/or GATA-4. Further, the significance of the interactions 

between GATA-4 and other factors, such as Nkx-2.5, as well as the functional role 

of BMP-2 in vivo are still largely unknown. Generally, transcription factors have 

been considered as poor targets for pharmacological manipulation because 

molecules that act in this way have to specifically disrupt protein–nucleic acid or 
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protein–protein interactions, rather than simply binding into the active pocket of an 

enzyme or receptor. The advances in this field have been made mainly in anticancer 

therapy, but these may well have paved the way for novel cardiovascular drugs. 

Importantly, some promising results have been obtained in the development of 

small molecules, small peptides, and peptidomimetics that disrupt protein–protein 

interactions between transcription factors and their cofactors. (For review, see 

Fontaine et al. 2015). 

Finally, it should be emphasized that in conjunction with costly and time 

consuming efforts to translate the knowledge obtained from latest basic research 

into novel pharmacological therapies, the current understanding and guidelines 

should not be neglected. In Finland, there are about one two million adult 

individuals with hypertension (Jula et al. 2014), but only about 70% of them are 

aware that they have elevated blood pressure. Further, only about every second 

patient who is aware of their hypertensive status is actually being treated with 

antihypertensive drugs, and finally only 37% of the drug-treated patients have 

normal blood pressure. (Kastarinen et al. 2009). Therefore, at present the solution 

to better prevention and treatment of cardiac hypertrophy is more effective health 

education together with enhanced utilization of the therapies that already are 

available while continuing the search for improved treatment modalities. 
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7 Summary and conclusions 

The aim of the present study was to evaluate the involvement and mechanisms of 

mechanical stress and peptide growth factors in hypertrophic response of cardiac 

myocytes by utilizing ANP and BNP as model genes. The most important results 

are summarized in Fig. 15. 

1. To examine whether mechanical stretch directly stimulated a hypertrophic 

response in cardiac cells, two different in vitro models of cultured neonatal rat 

cardiomyocytes were used. Hypo-osmotic swelling -induced stretch increased 

ANP mRNA levels in atrial cells. Cyclic mechanical stretch of ventricular cells 

grown on flexible membranes stimulated not only ANP and BNP gene 

expression and secretion but also enhanced sarcomere reorganization, a 

morphological hallmark of hypertrophy. These data indicate that mechanical 

stretch per se without concomitant neurohormonal control is sufficient to 

activate the hypertrophic program in cardiac myocytes, and furthermore that 

the natriuretic peptides are suitable targets with which to elucidate the 

molecular mechanism of stretch-induced hypertrophy. 

2. An in vivo pressure overload model of intravenous administration of AVP in 

conscious normotensive rats and an in vitro cyclic mechanical stretch model of 

cultured ventricular myocytes were used to examine the activation of 

transcription factors in cardiac myocytes by mechanical stress. The binding 

activity of GATA-4 transcription factor at its target motifs in BNP promoter 

was rapidly increased by pressure overload in the left ventricles. Similarly, 

mechanical stretch increased binding activity of GATA-4 but also that of AP-1 

in cultured cardiomyocytes, suggesting that these factors exert functional roles 

in stretch-induced hypertrophy. Pharmacological inhibition of ETA/B but not of 

the AT1 receptor completely inhibited the pressure overload-induced increase 

in left ventricular GATA-4 binding activity, indicating that at least in vivo, the 

action of ET-1 is required for increased GATA-4 binding activity. 

3. The functional role of stretch-activated transcription factors was studied in a 

cell culture model. In transfection experiments, the inducibility of BNP 

transcription by stretch was mapped primarily to the proximal 520 bp of the 

promoter thereby providing a sensitive tool to study the role of AP-1 and 

GATA-4. Mutational studies showed that the tandem GATA consensus sites of 

the proximal promoter, in combination with an Nkx-2.5 binding element were 

critical for stretch-activated BNP transcription. Instead, mutation of the AP-1 



 116

binding element alone or in combination with the tandem GATA sites had no 

effect on stretch inducibility. In addition, inhibition of GATA-4 protein 

production by adenovirus-mediated transfer of GATA-4 antisense cDNA 

significantly inhibited the stretch-activated sarcomeric reorganization and BNP 

mRNA levels. These findings indicate collectively that GATA-4, most likely in 

cooperation with a factor binding to the Nkx-2.5 binding element, is crucial for 

the mechanical stretch-induced hypertrophy. 

4. The effect and mechanism of action of FGF1 on ANP gene expression and 

secretion were studied in cultured neonatal rat cardiomyocytes. FGF1 caused 

a dose- and time-dependent increase in ANP secretion from ventricular but not 

from atrial myocytes, and stimulated ANP gene expression in ventricular cells. 

A PKC inhibitor, staurosporine, completely blocked the effect of FGF1 on ANP. 

TPA, an activator of PKC alone significantly stimulated ANP gene expression 

and secretion but these effects were not augmented by combining FGF1 with 

TPA. Together, these data suggest that PKC has an important role in mediating 

FGF1-induced ANP gene expression and secretion. 

5. The role of BMP-2 and BMP-4 in mechanical stretch-activated cardiac 

adaptation was studied in a cyclic mechanical stretch model of cultured 

ventricular myocytes in vitro and in three in vivo models of cardiac overload; 

acute pressure overload induced by intravenous administration of AVP, chronic 

pressure overload induced by subcutaneous Ang II infusion and post-infarction 

remodeling after ligation of LAD. In all the experimental systems in vivo 

cardiac overload and in vitro mechanical stretch activated the expression of 

BMP-2, while expression of BMP-4 was temporarily attenuated by stretch. 

BMP-2 and BMP-4 alone stimulated ANP and BNP expression and protein 

synthesis, and activated transcription factor GATA-4 in a manner reminiscent 

of the effects of mechanical stretch of cultured cardiac myocytes. Importantly, 

the BMP antagonist, noggin, inhibited the induction of BNP and ANP 

expression induced by either stretch or administration of hypertrophic agonists. 

Collectively these data provide evidence that BMP-2 seems to be a new 

autocrine/paracrine factor that regulates cardiomyocyte mechanotransduction 

and the adaptation of cardiomyocytes to increased mechanical stretch. 
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Fig. 15. Summary of the main results of this work. 
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