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Abstract

Cardiac hypertrophy is an adaptive response to increased cardiac workload. It is initially
beneficial, since it helps to maintain cardiac output, but ultimately it is considered as an
independent predictor for heart failure and sudden cardiac death. The cardiac hypertrophic
response is triggered by mechanical and neurohumoral stimuli and is associated with the activation
of complex changes in gene programming and intracellular signaling pathways. The purpose of
this study was to investigate the expression of some novel load-induced factors i.e. melusin,
thrombospondin (TSP)-1 and -4 and LIM and cysteine-rich domains protein 1 (LMCD1)/dyxin
during the hypertrophic response.

Melusin was expressed in cardiac tissue both in the atria and ventricles, furthermore its
expression was very rapidly activated in response to multiple hypertrophic stimuli predominantly
in the left atria. Melusin gene expression was activated when cultured cardiac myocytes were
subjected to mechanical stretch or hypertrophic agonists such as endothelin-1 or angiotensin (Ang
II). TSP-1 and TSP-4 gene expressions were rapidly activated at an early stage of pressure
overload. Myocardial infarction (MI) induced the expression of both TSP-4 and TSP-1 mRNA in
the heart. TSP-4 may also be an endothelial cell-specific marker of pressure overload since its
expression was limited to endothelial cells in the adult heart. The expression of LMCD1/dyxin was
found to be induced during the cardiac hypertrophic response and after MI. By itself, mechanical
load was a critical regulator of LMCD1/dyxin gene expression. LMCD1/dyxin is a putative novel
p38 mitogen-activated protein kinase (MAPK) target since adenovirus-mediated overexpression
of p38 MAPK upregulated LMCD1/dyxin expression. In addition, during the Ang II-induced
pressure overload p38 MAPK phosphorylation levels correlated with the early induction of
LMCD1/dyxin expression.

In conclusion, this study provides new information on the expression of melusin, TSP-1 and -
4 and LMCD1/dyxin in the cardiac hypertrophic response. Early induction of their gene
expression may represent an initial step in the adaptive and protective remodeling processes
following increased workload in the heart.

Keywords: cardiac load, hypertrophy, LMCD1/dyxin, melusin, thrombospondin
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Tiivistelmä

Sydänlihas mukautuu lisääntyneeseen kuormitukseen lihassolujen koon kasvun eli hypertrofian
avulla. Pitkittyessään hypertrofinen kasvu on kuitenkin tärkeä sydämen vajaatoimintaa ja äkki-
kuolemaa ennakoiva riskitekijä. Hypertrofisessa vasteessa mekaaninen venytys sekä neurohu-
moraaliset tekijät saavat aikaan solunsisäisten signaalinvälitysreittien aktivoitumisen, mikä joh-
taa lisääntyneeseen geenien luentaan ja proteiinituotantoon. Väitöskirjassa tutkittiin uusien kuor-
mitusaktivoituvien tekijöiden, melusiinin, trombospondiini (TSP) -1:n ja -4:n sekä dyksiinin
ilmentymistä hypertrofisen vasteen aikana.

Melusiinia ilmentyy sydämessä sekä kammioissa että eteisissä, mutta painekuormituksen
myötä se aktivoituu nopeasti pääasiassa vasemmassa eteisessä. Sydänlihassolujen soluviljely-
mallissa melusiinin luenta lisääntyy suoraan mekaanisen venytyksen ja hypertrofisten agonis-
tien vaikutuksesta. Painekuormitus aktivoi nopeasti myös TSP-1:n ja -4:n luentaa sydämessä.
TSP-1:n ja -4:n geeniluenta lisääntyy myös kokeellisessa sydäninfarktimallissa. Lisäksi sydä-
messä TSP-4:ää havaittiin olevan ensisijaisesti endoteelisoluissa. Dyksiinin ilmentyminen
lisääntyi sekä painekuormituksen että sydäninfarktin aiheuttaman sydänlihaksen uudelleenmuo-
vautumisen aikana. Mekaaninen kuormitus riitti jo yksinään aktivoimaan dyksiinin geeniluentaa
sydämessä. Lisäksi mitogeeni-aktivoituvan p38-proteiinikinaasin havaittiin säätelevän dyksiinin
ilmentämistä.

Väitöskirjatyössä saatiin uutta tietoa sydänlihaksen kuormituksen aikaisista muutoksista gee-
nien luennassa sydänlihaksessa. Työssä osoitettiin, että painekuormitus aktivoi sydämessä aiem-
min vähän tutkittujen geenien, melusiinin, TSP-1:n ja -4:n sekä dyksiinin, ilmentymistä. Näiden
tekijöiden aktivoituminen hypertrofisen vasteen alkuvaiheessa antaa viitettä siitä, että tekijät
osallistuvat kuormittuneen sydänlihaskudoksen uudelleenmuovautumiseen. Melusiini voi toi-
mia erityisesti eteiskudosta kuormitukselta suojaavissa mekanismeissa, kun taas TSP-4 osoittau-
tui aktivoituvan painekuormituksessa nimenomaan endoteelisoluissa.

Asiasanat: dyksiini, hypertrofia, melusiini, sydämen kuormitus, trombospondiini
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1 Introduction 

Hypertrophic growth of the heart is a response to an increased workload for the 

heart. Initially it can be considered as a compensatory adaptive mechanism 

attempting to maintain cardiac output, but as an adaptation to pathological 

processes such as hypertension or ischemic heart disease it often becomes 

maladaptive. Left ventricular hypertrophy (LVH) has been proven to be an 

independent risk factor for cardiac arrhythmias and sudden death as well as 

dilated cardiomyopathies and heart failure (van Berlo et al. 2013a). 

Independently, heart failure is a major cause of mortality. In 2011, every ninth 

death certificate in the United States mentioned heart failure (Mozaffarian et al. 
2015). 

The cellular and structural alterations occurring in cardiac cells and the 

surrounding extracellular matrix (ECM) during hypertrophy and cardiac 

remodeling result from changes in gene expression and protein synthesis. The 

alterations in the gene expression levels occur when cardiac cells sense the 

changes in their environment and transduce the information via a complex 

network of signal transduction pathways into the cell nucleus, where the 

processing of the genomic information takes place. The overloaded heart respond 

sensitively not only to direct mechanical stimuli but also to a variety of systemic 

neurohumoral factors and local paracrine and autocrine factors. The genetic 

response to altered load of the heart occurs rapidly, and is characterized by the 

activation of immediate early response genes and the reactivation of a fetal gene 

program including atrial natriuretic peptide (ANP) and B-type natriuretic peptide 

(BNP) (Izumo et al. 1988, Magga et al. 1994, Ruskoaho et al. 1989). Despite the 

wealth of knowledge about the cellular changes during the cardiac response to 

increased workload and the identification of several novel genes involved in 

cardiac hypertrophy and heart failure, the current diagnostic methods and 

treatments preventing the further deterioration of a failing heart are limited. 

The aim of the present study was to investigate the expression of several 

novel factors, i.e. melusin, thrombospondin (TSP)-1 and -4 as well as LIM and 

cysteine-rich domains protein 1 (LMCD1)/dyxin as a response to cardiac load. 

Their mRNA and protein expression levels were studied in experimental in vivo 

models of pressure overload and myocardial infarction (MI) and also with in vitro 

models of direct mechanical load and hypertrophic agonist-induced hypertrophic 

growth in cardiomyocytes.  
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2 Review of the literature 

2.1 Heart failure 

Heart failure is a syndrome in which the heart is unable to supply the 

metabolizing tissues with an adequate blood circulation and oxygen due to 

abnormalities in cardiac structure and function. The prevalence of heart failure in 

the adult population is approximately 1–2%, but it increases with age, such that it 

affects about one in every ten individuals aged 70 years or older. The diagnosis of 

heart failure can be problematic, because many of the symptoms associated with 

heart failure are non-specific, including shortness of breath, salt and fluid 

retention and fatigue. The diagnosis of heart failure would be improved by the 

development of objective, reliable indicators of the structural or functional 

cardiac abnormalities that lie behind the patient's symptoms. Heart failure can be 

caused by several cardiac problems; most typically prolonged hypertension or 

coronary artery disease with myocardial ischemia or infarction. There are also 

other causes of heart failure e.g. different genetic or non-genetic 

cardiomyopathies or valvular diseases such as aortic valve stenosis (McMurray et 
al. 2012). Unfortunately, the prognosis of heart failure is still dismal; after 

diagnosis, the estimated survival rates are 50% at 5 and and only 10% at 10 years 

(Roger 2013). 

The pathophysiologies underlying the conditions that lead to heart failure 

after sustained pressure overload, MI or ischemia/reperfusion (I/R) injury are 

multifactorial. A wide range of changes have been described including ventricular 

remodeling, increased or inadequate proliferation of the ECM, accelerated 

apoptosis, excessive neurohumoral stimulation and abnormal myocyte calcium 

cycling (Braunwald 2013a). Futhermore, many common intracellular pathways 

are activated in attempts to sustain the cardiomyocyte function and survival.  

Heart failure is commonly divided into systolic and diastolic dysfunction on 

the basis of the ejection fraction. In systolic heart failure, the ejection fraction of 

the heart is impaired as the contraction of the heart during systole and emptying 

of the left ventricle is reduced. The left ventricle is often dilated and the heart 

ejects a smaller fraction of the enlarged volume. In diastolic heart failure, the 

ejection fraction is preserved, but the relaxation and elasticity of the left ventricle 

are impaired. These patients do not usually exhibit a dilated heart and many show 

signs of LVH. (McMurray et al. 2012). 
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The diagnosis and treatment of heart failure would benefit from the discovery 

of biomarkers that would be specific to the pathological processes operating in 

heart failure. Good biomarkers not only would aid in the diagnostics of heart 

failure, but could also help to identify individuals at risk of suffering heart failure. 

They can also give information on the pathogenesis of heart failure and provide 

an estimate of the disease prognosis, thus guiding treatment plans. (for a review, 

see (Braunwald 2008)). The currently available biomarkers in heart failure are 

directed to different pathological processes that are shown in Fig. 1. Some of the 

commonly used biomarkers tested in the diagnostics of heart failure are 

natriuretic peptides as the markers of myocyte stretch, troponins as the markers 

for myocyte injury and C-reactive peptide for inflammation (CRP). 

Fig. 1. Profile of biomarkers used to characterize the pathogenetic mechanisms 

contributing to heart failure. Modified from Braunwald 2013. 

2.2 Cardiac remodeling 

Remodeling of a tissue structure involves alterations and rearrangements of 

existing structures and tissue geometry. For example, when a biomechanical load 

is imposed on the heart in different human pathological conditions such as long-

standing hypertension or chronic aortic stenosis, it triggers an initial adaptive 
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remodeling of the left ventricle, leading to hypertrophic growth, which is needed 

to match the need for more contractile power. In the case of prolonged or 

abnormal overload, this remodeling process in the cardiac muscle becomes 

maladaptive and pathological, often leading to altered physiological function and 

heart failure. This maladaptive transitive remodeling is often accompanied by 

cardiomyocyte apoptosis, increased fibrosis and reduced capillary density (for 

reviews, see Frey & Olson 2003, Lorell & Carabello 2000).  

Maladaptive remodeling can also be seen after MI. After the occlusion of a 

coronary artery, the resulting ischemic injury evokes partial damage of functional 

myocardium that is gradually repaired by noncontractile scar tissue. This leads to 

altered loading conditions in the non-infarcted myocardium and tissue 

remodeling, in an attempt to restore adequate pumping function, resulting in 

myocyte hypertrophy and increased fibrosis. During infarction, the death of 

cardiomyocytes and the degradation of the cardiac ECM represent signals that 

trigger an inflammatory response. This inflammatory reaction is characterized by 

the infiltration of leukocytes into the infarcted cardiac tissue; this process is 

critically involved in both repair and adverse remodeling of the infarcted and non-

infarcted myocardium. At first, this inflammatory response is beneficial as it will 

remove dead cells and ECM debris and repair the damaged tissues, leading to scar 

formation in order to preserve the structural integrity of the chamber. The repair 

phase is also associated with timely repression of this pro-inflammatory signaling, 

because a prolonged or spatially extended inflammatory reaction is maladaptive, 

extending the damage and worsening further the dysfunction in the infarcted heart 

(for a review, see Frangogiannis 2014). There is also convincing evidence that 

inflammatory and anti-inflammatory responses to various stress signals have an 

important role in the development of hypertension as well as in the propagation of 

chronic heart failure (Fildes et al. 2009, Harrison et al. 2011). 

2.3 Cardiac hypertrophic response 

The majority of the adult cardiac myocytes are not capable of cell cycle re-entry 

when exposed to growth signals and the predominant form of growth occurs via 

an increase in cell size, not number. Cardiac myocytes respond to mechanical and 

neurohumoral stimuli by undergoing cardiac hypertrophy, a process characterized 

by an increase in the heart mass and the size of the cardiomyocytes. Physiological 

cardiac hypertrophy is reversible and a normal response of the heart during 

maturation, pregnancy and exercise, but it is different from pathological 
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hypertrophy. Pathological cardiac hypertrophy is a response to pathological stress 

signals and an adaptive compensatory mechanism; it is an attempt by the tissue to 

try to cope with the biomechanical stress and still preserve the heart’s pumping 

function. Should this response be prolonged, it often becomes maladaptive and is 

associated with impaired vascularization of the myocardium and unfavorable 

changes in ECM composition, leading to fibrosis. A maladaptive hypertrophic 

response is also accompanied by changes in calcium handling, metabolism and 

gene expression, as well as cell death (apoptosis and autophagy). Thus, 

pathological hypertrophy often leads to ventricular dilation and heart failure 

(Fig.2). Local release of growth factors such as transforming growth factor-β1 

(TGF-β1), or neurohormonal factors such as angiotensin II (Ang II) and 

endothelin-1 (ET-1) also modify the hypertrophic response. In fact, cardiac 

hypertrophy is an independent risk factor for arrhythmia, MI and sudden death, 

increasing the risk of a major cardiovascular event by between two-fold to five-

fold. (Bernardo et al. 2010, Levy et al. 1990). 

Cardiac hypertrophy is subdivided into concentric and eccentric hypertrophy. 

In concentric hypertrophy, there is an increase in cardiac mass and relative wall 

thickness, with a small reduction or no change in chamber volume. Concentric 

hypertrophy is characterized by an increase in the myocyte width caused by 

parallel addition of sarcomeres. In eccentric hypertrophy, the cardiac mass is 

increased with an increased chamber volume and thinning of the ventricular 

walls. Eccentric hypertrophy is characterized by the addition of sarcomeres in 

series and an increase in the myocyte length. In cardiac pathology, pressure 

overload, e.g. caused by hypertension, leads to increased systolic wall stress that 

results in a concentric hypertrophic response, whereas volume overload, e.g. 

caused by aortic regurgitation, results in an eccentric hypertrophic response (for a 

review, see Hill & Olson 2008). 



25 

Fig. 2. Remodeling of cardiac tissue when it is exposed to physiological and 

pathological stimuli and progression to heart failure. Cross-sectional view; LV, left 

ventricle; RV, right ventricle. Modified from Heineke & Molkentin 2006, Maillet et al. 

2013. 

2.3.1 Paracrine and neurohumoral factors 

Hemodynamic overload and mechanical stretch stimulate also the expression of 

several circulating or paracrine hormones, neurotransmitters, vasoactive peptides 

and peptide growth factors in the heart. Many of these factors are also capable of 

initiating and maintaining the hypertrophic process in the heart both in vivo and in 
vitro. The best studied of these factors are the renin–angiotensin system (RAS) 

and its effector Ang II, ET-1, adrenergic agonists (the two catecholamines, 

epinephrine and norepinephrine (NE)), fibroblast growth factors (FGFs), insulin-

like growth factor 1 (IGF-1) and cardiotrophin-1 (CT-1) (Lips et al. 2003). 

During the hypertrophic process, mechanical stretch also induces the 

cardiomyocytes to produce and release two natriuretic peptides, ANP and BNP, 

which are hormones that exert compensatory effects during hypertrophy. In vivo, 
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ANP and BNP seem to induce diuresis and natriuresis as well as decrease cardiac 

output and reduce vascular resistance, thus lowering blood pressure (for a review, 

see Kerkelä et al. 2015). 

Angiotensin II 

Ang II mediates the most important biological actions of the RAS, which can be 

viewed as a hormonal system regulating fluid homeostasis and blood pressure. 

When blood flow in the kidneys is reduced, the juxtaglomerular cells produce a 

protease, renin, and release it into the circulation. The liver produces and releases 

angiotensinogen, which is cleaved by renin into Ang I. Subsequently, Ang I is 

converted to the biologically active Ang II by angiotensin converting enzyme 

(ACE), which is mainly synthezised in the lungs. ACE 2 is an enzyme that can 

cleave one amino acid from Ang I or Ang II turning them into Ang 1-7, which 

possesses vasodilator properties. The balance between ACE and ACE 2 is a factor 

controlling Ang II levels in the heart. Ang II is a vasoactive peptide that causes 

vasoconstriction and elevates blood pressure as well as increases the release of 

aldosterone. Ang II exerts its effects by binding to Ang II type 1 receptors (AT1-R) 

and Ang II type II receptors (AT2-R). Both types of Ang II receptors are expressed 

in the heart. The AT1-R mediates the vasoconstrictive and cell proliferation 

effects of Ang II, whereas the AT2-R often antagonizes the effects of the AT1-R. 

(Mehta & Griendling 2007, Schmieder et al. 2007). 

There is also evidence for the existence of a local RAS in the heart which can 

evoke direct autocrine and paracrine tissue level effects on cardiac remodeling, as 

Ang II directly has a hypertrophic effect on cultured cardiomyocytes (Paul et al. 
2006, Reudelhuber et al. 2007). These effects are believed to be mediated by AT1-

Rs. Experiments conducted in rats have revealed that AT1-R antagonists can 

prevent the cardiac hypertrophic process induced by Ang II (Kim et al. 1995). 

When Ang II binds to the AT1-R, it exerts its effects by activating several 

intracellular pathways such as G protein-mediated pathways, several tyrosine 

kinase pathways, serine/threonine kinase pathways such as protein kinase C 

(PKC) and mitogen-activated protein kinases (MAPKs) or activating 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidases and by 

generating reactive oxygen species (ROS) (Mehta & Griendling 2007). Several of 

these pathways lead to prohypertrophic effects in the heart, whereas the activation 

of AT2-R induces anti-hypertrophic effects (Lemarie & Schiffrin 2010). AT2-R -
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induced intracellular signaling involves the inhibition of MAPKs, especially 

extracellular signal-regulated kinases (ERK) 1 and 2 (Padia & Carey 2013). 

Endothelin-1 

ET-1 is a vasoactive peptide that is produced by endothelial cells in all parts of 

the vasculature, but also by some non-endothelial cells such as cardiac fibroblasts 

and cardiomyocytes (Fujisaki et al. 1995, Suzuki et al. 1993). ET-1 is a potent 

vasoconstrictor but it also functions as a growth factor for cardiomyocytes and 

other cell types (Battistini et al. 1993). The synthesis of ET-1 is induced by 

several other vasoactive factors, such as Ang II, epinephrine, TGF-β and 

interleukin-1 (IL-1) (Giannessi et al. 2001). ET-1 binds to two subtypes of G-

protein coupled receptors (GPCRs), endothelin receptor A (ETA) and endothelin 

receptor B (ETB) in cardiomyocytes, although the ETA is the predominant isoform 

(Allen et al. 2003). In cultured cardiomyocytes, ET-1 induces the prohypertrophic 

response associated with increased protein synthesis and cell size growth and the 

reactivation of the fetal gene expression program (Ito et al. 1991). This 

hypertrophic response seems to be mediated via ETA receptors (Ito et al. 1994). 

ET-1 has been shown to transmit its signal by activating different intracellular 

pathways such as serine/threonine kinase pathways MAPKs and PKC 

(Bogoyevitch et al. 1993, Yamazaki et al. 1996). 

2.3.2 Intracellular signaling pathways 

Hypertrophic stimuli, such as mechanical stretching or exposure to vasoactive 

peptides, hormones and neurotransmitters, induce hypertrophic responses by 

activation of multiple separate or parallel intracellular signaling pathways. These 

pathways include protein kinases such as MAPKs and PKC, Janus kinase/signal 

transducer and activator of transcription (JAK/STAT), integrin signaling, ROS, 

and calcium signaling involving calcineurin and calmodulin-dependent kinase II. 

(Aikawa et al. 2001, Aikawa et al. 2002, Liu et al. 2008, van Berlo et al. 2013). 

Often the activation of these signaling cascades leads to phosphorylation or 

dephosphorylation of transcription factors and altered gene expression. 



28 

Mitogen-activated protein kinases 

MAPKs are serine/threonine kinases and MAPK pathways are an important signal 

transduction system involved in cell growth and differentiation, proliferation and 

apoptosis in all eukaryotic cells. In cardiomyocytes, MAPK signaling cascades 

are normally initiated by small G proteins such as Ras or Raf and usually 

constitute the triple kinase pathways that amplify the signal via successive 

phosphorylations. These pathways include a MAPK kinase kinase (MAPKKK), a 

MAPK kinase (MAPKK) and a terminal MAPK. Conventional MAPK cascades 

are subdivided into three main families based on sequence homology and the 

mode of activation; ERK1/2, p38 kinases and c-jun N-terminal kinases (JNKs). In 

addition, there are atypical MAPKs in these cascades including ERK5 and its 

upstream activator MAPK of ERK kinase (MEK) 5, as well as ERK3/4. All of 

MAPK subfamilies have their distinct upstream activators. Nearly all of the 

upstream and downstream mediators of MAPK signaling have been shown to be 

activated in end-stage human heart failure and also in vivo models of the 

pathological hypertrophic process. (Raman et al. 2007, Rose et al. 2010). When 

the kinase function of MAPKs is activated, they act on a variety of substrates, 

such as transcription factors (e.g. nuclear factor of activated T cells (NFAT) and 

activator protein-1 (AP-1)) and other protein kinases (e.g. ribosomal S6 kinases 

(RSKs) and MAPK-activated kinase (MK)-2, -3 and -5) that regulate many 

aspects of cell physiology (Kyriakis & Avruch 2012). It has been postulated that 

the development of pathological cardiac hypertrophy after pressure overload in 

the heart is associated with simultaneous activation of the ERK, JNK and p38 

MAPK pathways, where ERK activation promotes the growth of the 

cardiomyocytes, p38 MAPK activation promotes cardiac fibrosis, and the 

activation of all MAPK pathways is responsible for the reduced diastolic 

compliance (Muslin 2008). 

In cardiomyocytes, the ERK pathway is activated by a variety of hypertrophic 

stimuli. The activation of ERK pathways is generally specialized for mitogenic 

and growth factor transduction events associated with cell growth and survival. 

ERK1/2 are activated by MAPKKs MEK1/2 (Rose et al. 2010). ERK activation 

seems to play a significant role in promoting cardiac hypertrophy, as 

overexpression of an activated form of MEK1 has been shown to lead to 

concentric cardiac hypertrophy in transgenic mice (Bueno et al. 2000). Moreover, 

inhibition of ERK1/2 in the heart seems to enhance the eccentric growth of the 
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cardiomyocytes in response to hypertrophic stimuli, promoting cardiac dilation 

(Kehat et al. 2011). 

There are four different genes encoding p38 MAPKs; p38α, p38β, p38γ and 

p38δ, all differentially activated by environmental stresses and inflammatory 

cytokines. The activation of the p38 cascade has been thought to serve as a stress 

or injury response. (Kyriakis & Avruch 2012). In the adult heart, p38α is the 

major protein isoform (Chen et al. 2001). The main MAPKKs of the p38 cascade 

are MAPK kinase 3 (MKK3) and MKK6 (Zarubin & Han 2005). In cultured 

myocytes, MKK3 and MKK6 overexpressions have been shown to induce 

hypertrophic growth (Wang et al. 1998a). However, in transgenic mice with 

cardiac-specific overexpression of the constitutively active MKK3 (MKK3bE) 

and MKK6 (MKK6bE), activation of p38 did not seem to promote hypertrophic 

growth, even although induction of the hypertrophic gene expression program and 

increased fibrosis could be observed (Liao et al. 2001). The cardiac specific 

knock-out of p38α seemed to worsen the cardiac function, and these mice 

developed cardiac hypertrophy, with massive fibrosis after pressure overload 

stimulation (Nishida et al. 2004). 

The JNKs are encoded by three genes; Jnk1, Jnk2 and Jnk3, and through 

alternative splicing, the main protein isoforms expressed in the heart are JNK1 

and JNK2. JNKs can be activated by mitogens, mechanical stress and other 

environmental stress, vasoactive peptides and cytokines. The main upstream 

activators of the JNK cascade are MKK4 and MKK7 (Kyriakis & Avruch 2012, 

Wang et al. 2007). The role of JNK in cardiac hypertrophy is somewhat 

controversial. The JNK cascade was activated after pressure overload in mice 

with aortic constriction (Esposito et al. 2001) and JNK activation led to a 

hypertrophic phenotype in cultured myocytes (Wang et al. 1998b). Transgenic 

mice with a cardiac specific knock-out of JNK1/2 displayed an increased 

hypertrophic response to pressure overload stimulation (Liang et al. 2003). 

However, transgenic mice with cardiac deletion of MKK7 were more prone to 

cardiomyocyte apoptosis, fibrosis and heart failure with pressure overload 

stimulation, pointing to a pro-survival role for the JNK pathway (Liu et al. 2011). 

2.3.3 Oxidative stress 

An imbalance between the production of ROS and the heart’s ability to detoxify 

these radicals via its antioxidant defense, leads to a condition called oxidative 

stress (Nordberg & Arner 2001). Pathological cardiac hypertrophy and heart 
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failure have been associated with increased production of ROS (Murdoch et al. 
2006). There are several main sources of ROS in the heart i.e. NADPH oxidase, 

the mitochondrial respiratory chain and endothelial nitric oxide synthase (eNOS). 

It has also been shown that different hypertrophic stimuli such as biomechanical 

stretch, Ang II, ET-1 and catecholamines can all induce the production of ROS in 

cardiomyocytes (Laskowski et al. 2006, Liu et al. 2004). Elevated ROS levels 

have been shown to be a contributing factor to cardiac hypertrophy, 

cardiomyocyte apoptosis and fibrosis and adverse cardiac remodeling (Dai et al. 
2011, Huynh et al. 2014, Kubli & Gustafsson 2012). 

2.3.4 Angiogenesis 

The ability to retain an adequate vasculature to guarantee the oxygen and nutrient 

supply of the cardiac tissue is a critical component in the cardiac remodeling 

process. Impaired angiogenesis and thus reduced myocardial capillary density 

during cardiac remodeling are part of the transition to contractile dysfunction and 

heart failure. (Karch et al. 2005, Shiojima et al. 2005). It has also been postulated 

that enhanced myocardial angiogenesis during pathological remodeling can lead 

to improved prognosis of heart failure (Banquet et al. 2011, Huusko et al. 2012). 

The vascular endothelial growth factor (VEGF) family, which consists of five 

members -VEGF-A, VEGF-B, VEGF-C, VEGF-D and placental growth factor, is 

one of the most powerful regulators of vascular growth (Ylä-Herttuala et al. 

2007). VEGFs bind to three different VEGF receptors (VEGFRs) -1, -2 and -3. In 

LVH progression, VEGF-C, VEGF-D, and VEGFR-3 have been shown to be 

significantly upregulated during the compensatory phase, whereas when LVH 

shifts towards heart failure, VEGF-B becomes downregulated (Huusko et al. 

2012). 

2.3.5 Stem cells 

In recent years, the cellular homeostasis of adult human cardiac tissue has been an 

extensively studied area in cardiac reseach. The traditional view was that many 

tissues, such as cardiac tissue, did not harbour functional regenerating cells after 

birth. The current paradigm is that the mammalian adult heart houses a 

multipotent cell population that is capable of regeneration. This population is 

composed of endogenous cardiac stem cells and these are essential for sustaining 

myocardial cell homeostasis and myocardial recovery after injury (Nadal-Ginard 
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et al. 2014). It has also been postulated that stem cells release cytokines, growth 

factors, and microRNAs into the surrounding tissue and it is these agents that 

subsequently direct myocardial protection, neovascularization, cardiac 

remodeling, and differentiation (Mirotsou et al. 2011). Pressure overload may 

induce cardiomyocyte regeneration and stem cells have been shown to be 

involved in pathological cardiac myocyte hypertrophy and to play a role in 

myocardial repair (for a review, see Marketou et al. 2016). 

2.4 Transcription factors involved in the cardiac hypertrophic 

response 

Transcriptional regulation of the machinery involved in gene expression is mainly 

coordinated by transcription factors that can either initiate or repress gene 

expression by binding to the regulatory regions in the DNA of a particular gene 

(Barrera & Ren 2006). Several pathological signals during the cardiac 

hypertrophic response converge and trigger changes in gene expression. In this 

respect, activation of specific DNA-binding transcription factors is critical for 

pathological cardiac remodeling in vivo. There are many transcription factors 

involved in the development of the embryonic heart e.g. GATA-family of 

transcription factors, myocyte enhancer factor 2 (MEF2), NFAT, serum response 

factor (SRF), Nkx2.5, nuclear factor κB (NFκB), Hand1/2 and Smad, and it seems 

that these same transcription factors are re-employed in the adult heart 

undergoing the hypertrophic growth triggered by various pathological stimuli 

(Oka et al. 2007). Several other transcription factors are also activated by 

hypertrophic stimuli, such as peroxisome proliferator-activated receptor gamma 

coactivator (PGC) -1 (Riehle & Abel 2012) and activating transcription factor 

(ATF) 3 (Koivisto et al. 2014). The expression levels of different transcription 

factors rarely change after stress stimuli in the heart, and it seems that their 

activity is mainly regulated by post-transcriptional modifications (Backs & Olson 

2006). Phosphorylation/dephosphorylation as well as other reversible structural 

alterations of a transcription factor can directly modify its affinity to bind to DNA 

and thus to activate hypertrophic gene expression (Brivanlou & Darnell 2002).  

Additionally, gene control and the changes in the gene expression levels in 

the heart can be modulated by regulating the access of the transcription factor to 

DNA via epigenetic processes such as post-translational histone or DNA 

modifications and interactions of the noncoding RNA with chromatin (for recent 

reviews, see Greco & Condorelli 2015, Philippen et al. 2015). 
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2.4.1 GATA-family of transcription factors 

GATA transcription factors contain zinc finger motifs in their protein structure, 

thus making them capable of DNA binding at the consensus nucleotide sequence 

of (A/T)GATA(A/G) (Patient & McGhee 2002). The vertebrate GATA 

transcription factor family consists of six highly conserved members; it is divided 

into two groups. GATA1/2/3 are highly expressed in hematopoietic cell lineages, 

and GATA4/5/6 are mainly expressed in tissues of endodermal and mesodermal 

origin, such as heart, lungs and liver (Molkentin 2000).  

Several studies have shown that GATA4 and GATA6 are expressed in adult 

heart and that their activity is upregulated in response to different hypertrophic 

stress stimuli (Liang et al. 2001b, Tenhunen et al. 2004, van Berlo et al. 2010). 

GATA4 is involved in cardiac development and differentiation and it also seems 

to have an important role in activating the cardiac hypertrophic gene expression 

program. The phosphorylation of GATA4 at serine 105 is critical for the 

activation of this transcription factor and the initiation of its hypertrophic 

response (Liang et al. 2001b, van Berlo et al. 2011). Several intracellular 

signaling pathways linked to hypertrophic signaling have been observed to 

regulate the transcriptional activity of GATA4, such as glycogen synthase kinase 

3β (GSK-3β), ERK and p38 MAPK (Heineke & Molkentin 2006, Liang et al. 
2001b, van Berlo et al. 2011).  

Adenovirus-mediated overexpression of GATA4 or GATA6 in 

cardiomyocytes leads to cardiomyocyte hypertrophy, which was also evident in 

adult transgenic mice overexpressing GATA4 in their hearts (Liang et al. 2001a). 

Moreover, mice with a cardiac-specific deletion of the GATA4 gene are less likely 

to develop a hypertrophic response and show fewer signs of neoangiogenesis to 

stressful stimuli in comparison to their wild-type counterparts and are thus prone 

to develop heart failure (Oka et al. 2006). In addition, knockout-mice with loss of 

GATA6 in the heart exhibited a similarly defective hypertrophic response after 

pressure overload (van Berlo et al. 2010). 

2.4.2 LMCD1/dyxin 

The sarcomeric Z-disc LIM protein, LMCD1/dyxin, belongs to a large and rather 

heterogenous group of LIM proteins that have been postulated to be a part of the 

mechanosensoring apparatus (Smith et al. 2014). Some LIM proteins have been 

shown to be involved in cardiac pathophysiologal processes (Zheng et al. 2004). 
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The LMCD1/dyxin protein consists of two carboxy-terminal LIM-domains and a 

cysteine-rich amino-terminal domain which all can participate in protein-protein 

interactions (Bespalova & Burmeister 2000). The upregulation of ANP and BNP 

induced by a biomechanical stress has been shown to be attenuated in cardiac 

myocytes deficient for muscle LIM proteins, evidence for a specific role of the 

LIM proteins in cardiac mechanotransduction (Raskin et al. 2009). In a 

microarray study, where wild-type p38α and constitutively active upstream 

MAPK kinase 3b (MKK3bE) genes were upregulated in rat myocardium via 

adenovirus-mediated gene transfer, LMCD1/dyxin was also identified as a novel 

target for p38 MAPK (Tenhunen et al. 2006a). 

The GATA family of transcription factors has been demonstrated to 

participate in cardiac development and myocyte differentiation as well as taking 

part in cardiac remodeling processes (Brewer & Pizzey 2006). LIM proteins can 

interact with GATA transcription factors; it has been shown that they act as 

coactivators of GATA transcription transcription factors in all previously reported 

GATA-LIM interactions. The expression pattern of LMCD1/dyxin in mouse 

tissue sections overlaps extensively with that of GATA-6. Interestingly, 

LMCD1/dyxin was shown to interact with a transcription factor GATA-6 by 

repressing its binding to DNA and thus inhibiting GATA-6 function. 

LMCD1/dyxin can also bind to GATA1/4 –transcription factors and this also 

seems to affect the DNA binding of these transcription factors (Rath et al. 2005).  

Cardiac-specific overexpression of LMCD1/dyxin in transgenic mice led to a 

significantly enhanced hypertrophic response and more fibrosis after aortic 

banding. Additionally, the Ang II-induced calcineurin activity and NFAT 

activation were also enhanced by this overexpression, and thus LMCD1/dyxin 

was proposed to have a critical role in the development of cardiac hypertrophy via 

activation of these signaling pathways. (Bian et al. 2010). Another study revealed 

that LMCD1/dyxin was also overexpressed in the heart during the cardiac 

hypertrophic response. It also seems that LMCD1/dyxin is an essential factor for 

the development of the cardiac hypertrophic response. For example, 

overexpression of LMCD1/dyxin leads to cardiomyocyte hypertrophy whereas 

inhibition of the LMCD1/dyxin gene blunted this response to hypertrophic 

stimuli. LMCD1/dyxin appears to be a part of the calcineurin pathway (Frank et 
al. 2010). 
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2.5 Cellular response in cardiac hypertrophy 

2.5.1 Gene expression 

The remodeling process within the cardiac myocardium after the exposure to 

hypertrophic stimuli is accompanied by specific qualitative and quantitative 

changes in gene expression. One early response to hypertrophic stimuli such as 

hemodynamic overload is the rapid activation of immediate early gene 

expression. The immediate early genes represent an early response mechanism to 

different stimuli, as they are activated at the transcriptional level before any new 

proteins are synthesized (Woodgett 1989). The regulation of immediate early 

genes is thought to occur by pre-existing transcription factors that are pre-bound 

to gene promoter areas (Cullingford et al. 2008). There are several well 

characterized immediate early response genes including the jun family (e.g. c-jun) 
the fos family (e.g. c-fos), c-myc, and egr1 (Komuro & Yazaki 1993). Several heat 

shock proteins (HSP)s (such as Hsp70 and Hsp90) are also rapidly activated after 

hemodynamic overload along with these immediate early genes (Sadoshima & 

Izumo 1997). 

Gene expression patterns in pathological hypertrophy resemble those 

observed during fetal cardiac development, therefore the hypertrophic response is 

often said to be associated with the reactivation of a “fetal gene program”; this is 

thought to be one of the most consistent markers of cardiac hypertrophy (Dirkx et 
al. 2013). The fetal gene program includes induction of ANP and BNP gene 

expression, re-expression of fetal isoforms of contractile sarcomeric proteins such 

as skeletal α-actin (skα-A) and β-myosin heavy chain (β-MHC) instead of the 

normally expressed adult isoforms, i.e. cardiac α-actin and α-MHC, as well as 

upregulation of fetal type cardiac ion channels and some smooth muscle genes 

(smooth muscle α-actin and SM22α) (Kuwahara et al. 2012). In addition, genes 

involved in calcium homeostatis are differentially expressed during the cardiac 

hypertrophic response, the expression levels of sarcoplasmic reticulum Ca2+ -

ATPase (SERCA)2a and phospholamban are downregulated whereas the 

expression of sodium-calcium exchanger (NCX) is upregulated (Houser et al. 
2000). 

Changes also occur in gene expression affecting cardiac energy metabolism 

during cardiac hypertrophy. In the normal condition, the heart receives most of its 

energy in the form of adenosine triphosphate (ATP) from fatty acid and glucose 

oxidation, whereas in the failing heart, it becomes more and more reliant on 
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glycolysis. This switch is accomplished via decreases in fatty acid oxidative 

enzymes and glucose transporter type 4 (GLUT4) and pyruvate dehydrogenase 

(PDH) kinase –mediated inhibition of PDH accompanied by enhanced GLUT1 

expression (Sankaralingam & Lopaschuk 2015). 

Since the cardiac remodeling during the hypertrophic response is also 

associated with changes in ECM composition and distribution, genes affecting the 

synthesis and degradation of ECM components are also differentially expressed 

during the cardiac hypertrophic response. The expression levels of collagen I, 

collagen III, fibronectin and laminin are upregulated during cardiac hypertrophy 

(Swynghedauw 1999). Furthermore, matricellular proteins such as tenascin-C, 

TSPs and osteonectin have been shown to be differentially expressed during the 

cardiac remodeling process, thus affecting cell-matrix interactions and ECM 

metabolism (Schellings et al. 2004). ECM metabolism is also controlled by 

matrix metalloproteinases (MMPs) and tissue inhibitors of matrix 

metalloproteinases (TIMPs), and the changes in the balance of their expression 

levels exert an effect on the matrix turnover throughout the cardiac remodeling 

process during the hypertrophic response (Spinale 2007). A schematic 

representation of the activation of gene programming and phenotypic changes 

during the progression of heart failure is shown in Fig. 3. 
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Fig. 3. Time-dependent changes in the activation of certain phenotypic features of the 

cardiac pathogenesis and expression profiles of selected genes during the 

progression of heart failure. MLC2, myosin light chain 2. Modified from Hoshijima & 

Chien 2002. 

2.5.2 Protein expression and homeostasis 

The cardiac hypertrophic response is associated with an increased protein 

accumulation, although total protein synthesis as well as protein breakdown of 

misfolded or damaged proteins by proteolysis are both increased (Cacciapuoti 

2014). Protein homeostasis is a common factor in the development of numerous 

pathological disorders. Cardiomyocytes are considerd to be terminally 

differentiated cells, therefore having very limited potential for regeneration and 

thus it is important that they have efficient quality control for removing and 

replacing damaged proteins. Misfolded proteins have been proposed to play a role 

in the onset and progression of pathological cardiac hypertrophy as well as in the 

dilated and ischemic cardiomyopathies. Cardiomyocyte death or dysfunction can 

be caused by the accumulation of misfolded proteins. Misfolding can be induced 
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in cardiomyocytes by mechanical stretching, hypertrophic growth or oxidative 

stress. Misfolding can be dealt with via increased chaperone activity and/or 

protein degradation through the ubiquitin–proteasome system and autophagy (for 

a review, see Willis & Patterson 2013). Misfolded proteins in cardiomyocytes can 

create clusters with one another to form sequentially higher orders of protein 

aggregates and inclusion bodies that can be toxic to the cell and trigger the 

process of autophagy (Tannous et al. 2008). Enhanced autophagic activity has 

been shown to be associated with a maladaptive response to hemodynamic stress 

and to play a role in the pathogenesis of load-induced heart failure, potentially 

partly achieved by promoting autophagic cell death (Zhu et al. 2007). 

Chaperones 

Chaperones are a large family of proteins, and they are involved in many cellular 

functions, folding of newly synthesized proteins and refolding of stress-denatured 

proteins, oligomeric assembly, transport of proteins inside the cells and assistance 

in proteolytic degradation, all which may confer protection against a variety of 

environmental challenges (Hartl & Hayer-Hartl 2009). Chaperones work as a 

quality control to prevent cell death that can be caused by unfolded or aggregating 

proteins. In the heart, mechanical stretching, hypertrophic growth and oxidative 

stress can all lead to the accumulation of misfolded protein in the cells, triggering 

cardiomyocyte death or dysfunction. In addition, activation and deactivation of 

signal transduction cascades often involve conformational switches and require 

chaperone assistance for maximal efficiency. For example, a common chaperone 

molecule, HSP90, can regulate the stability and activation state of several signal 

transduction proteins, such as tyrosine and serine/threonine kinases pp60/v–src, 

Wee–1, cyclin-dependent kinase 4 (CDK4), Raf, Akt, phosphoinositide 3-kinase 

(PI3K) and phosphoinositide-dependent kinase-1 (PDK1) (Tarone & Brancaccio 

2014). Co-chaperones are a class of molecules that mediate the specificity of a 

chaperone reaction by presenting the target protein to chaperones (such as HSPs) 

and coordinate the cycle of binding and release (Caplan 2003, Taipale et al. 
2010). 

HSPs are a family of molecular chaperones, and several members of this 

family are expressed in the heart. Their expression is induced by heat shock or 

other environmental stresses (De Maio 1999). Some HSPs are thought to be 

induced in the heart during cardiac stress situations. For example, one 

transcription factor, Heat shock factor protein 1 (HSF1), which regulates HSP 
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expression, seems to be upregulated in the heart during exercise training, but not 

in pressure-overload induced hypertrophy, and thus may play an adaptive role in 

physiological hypertrophy (Sakamoto et al. 2006). A sustained cardiac pressure 

overload elevates serum levels of HSP70 and transcriptional inhibition of this 

HSP expression with a HSF inhibitor attenuates pressure overload-induced 

cardiac fibrosis. Therefore, HSP70 has been suggested to be a potential 

therapeutic target to combat cardiac hypertrophy and fibrosis (Cai et al. 2010). 

HSP70 has also been speculated to play a protective role in settings of ischemic 

injury, since HSP70 knock-out mice exhibited an enhanced cardiac hypertrophic 

response with impaired contractile function and calcium handling and impaired 

stress response against I/R injury (Kim et al. 2006). Another HSP, HSP27, has 

been claimed to have a role in the energetics of compensatory hypertrophy, since 

HSP27 knock-out mice displayed decreased mitochondrial respiration and ATP 

production rates during the cardiac hypertrophy induced by pressure overload 

(Ishiwata et al. 2012).  

2.6 Extracellular matrix remodelling in cardiac hypertrophy 

Cardiomyocytes are the cells that mediate the contractile properties of the heart. 

The ECM of the cardiac tissue provides a support and structural network for the 

cardiac cells and vasculature and it plays important roles in both normal 

development and disease progression. Under physiological conditions in a normal 

heart, the ECM is produced primarily by fibroblasts. Furthermore, in situations of 

cardiac hypertrophy, the fibroblasts are also the main contributors of the 

remodeling process (Fujiu & Nagai 2014). The cellular constituents of the cardiac 

tissue and especially the ratio of myocytes to fibroblasts seem to differ between 

species, and even within different regions of the heart. The adult murine 

myocardium is composed of 56 % myocytes, 27 % fibroblasts and 17 % other cell 

types, mainly endothelial and vascular smooth muscle cells, whereas the adult rat 

heart is composed of 30 % myocytes, 64 % fibroblasts and 6 % other cell types 

(Banerjee et al. 2007). The myocardial ECM consists of structural and non-

structural elements, the main structural components are collagens and elastins; 

some of the matricellular proteins have non-structural roles and some 

glycoproteins such as fibronectin and laminin seem to possess both properties 

(Rienks et al. 2014). Cell adhesion to the ECM is mediated primarily by 

transmembrane proteins, integrins, that can interact with a variety of matrix 

components (Schwartz 2010). 
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Pressure overload induced hypertrophy is associated with increased collagen 

accumulation between individual myocytes, leading to a progressive net 

accumulation of ECM components and ultimately to myocardial fibrosis. The 

enhanced synthesis and deposition of ECM components in the left ventricle lead 

to greater tissue stiffness and poor filling characteristics during diastole, and 

impaired dystolic function can progess to systolic dysfunction. MMPs and TIMPs 

determine the level of matrix degradation that regulates the extent of cardiac 

fibrosis and thus myocardial performance. The synthesis of ECM components is 

also promoted via the many autocrine and paracrine factors produced in the 

myocardium as well as circulating hormones, such as Ang II, ET-1 and TGF-β1 

(Abrahams et al. 1987, Booz & Baker 1995). During volume overload induced 

hypertrophy, the remodeling of ECM occurs with a different pattern; it is 

associated with a loss of collagen fibrils surrounding the individual myocytes 

(Spinale et al. 1993). In both forms of the hypertrophic response, fibrosis alters 

the normal structure and function of ECM as well as disrupting the tissue 

architecture of the heart. Fibrosis also promotes the appearance of arrhythmias by 

slowing electrical conduction velocities and generating re-entry circuits (Khan & 

Sheppard 2006). 

2.6.1 Thrombospondins 

TSPs belong to a group of secreted matricellular glycoproteins, non-structural 

proteins in the ECM that can modulate many cellular functions through complex 

interactions with cellular receptors, soluble molecules, and a variety of other 

ECM proteins. The expression of matricellular proteins is often induced during 

development or following injury, whereas in the normal adult heart, most 

matricellular proteins are minimally expressed. In the heart, matricellular proteins 

function by transducing key molecular signals in cardiac repair and act as 

modulators of cell migration, proliferation, and adhesion, by modulating cell-to-

matrix interactions through membrane proteins and signaling molecules on the 

cell surface (Murphy-Ullrich & Sage 2014). For example, in the case of pressure 

overload, the matricellular proteins may modulate cytokine and growth factor 

signaling affecting cardiomyocyte apoptosis and hypertrophic growth as well as 

ECM assembly and metabolism (Frangogiannis 2012). 

The human TSP family consists of 5 multimeric protein members, TSP-1, 

TSP-2, TSP-3, TSP-4, and TSP-5, or cartilage oligomeric matrix protein (COMP) 

(Stenina-Adognravi 2014). The different TSPs have their own unique cellular 
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distribution and temporal expression patterns. They can bind and interact with 

many other ECM molecules and cellular receptors and their action is often 

dependent on the expression with their binding partners in a given cell 

environment, therefore TSPs frequenly possess cell type– and tissue-dependent 

functions (for a review, see Adams & Lawler 2011). TSPs have been claimed to 

have various roles in cardiovascular pathological conditions, regulating 

inflammatory, reparative and fibrotic pathways (Frolova et al. 2010, Lynch et al. 
2012, Sweetwyne & Murphy-Ullrich 2012). TSP-1 and TSP-2 have been shown 

to be protective after pressure overload and myocardial infarction by preserving 

the cardiac matrix and they have been reported to facilitate TGF-β1 activation and 

inhibit MMP activity (Frangogiannis et al. 2005, Schroen et al. 2004, Xia et al. 
2011). TSP-4 seems to exert similar protective effects in ECM remodeling as 

TSP-1 and TSP-2. TSP-4–null mice displayed increased heart weights and 

increased reactive fibrosis when subjected to aortic constriction, therefore TSP-4 

has been proposed to have a role in limitating fibrosis and left ventricular 

dilatation after pressure overload (Frolova et al. 2012). In addition, TSP-4 

expression levels seem to correlate with the attenuation of adverse remodeling in 

spontaneously hypertensive rats (SHR), an animal model for hypertensive 

hypertrophy (Mustonen et al. 2010). TSP-4 has been speculated to act as a 

myocyte-interstitial mechano-signaling molecule, linking myocardial stress to 

intracellular myocyte calcium augmentation and improving cardiac contractility, 

and TSP-4 null mice show defective adaptation to chronic pressure overload, 

leading to chamber dilation, reduced cardiac function and increased cardiac mass 

(Cingolani et al. 2011). 

2.7 Role of mechanical stress in cardiac myocytes 

Mechanical forces generated outside the cells are often balanced with responses 

inside the cells in order to maintain tissue homeostasis and prevent cell damage. 

Furthermore, cardiac myocytes have an ability to sense mechanical stress and 

convert it into intracellular biochemical reactions. This mechanotransduction is 

still an incompletely understood process. In the case of cardiac overload and 

hypertrophy, mechanotransduction serves initially as an adaptive and 

compensatory process, leading to hypertrophic growth of the cardiac muscle, 

which can contribute to the pathophysiological burden (Fig 4). 
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Fig. 4. Role of mechanotransduction in the cardiac hypertrophic response. LV, left 

ventricle; CM, cardiac myocyte. Modified from Lammerding et al. 2004. 

2.7.1 Mediators of mechanical stress 

Several sarcolemmal and cytoskeletal proteins and protein complexes have been 

speculated to be involved in the mechanotransduction process of the cardiac 

myocytes. Sarcomeres are the force-generating units in muscle cells, consisting of 

myosin-based thick filaments and thin F-actin filaments. The thin F-actin 

filaments are anchored to Z-discs that form the lateral boundaries of a sarcomere. 

Costameres are the sites containing protein complexes along the Z-discs, where 

sarcomeres are connected to the muscle cell membrane, the sarcolemma (Frank & 

Frey 2011). Stretch-activated ion channels regulating intracellular calcium 

homeostasis and other cell membrane receptors such as G-protein coupled 

receptors have been proposed to be activated directly via mechanical stimulus in 

the heart (Force et al. 2002). Sarcomeric, and especially Z-disc, proteins have an 

ideal position to sense, integrate, and transduce biomechanical stress signals 

(Lyon et al. 2015), and several muscle Z-disc proteins such as muscle LIM 

proteins have indeed been thought to act as the mechanosensors of the cardiac 

muscle cells (Knoll et al. 2002). 
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Integrins are a class of cell membrane proteins that take part in connecting the 

contractile apparatus of the sarcomeres to the ECM across the sarcolemma. The 

cytoplasmic domains of integrins are linked to the cytoskeleton at focal 

adhesions, where also several intracellular signaling molecules assemble. This 

allows an integrin to transfer mechanical signals into activation of intracellular 

pathways (outside-in signaling) via interaction with cellular proteins that possess 

kinase activity (Dostal et al. 2014). Therefore, integrins are also crucial in signal 

transduction, affecting cellular proliferation and differentiation. Integrins are 

heterodimeric proteins consisting of α and β subunits and the combinations of 

these subunits define the specificity for the binding of the ECM ligands. The 

expression patterns of the integrin subunits are altered in different cell types and 

during different cellular processes. In cardiac myocytes, the most abundantly 

expressed integrin heterodimers are α1β1, α5β1 and α7β1, and also α6, α9, α10, 

β3 and β5 are detected in myocytes (Israeli-Rosenberg et al. 2014). It has been 

shown that the expressions of α1, α5, α7, and β1D subunits are increased in 

response to pressure overload in the cardiac muscle cells (Babbitt et al. 2002). 

2.7.2 Melusin 

Melusin is a 90 kDa protein which interacts with the β1-integrin cytoplasmic 

domain; it is selectively expressed in the cardiac and skeletal muscle. Melusin 

expression is increased during skeletal muscle regeneration (Brancaccio et al. 
1999). In the heart, melusin expression in mouse left ventricle has been shown to 

be upregulated in response to pressure overload by aortic banding but it returned 

to basal levels in ventricles undergoing dilation after 12 weeks of aortic banding 

(De Acetis et al. 2005). In a rat model of experimental MI, it was also shown that 

melusin expression levels changed dynamically in the left ventricle during the 

progression of heart failure and furthermore, the changes were significantly 

correlated with percent left ventricular fractional shortening (FS) and the 

maximum rate of rise of left ventricular pressure (LVdP/dtmax) (Gu et al. 2012). 

This correlation could also be seen in human failing hearts of patients with aortic 

stenosis undergoing heart transplantation (Brokat et al. 2007). Melusin gene 

mutations have also been linked to different cardiac pathological conditions, 

however the mutations seem to be extremely rare. A missense mutation of 

His13Tyr was detected in a family of a patient with hypertrophic cardiomyopathy 

(Palumbo et al. 2009)}, and another missense mutation of Ala313Gly was 

identified in patients of a familial dilated cardiomyopathy (Ruppert et al. 2013). 
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Melusin has been speculated to have a cardioprotective function in the heart, 

evidence for this proposal emerged from in the loss and gain of function studies in 

mice. In melusin null-mice, the absence of melusin is associated with an impaired 

cardiac hypertrophic response and accelerated left ventricle dilation, leading to 

depressed contractility, when subjected to altered stress conditions such as 

surgical aortic banding (Brancaccio et al. 2003a). In contrast, in transgenic mice, 

where melusin was overexpressed specifically in the heart, a mild cardiomyocyte 

hypertrophy was induced in basal conditions. Moreover, when these mice were 

subjected to aortic banding, this overexpression seemed to prevent the transition 

toward left ventricular dilation and heart failure (De Acetis et al. 2005). In 

addition, after coronary ligation in mice, cardiac-specific overexpression of 

melusin resulted in better survival of the myocardium distal to the ischemic area 

(Unsold et al. 2014). In ex vivo whole heart Langendorff perfusion experiments, 

hearts overexpressing melusin displayed smaller infarct sizes following I/R injury 

(Penna et al. 2014). At the cellular level, overexpression of melusin in the heart 

seemed to promote better survival via increased cardiomyocyte hypertrophy and 

to prevent myocyte apoptosis which were also associated with decreased 

infiltration of inflammatory cells and deposition of fibrosis (De Acetis et al. 2005, 

Unsold et al. 2014). It was also shown that this melusin-induced pro-hypertrophic 

and pro-survival response was dependent on the phosphorylation of Akt and 

ERK1/2. Therefore, it was postulated that the cardioprotective function of 

melusin resulted from a potentiation of the effect of these signaling pathways, 

most likely through melusin chaperone function (De Acetis et al. 2005, Penna et 
al. 2014, Sbroggio et al. 2011a). 

In its protein structure, melusin has two zinc-binding CHORD-domains 

(Brancaccio et al. 2003b, Shirasu et al. 1999) that are structurally similar to α-

crystallin and are a structural feature common to a class of small HSP family 

(Garrido et al. 2012)}. Melusin is capable of protecting protein substrates from 

heat-induced aggregation by itself, but the chaperone function of melusin has 

been thought to derive mostly from its property to act as a co-chaperone of the 

HSP90-machinery (Sbroggio et al. 2008). The function of HSP90 has been shown 

to be critical in signal transduction of several pathological processes, as Hsp90 

inhibitors can induce tumor cell growth arrest and apoptosis by inhibition of 

several intracellular signaling pathways (Gaspar et al. 2010, Hostein et al. 2001). 

It has been shown that after I/R injury, melusin is able to boost the so-called 

reperfusion injury salvage kinase (RISK) pathway signaling (Penna et al. 2014), a 

common cardioprotective pathway including protein kinases such as AKT, 



44 

ERK1/2 and GSK3β (Cohen & Downey 2011). The expression of the HSP90 

chaperone protein is also upregulated in melusin transgenic hearts which suggests 

that there is a crosstalk between the chaperone and the RISK signaling pathways 

(Penna et al. 2014). In addition to binding Hsp90, melusin has been shown to 

bind a number of signaling molecules, such as the MAPKs c-Raf, MEK1/2 and 

ERK1/2, focal adhesion kinase (FAK) and the scaffold protein IQGAP1 

(Sbroggio et al. 2011a). IQGAP1 is a scaffold protein capable of binding to all the 

components of the MAPK cascade Raf, MEK1/2 and ERK1/2, thus allowing for 

their sequential activation and this is thought to be part of the initiation of the 

adaptive hypertrophic response in the cardiac myocytes after exposure to different 

stress stimuli (Ferretti et al. 2011, Sbroggio et al. 2011b). The putative melusin-

dependent signalosome complex which mediates the activation of target proteins 

responsible for adaptive remodeling is shown in Fig. 5. 

Fig. 5. Representation of proteins involved in melusin-dependent activation of ERK1/2 

MAPK cascade in cardiomyocytes. Modified from Ferretti et al. 2011, Tarone & 

Brancaccio 2015. 
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3 Aims of the study 

The overall aim of the study was to characterize the expression of four novel 

factors, i.e. melusin, TSP-1, TSP-4 and LMCD1/dyxin, during the cardiac 

hypertrophic response by using different experimental in vivo and in vitro models 

of cardiac load. More specifically, the objectives were: 

1. To examine the expression of melusin during cardiac load and to characterize 

the mechanisms and signaling pathways regulating its expression. 

2. To determine TSP-1 and TSP-4 expression during different experimental 

models of cardiac load and to evaluate the localization of TSP-4 in the heart. 

3. To characterize the role of LCMD1/dyxin and its expression in the heart 

during pressure overload and MI in vivo and to clarify the effect of 

mechanical stretch in vitro on the activation of LMCD1/dyxin expression. 
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4 Materials and methods 

A summary of experimental protocols used in the original publications is 

presented in Table 1. 

Table 1. Summary of the experimental models and methods. 

Study Experimental models Methods 

I Pressure overload (Arginine8-vasopressin (AVP) and Ang II) in 

vivo 

Aortic banding  

Isolated perfused rat heart preparation 

Cardiac myocyte cell culture; mechanical stretch and hypertrophic 

agonists 

Hemodynamic 

measurements 

Northern blot 

Real-time quantitative RT-

PCR 

Western blot 

II Pressure overload (AVP and Ang II) in vivo 

Myocardial infarction 

Northern blot 

Real-time quantitative RT-

PCR 

Western blot 

Histological analysis 

III Adenovirus mediated gene transfer 

Pressure overload (AVP and Ang II) in vivo 

Myocardial infarction 

Isolated perfused rat heart preparation 

Cardiac myocyte cell culture; mechanical stretch 

Northern blot 

Real-time quantitative RT-

PCR 

Western blot 

Histological analysis 

4.1 Experimental animals 

Male 2-months-old Sprague Dawley (SD) rats, weighing from 250 to 300 g and 

newborn, male and female 2-4 days old SD rats from the colony of the Centre of 

Experimental Animals of the University of Oulu, Finland, were used. Young (2- 

to 3-month-old) and old (19- to 21-month-old) male SHR of the Okamoto-Aoki 

strain and age-matched Wistar-Kyoto (WKY) rats from the colony of the Centre 

of Experimental Animals of the University of Oulu, Finland, were also used. The 

SHR strain was originally obtained from Mollegaards ‘Avslaboratorium 

(Skensved, Denmark). In addition, seven-to-eight-week-old male double 

transgenic (dTGR) rats harboring both the complete human angiotensinogen and 

renin genes and age-matched SD rats were used; transgenic rats were obtained 

from Mollegaard Breeding Centre Deutchland (Schönwalde, Germany).  

All rats were kept in individual plastic cages with free access to tap water and 

normal rat chow. An environmental light cycle of 12 h light and 12 h dark was 



48 

maintained. The experimental designs were approved by the Animal Care and Use 

Committee of the University of Oulu. All the experiments conformed to the 

Guiding Principles for Research Involving Animals. 

4.2 Experimental designs in vivo 

4.2.1 Arginine8-vasopressin-induced acute pressure overload 

SD rats were anesthetized with 0.26 mg/kg fentanyl citrate, 8.25 mg/kg fluanisone 

(Hypnorm, Janssen-Cilag), and 4.1 mg/kg midazolam (Dormicum, Roche) 

intraperitoneally (i.p.) and instrumented for vehicle and drug infusions as 

described previously (Ruskoaho et al. 1989). Briefly, a PE-60 catheter was placed 

into the abdominal aorta through the right femoral artery for measurement of 

blood pressure and heart rate (HR). A PE-50 catheter was inserted into the 

femoral vein for infusion of the vehicle or drugs. All catheters were exteriorized 

through the neck, filled with heparinized saline solution (150 IU/ml) and sealed 

with a stainless steel pin. One day after the operation, the arterial catheter was 

attached to pressure transducers and the mean arterial pressure (MAP) and HR 

were recorded with the Ponemah data acquisition software (Gould Instrument 

System Inc.). The venous catheter was connected to an infusion pump (B. Braun 

Perfusor ED, Braun Melsungen AG) or a syringe. The animals were left for 30 

minutes to become acclimatized, and then the experiments were started in 

conscious animals. Baseline hemodynamic measurements were made before 

infusions were started, AVP at a dose of 0.05 μg/kg per minute or vehicle (0.9% 

NaCl) was infused intravenously (i.v.) at 37.5 µl/min for 30 minutes, 1 hour or 4 

hours. The MAP and HR were measured during the infusions. In another series of 

experiments, AVP was infused with the same dose for 30 minutes or 4 hours in 

young (2- to 3-month-old) and old (19- to 21-month-old), and for 2 hours in 

dTGR rats (Marttila et al. 1999). After the experiments, rats were decapitated and 

the heart was removed. The aorta and pulmonary artery were excised and the left 

and right atria and ventricles were dissected separately, blotted dry, weighed, 

immersed in liquid nitrogen and stored at -70°C for further analysis. 
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4.2.2 Angiotensin II induced hypertension 

Ang II (33 µg/kg/h), vehicle (0.9 % NaCl), AT1-R antagonist losartan (400 

µg/kg/h) or Ang II in combination with losartan were infused for 6, 12 or 72 

hours or 2 weeks via subcutaneously (s.c.) implanted osmotic minipumps (Alzet) 

in conscious SD rats as described previously (Rysa et al. 2006). Minipumps were 

placed in SD rats under inhalation anesthesia with isoflurane (Baxter International 

Inc.). The rats were given post-operative analgesia with buprenorphine 

hydrochloride 0.05–0.2 mg/kg (Temgesic, Schering-Plough) s.c. In a separate 

series of experiments, a higher dose of Ang II (150 µg/kg/h) was infused for 12 

hours via s.c. implanted osmotic minipumps. At the end of the experiments, 

cardiac tissue samples were obtained as described above. 

4.2.3 Aortic banding 

Aortic banding in SD rats was performed as described previously (Shiota et al. 
2003). The aorta was exposed through a midline abdominal incision, freed by a 

blunt dissection at the level of the renal arteries and isolated with a silk suture 

positioned between the right and left renal arteries. A 24-G needle was placed on 

the top of the aorta and a previously made suture was tightened against the 

needle, which was then promptly removed to produce a pre-defined constriction 

across the abdominal aorta. Sham-operated animals underwent the same surgical 

procedure, except that the ligature was not tightened against the needle. The rats 

were given post-operative analgesia with buprenorphine hydrochloride 0.05–0.2 

mg/kg (Temgesic, Schering-Plough) s.c. At the end of the experiments, cardiac 

tissue samples were obtained as described above. 

4.2.4 Myocardial infarction 

MI was produced by ligation of the left anterior descending (LAD) coronary 

artery as previously described (Tenhunen et al. 2006b). Briefly, male SD rats were 

maintained under medetomidine hydrochloride (Domitor, Orion Pharma, 250 

μg/kg i.p.) and ketamine hydrochloride (Ketalar, Pfizer, 50 mg/kg, i.p.) 

anesthesia. The rats were connected to the respirator after a tracheotomy. A left 

thoracotomy and pericardial incision were performed, and the LAD was ligated 

about 3 mm from its origin. After the operation, anesthesia was partially 

antagonized with atipamezole hydrochloride (Antisedan, 1.5 mg/kg i.p.) and rats 
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were hydrated with 5 ml physiological saline solution given s.c. The rats were 

given post-operative analgesia with buprenorphine hydrochloride 0.05–0.2 mg/kg 

(Temgesic, Schering-Plough) s.c. The sham-operated rats underwent the same 

surgical procedure without the ligation of LAD. At the end of the experiments, 

cardiac tissue samples were obtained as described above. 

4.2.5 Adenoviral gene transfer 

The intramyocardial gene transfer protocol into the left ventricle was perfomed by 

a modification of a previously described protocol (Tenhunen et al. 2006b). Male 

SD rats, weighing from 250 to 300 g, were anesthetized with medetomidine 

hydrochloride (Domitor, Orion Pharma, 250 μg/kg i.p.) and ketamine 

hydrochloride (Ketalar, Pfizer, 50 mg/kg, i.p.). Rats were connected to the 

respirator through a tracheotomy. A left thoracotomy and pericardial incision were 

performed. Adenoviruses containing the coding regions of the constitutively 

active MAPK kinase 3b (MKK3b) (RAdMKK3bE) and wild-type p38α MAPK 

(WTp38α) (RAdp38α) and recombinant replication-deficient adenovirus RAdlacZ 

were transferred into the anterior wall of the left ventricle as a myocardial 

injection. Single injections of 2-8 x 108 plaque-forming units (pfu) of adenovirus 

were made in a 100 µl volume using a Hamilton precision syringe. After the 

operation, anesthesia was partially antagonized with atipamezole hydrochloride 

(Antisedan, 1.5 mg/kg i.p.). The rats were given post-operative analgesia with 

buprenorphine hydrochloride 0.05–0.2 mg/kg (Temgesic, Schering-Plough) s.c. 

At the end of the experiments, cardiac tissue samples were obtained as described 

above. 

4.3 Isolated perfused rat heart preparation 

For the ex vivo mechanical stretch experiments, SD rats were decapitated and the 

hearts were quickly removed and arranged to retrograde perfusion by the 

Langendorf method as described previously (Tenhunen et al. 2004). The beating 

hearts were subjected to an acute elevation of wall stretch by increasing the size 

of a fluid-filled balloon in the left ventricle and perfused under these conditions 

(left ventricular systolic pressure between 130 and 150 mmHg) for 1 or 2 hours, 

as described previously (Hautala et al. 2002, Thienelt et al. 1997). 
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4.4 Cell Culture 

Neonatal rat ventricular myocytes (NRVMs) were prepared from 2-4 days old SD 

rats as previously described (Pikkarainen 2003a). Briefly, after digestion of 

ventricular tissue with collagenase (2 mg/ml), cell suspension was pre-plated for 

30-45 minutes. The non-attached cells or myocyte-enriched cells were plated at a 

density of 2x105/cm2 on cell culture plates or on flexible bottomed collagen I –

coated elastomere plates (Bioflex, Flexcell Int. Corp.). Cells were cultured 

overnight with Dulbecco’s modification of Eagle’s medium/Ham’s F12 medium 

(DMEM/F12) containing 10 % of foetal bovine serum, and thereafter in complete 

serum free medium (CSFM). CSFM was changed every 24 h. 

Adult mouse atrial muscle HL-1 cells (Claycomb et al. 1998) were cultured 

at 37°C and in a 5 % CO2 atmosphere in Claycomb medium (SAFC Biosciences), 

supplemented with 10 % foetal bovine serum, 100U/ml penicillin-streptomycin, 

100 µM NE and 4 mM L-glutamine. HL-1 cells were plated at a density of 

0.5x105/cm2 on cell culture plates or on flexible bottomed collagen I-coated 

elastomere plates (Bioflex, Flexcell Int. Corp.). Claycomb medium was changed 

every 24 h. 

Cells were exposed to cyclic mechanical stretch for 1 to 48 hours. Cells were 

stretched by applying cyclic vacuum suction under Bioflex plates with computer-

controlled equipment (FX-3000, Flexcell Int. Corp). The frequency of the cyclic 

stretch was 0.5 Hz at a level sufficient to promote cyclic 10 to 25 % elongation of 

the cardiomyocytes at the point of maximal distension of the culture surface. 

After the experiments, cells were washed twice with phosphate buffered saline 

(PBS) and quickly frozen at -70°C. 

In a separate series of experiments NRVMs were treated with Ang II (100 

nM) (Luodonpaa et al. 2001), phenylephrine (PE) (50 μM) (Moore et al. 2007), 

ET-1 (100 nM) (Choukroun et al. 1998, Liang et al. 2000), MAPK/ERK kinase 1 

(MEK1) inhibitor PD98059 (10 μM) (Liang et al. 2000) or p38α and p38β1 

MAPK inhibitor SB203580 (10 μM) (Liang et al. 2000). ET-1 and the inhibitors 

with or without ET-1 were added to culture medium on the third day of the 

culture. Subsequently, the cells were washed twice with PBS and quickly frozen 

at -70°C.  
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4.5 Isolation and analysis of RNA 

Total RNA from cardiac tissues was isolated by the guanidine thiocyanate – CsCl 

method as previously described (Chirgwin et al. 1979). Total RNA from cultured 

myocytes was isolated from the TRIzol cell extracts following the manufacturer’s 

protocol (Invitrogen Corp.) and the phase lock gel system (Eppendorf AG). For 

Northern blot analyses 20 μg of RNA samples from ventricular and 5 μg from 

atrial tissue or cultured myocytes were separated by agarose-formaldehyde gel 

electrophoresis and transferred to MAGNA nylon membrane (Osmonics Inc.). 

Polymerase chain reaction (PCR)-amplified probes corresponding to bases 76-509 

for rat BNP (accession number M25297), 231-1280 for rat c-fos (accession 

number X06769), 463-866 for rat melusin (accession number NM_001108245), 

782-1283 for rat integrin β1 subunit (accession number U12309), 257-766 for rat 

LMCD1/dyxin (accession number NM_001008562), 1036-1506 for rat TSP-4 

(accession number X89963), 1181-1633 for mouse and rat TSP-1 (accession 

number NM_011580) and 922-1403 for rat ribosomal 18S RNA (accession 

number M11188) were random prime-labeled with [α32P]dCTP, and the Northern 

blot membranes were hybridised and washed as described previously (Rysa et al. 
2006). After hybridization, the blots were exposed to Phosphor screens (GE 

Healthcare). Radioactivity was measured with Molecular Imager FX Pro Plus 

(Bio-Rad) equipment using Quantity One software (Bio-Rad). The signals of 

BNP, c-fos, melusin, integrin β1, LMCD1/dyxin, TSP-1 and TSP-4 mRNA were 

normalized to 18S in each sample.  

For the real-time quantitative reverse transcription-polymerase chain reaction 

(RT-PCR) analysis complementary DNA (cDNA) was synthesized from 0.5 μg 

total RNA (First-Strand cDNA Synthesis Kit, GE Healthcare). Rat and mouse 

melusin, rat and mouse BNP, rat LMCD1/dyxin, rat TSP-4, and rat and mouse 

18S mRNA levels were measured by real-time quantitative RT-PCR analysis 

using TaqMan chemistry on an Applied Biosystems 7300 Real-Time PCR System 

(Applied Biosystems). The sequences of the forward and reverse primers as well 

as fluorogenic probes for RNA detection are presented in Table 2. The results 

were normalised to 18S RNA quantified from the same samples. 
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Table 2. Sequences of the forward (F) and reverse (R) primers and fluorogenic probes 

used for the real-time quantitative RT-PCR.  

Gene Primers Fluorogenic probe* 

mouse and rat 18S (F) TGGTTGCAAAGCTGAAACTTAAAG 

(R) AGTCAAATTAAGCCGCAGGC 

CCTGGTGGTGCCCTTCCGTCA 

mouse BNP (F) AGGCGAGACAAGGGAGAACA 

(R) GGAGATCCATGCCGCAGA 

CATCATTGCCTGGCCCATCGC 

mouse melusin (F) TCCATGTCTCTGCTCTGCTATAACA 

(R) GCAAAGGTGCCCTTGAGGT 

AGGCTGTGGGCAACACTTTGACCC 

rat BNP (F) TGGGCAGAAGATAGACCGGA 

(R) ACAACCTCAGCCCGTCACAG 

CGGCGCAGTCAGTCGCTTGG 

rat LMCD1/dyxin (F) CCTCGAGTGCAAAAGATGTCC 

(R) CGCAGACAAGCCACTCCTCT 

TGGGCCAGCAGCAGTCCGC 

rat melusin (F) TCCATGTCTCTGCTCTGCTATAACA 

(R) GCAGGAATCAGGGAGATTGG 

AGGCTGTGGGCAACACTTTGACCC 

rat TSP-4 (F) AAGTCTAAAACTGGCCCAGGG 

(R) ACCTGGTCGCTGGTGTCC 

AACATCTCCGAAACTCCCTGTGGCACA 

* Fluorogenic probes have covalently attached fluorophores at both ends; 5’-end: 6-Carboxyfluorescein 

(6FAM), 3’-end: tetramethylrhodamine (TAMRA). 

4.6 Protein extraction 

The cardiac tissue samples were disintegrated in liquid nitrogen and the fractions 

containing total protein, cytoplasmic proteins or nuclear proteins were extracted 

as previously described (Tenhunen et al. 2006a). Briefly, disintegrated tissue 

samples were homogenized for 10 minutes in lysis buffer (containing 20 mM Tris 

[pH 7.5], 10 mM NaCl, 0.1 mM ethylene diaminetetraacetate (EDTA), 0.1 mM 

ethylene glycol tetraacetic acid (EGTA), 1 mM β-glycerophosphate, 1 mM 

Na3VO4, 2 mM benzamidine, 1 mM phenylmethylsulfonyl fluoride (PMSF), 50 

mM NaF, 1 mM dithiothreitol (DTT) and 10 µg/ml of each aprotinin, pepstatin A 

and leupeptin) on ice. Tissue homogenates were centrifuged for 1 minute at 2000 

rpm at +4°C.  

To separate the total protein fraction, 5 x nuclear extraction buffer (NEB) 

(100 mM Tris-HCl [pH 7.5], 750 mM NaCl, 5 mM EDTA, 5 mM EGTA, 5 % 

Triton X 100, 12 mM sodium pyrophosphate, 5 mM β-glycerophosphate, 5 mM 

Na3VO4) was added to the homogenates, followed by centrifugation at 12500 rpm 

for 20 minutes. The supernatant was collected and stored at -70°C until needed. 

The cytoplasmic proteins of the homogenate from the first centrifugation were 
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separated by centrifugation at 12500 rpm for 20 minutes. The supernatant was 

frozen in liquid nitrogen and stored in -70°C until assayed.  

To extract the membrane protein fraction, pellet from the cytoplasmic protein 

extraction was resuspended in 1 x NEB, sonicated and soluble fraction was 

separated by centrifugation at 12500 rpm for 20 minutes. The supernatant was 

frozen in liquid nitrogen and stored at -70°C until assayed.  

In the extraction of the nuclear protein fraction, the supernatant from the first 

centrifugation was incubated on ice for 15 minutes, NP-40 was added, and the 

nuclei were collected by centrifugation at 12500 rpm for 30 seconds. The pellet 

was resuspended in a solution containing 20 mM hydroxyethylpiperazine ethane 

sulfonic acid (HEPES) (pH 7.9), 0.4 M NaCl, 1 mM EDTA, 1mM EGTA, 1 mM 

Na3VO4, 2 mM benzamidine, 1 mM PMSF, 50 mM NaF, 1 mM DTT, 3 μg/mL 1-

chloro-3-tosylamido-7-phenyl-2-butanone (TPCK), 3 μg/mL L-1-tosylamido-2-

phenylethyl chloromethyl ketone (TLCK), and 10 μg/mL each of leupeptin, 

pepstatin and aprotinin. The samples were incubated at +4°C for 30 minutes, 

centrifuged at 12500 rpm for 5 minutes and the resulting supernatants frozen in 

liquid nitrogen and stored at -70°C until assayed. All protein concentrations were 

determined by Bio-Rad protein assay.  

4.7 Recombinant adenovirus vector for LMCD1/dyxin  

A recombinant adenovirus vector expressing LMCD1/dyxin was generated by 

cloning the coding region of rat LMCD1/dyxin (RefSeq accession number: 

NM_001008562) into the HindIII-EcoRV site of pShuttle-CMV vector (Qbiogene 

Inc.). Briefly, the shuttle vector was linearized with PmeI and transformed into 

BJ5183-Ad-1 E.coli cells by electroporation. The adenoviral vector including the 

LMCD1/dyxin gene, was then linearized with PacI and transformed into QBI-

293A cells (Qbiogene Inc.) using Lipofectamine 2000 (Invitrogen). Adenoviruses 

carrying the LMCD1/dyxin gene were amplified using freeze–thaw cycles and 

infecting fresh QBI-293A cells with the extracted virus. High concentrated 

viruses were purified using 15 % : 30 % : 40 % iodixanol (OPTIPREPTM, Axis-

Shield PoC AS) density gradient centrifugation (100 000 g, +4°C overnight). The 

purified viruses were diluted in glycerol buffer (15 mM Tris pH 8.0, 150 mM 

NaCl, 0.15 % BSA and 50 % glycerol) and in 90 % glycerol (1:1:1, virus 

gradient: buffer: glycerol) and stored at -70°C. The multiplicity of the infection 

for LMCD1/dyxin adenovirus was titrated using the AdEasy™ Viral Titer Kit 

(Agilent Technologies) according to the manufacturer's instructions. 
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4.8 Expression and purification of LMCD1/dyxin protein for 

antibody production 

In the LMCD1/dyxin protein production, the cDNA coding for rat LMCD1/dyxin 

was subcloned into the NdeI-BamHI site of pET-15b expression vector 

(Novagen), which contains a (His)6-tag at the aminoterminus. The construct was 

transformed into the BL21(DE3) E. coli cells and grown in Lysogeny Broth (LB)-

medium in the presence of ampicillin (100 µg/ml) at +37°C. Protein expression 

was induced by 1 mM isopropyl β-D-1- thiogalactoside (IPTG) for 3 hours, after 

which the cells were harvested, washed and stored at -20°C. The cells were 

suspended in lysis buffer (50 mM Tris–HCl, 500 mM NaCl, 8 M urea, pH 8.0), 

and shaken and sonicated 6 times in 10 seconds (200-300 V). The soluble protein 

fraction was obtained by centrifuging at 10 000×g for 20 minutes +4°C. 

Recombinant protein containing a His-tag at the aminoterminus was purified 

on a Ni–NTA–agarose (Qiagen) according to the manufacturer’s instructions. 

Briefly, the agarose was stirred with the soluble fraction of the E. coli supernatant 

for 2 hours. The matrix was washed in the buffer (50 mM Tris–HCl, 500 mM 

NaCl, 8 M urea, pH 6.3). Elution was carried out in the buffers containing 50 mM 

Tris-HCl, 500 mM NaCl, 8 M urea, 200 mM imidazole, pH 5.9 and pH 4.5. 

Eluted proteins were concentrated with Centricon® Centrifugal Filter device 

(Millipore) and separated with a preparative sodium dodecyl sulphate – 

polyacrylamide gel electrophoresis (SDS-PAGE) gel. The gel was stained by 0.25 

mM KCl (Prussak et al. 1989) and LMCD1/dyxin was cut from the gel and eluted 

in 2 ml buffer containing 20 mM Tris-HCl pH 8.0, 0.01 % SDS, 1 mM CaCl2 at 

+37°C overnight after which the buffer was changed into PBS by PD-10 (GE 

Healthcare).  

The antibody against LMCD1/dyxin was prepared in rabbits by Davids 

Biotechnology. LMCD1/dyxin protein was injected three different times in the 

immunization procedure and rabbit serum antibody was purified by precipitation 

and affinity purification. The specificity of the LMCD1/dyxin antibody was tested 

with the pure LMCD1/dyxin protein used as antigen, and also in cultured NRVMs 

using LMCD1/dyxin adenovirus as a positive control. 

4.9 Western blot analysis 

Proteins were separated electrophoretically for 45 minutes at 200 V in 10% SDS-

PAGE gels and transferred (The PantherTM Semidry Electroblotter HEP-1, Owl 
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Separation Systems) to nitrocellulose filter (0.45 μm, Optitran Ba-S 85, 

Schleicher & Schuell). Prestained broad range SDS-PAGE standards (Bio-Rad) 

were used for molecular weight estimations. To avoid unspecific binding, the 

membranes were incubated overnight at +4°C with Tris-buffered saline (TBS) (50 

mM Tris base, 200 mM NaCl, pH 7.4) containing 5 % non-fat milk powder. The 

Western blot membranes were then incubated with melusin antibody (BD 

Transduction Laboratories), integrin β1 antibody (BD Transduction Laboratories), 

TSP-4 antibody (generous gift from Mats Paulsson’s laboratory (Sodersten et al. 
2006)), TSP-1 antibody (NeoMarkers), anti-Akt, antiphospho-p38, anti-p38 (all 

from Cell Signaling Technology) or with a LMCD1/dyxin antibody (prepared by 

Davids Biotechnologie GmbH) overnight at +4°C. All antibody dilutions were 

made in 0.5 % milk in TBS-Tween 20. Antibody binding was detected with a 

species-specific horseradish peroxidase –linked secondary antibody and enhanced 

chemiluminescence reagents (ECL Plus, GE Healthcare Life Sciences). The 

detection of chemiluminescence was done by a LAS-3000 Imager (Fujifilm) or by 

exposure to autoradiography film (Hyperfilm ECL, GE Healthcare). The 

chemiluminescence signal was quantified using Quantity One software (Bio-

Rad). 

4.10 Histological analysis  

In the immunohistochemical analysis, the left ventricles were fixed in 10 % 

buffered formalin solution. Transversal sections of the left ventricle were 

embedded in paraffin, and 5-μm-thick sections were cut. Sections were 

deparaffinized in xylene and dehydrated in graded ethanol and treated with 

proteinase K. The cellular localization of TSP-4 or LMCD1/dyxin was identified 

by immunohistochemistry using monoclonal guinea pig anti-TSP-4 antibody 

(generous gift from Mats Paulsson’s laboratory (Sodersten et al. 2006)) or a 

polyclonal rabbit anti- LMCD1/dyxin antibody (prepared by Davids 

Biotechnology). The primary antibodies were detected by a peroxidase 

conjugated Dako REAL™ EnVision™ Detection System, Peroxidase/DAB+ -kit 

(Dako) according to the manufacturer’s instructions, and the samples were 

counterstained with hematoxylin. 
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4.11 Statistics 

Results are expressed as mean ± standard error of the mean (SEM). For normally 

distributed variables, Student’s t-test was used to determine the statistical 

significance between two groups and one-way analysis of variance (ANOVA) 

followed by the least significant difference (LSD) post-hoc was used in the 

analysis of multiple groups. Differences at or above the 95% level were 

considered statistically significant. 
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5 Results 

5.1 Chamber-specific upregulation of melusin gene expression by 

hypertrophic stimuli (I) 

5.1.1 Melusin gene expression is rapidly increased after acute 

pressure overload and in hypertrophic processes predominantly in 

rat left atrium 

Intravenous administration of AVP for up to 4 hours in conscious normotensive 

rats was used to study the effect of acute pressure overload on melusin gene 

expression. Interestingly, melusin mRNA levels were rapidly upregulated in left 

atria (Fig. 6A) and to a lesser extent in right atria (Fig. 6C), whereas no 

upregulation was seen in the ventricles during this time period (Fig. 6B and 6D). 

Fig. 6. The effect of i.v. infusion of AVP (0.05 μg/kg) for 0.5, 1 and 4 hours on A) left 

atrial, B) left ventricular, C) right atrial and D) right ventricular melusin mRNA levels in 

conscious rats. White columns, vehicle; black columns, AVP. Results are expressed as 

the ratio of melusin mRNA to 18S, as determined by Northern blot analysis (mean ± 

SEM, n=8-10). *p<0.05, **p<0.01, ***p<0.001 vs. vehicle (Student’s t-test). 
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In response to Ang II-induced pressure overload in conscious normotensive rats, 

left atrial melusin mRNA levels were upregulated already after 6 hours of 

infusion (Fig. 7A). In contrast, no significant changes were seen in left ventricular 

melusin mRNA levels (Fig. 7B). This marked upregulation of atrial melusin 

mRNA was also detected at the protein level, melusin protein levels were 

significantly increased after 12 h of Ang infusion, and again, there were no 

changes in left ventricular protein levels during the infusion period (Fig. 7C and 

7D). Furthermore, AT1-R antagonist losartan completely abolished the 

upregulation left atrial melusin gene expression (Fig. 7E). 

Fig. 7. The effect of subcutaneous administration of Ang II (33 µg/kg/h) via osmotic 

minipumps for 6, 12 and 72 hours and 2 weeks on A) left atrial and B) left ventricular 

melusin mRNA levels as well as C) left atrial and D) left ventricular protein levels in 

conscious rats. White columns, vehicle; black columns, Ang II. E) The effect of of 

subcutaneous administration of Ang II (33 µg/kg/h), losartan (400 µg/kg/h) and their 

combination for 6 hours on left atrial melusin mRNA levelsin conscious rats. mRNA 

results are expressed as the ratio of melusin mRNA to 18S, as determined by Northern 

blot analysis, protein levels were determined by Western blot analysis. Data are 

means ± SEM, n=5-8). *p<0.05, **p<0.01, ***p<0.001 vs. vehicle, †††p<0.001 vs. Ang II 

(Student’s t-test and one-way ANOVA followed by a LSD post hoc test). 
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In order to confirm whether left atrial melusin mRNA levels were also 

induced in a hypertrophic process in the late stages of hypertensive heart disease, 

AVP was infused into young and old SHR and their age-matched WKY rats. AVP 

infusion resulted in a marked induction of left atrial melusin mRNA levels in both 

strains in young animals, and this upregulation was attenuated in old WKY rats 

and completely abolished in old SHR rats (Fig. 8A). Again, no significant 

changes in left ventricular melusin mRNA levels were observed in either strain at 

both ages (Fig. 8B). Moreover, in dTGR harboring both the complete human 

angiotensinogen and renin genes, AVP infusion again caused a marked 

upregulation of left atrial melusin mRNA expression, whereas no changes were 

seen in the left ventricle (Fig. 8C). 

Fig. 8. The effect of intravenous infusion of 0.05 μg/kg AVP for 4 hours on A) left atrial 

and B) left ventricular melusin mRNA levels in young and old WKY and SHR. White 

columns, vehicle; black columns, AVP. Results are expressed as the ratio of melusin 

mRNA to 18S, as determined by Northern blot analysis (mean ± SEM, n=5-8). **p<0.01, 

***p<0.001 vs. vehicle, †††p<0.001 vs. AVP young SHR (one-way ANOVA followed by a 

LSD post hoc test). The effect of intravenous infusion of AVP (0.05 μg/kg) of left atrial 

and ventricular melusin mRNA levels in dTGR rats at 2 hours. White columns, vehicle; 

black columns, AVP. Results are expressed as the ratio of melusin mRNA to 18S, as 

determined by Northern blot analysis (mean ± SEM, n=8-11). *p<0.05 vs. vehicle 

(Student’s t-test). 
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5.1.2 Mechanical stretch activates melusin gene expression in 

cultured atrial and ventricular myocytes in vitro 

In vitro cyclic mechanical stretch rapidly induced a marked increase in melusin 

mRNA levels in cultured mouse atrial HL-1 muscle cell line (Fig. 9A). 

Interestingly, stretch evoked a similar induction of melusin mRNA levels also in 

cultured NRVMs (Fig. 9B). 

Fig. 9. The effect of cyclic mechanical stretch (0.5 Hz at a level sufficient to promote 

cyclic 10 to 25% elongation of the myocytes) on melusin mRNA levels of A) mouse 

atrial HL-1 myocytes and B) NRVMs. White columns, vehicle; black columns, 

mechanical stretch. Results are expressed as the ratio of melusin mRNA to 18S, as 

determined by Northern blot and real-time quantitative RT-PCR analysis (mean ± SEM 

of 3 separate experiments, n=5-6). **p<0.01, ***p<0.001 vs. control (Student’s t-test and 

ANOVA followed by a LSD post hoc test in the analysis of multiple groups). 

Ex vivo, direct left ventricular wall stretch in isolated perfused adult rat heart 

preparations had no effect on left ventricular melusin gene expression. 

5.1.3 Melusin gene expression is activated by hypertrophic agonists 

in cultured neonatal rat ventricular myocytes 

NRVM cultures were treated with ET-1, Ang II or PE. All of these hypertrophic 

agonists increased the melusin mRNA levels in NRVMs significantly, ET-1 being 

the most potent (Fig. 10A). ET-1 treatment of NRVMs also caused a marked 

induction in melusin protein levels (Fig. 10B). Inhibition of ERK pathway with 

MEK1 inhibitor PD98059 decreased basal mRNA levels and also significantly 
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attenuated the ET-1 induced activation of melusin gene expression in cultured 

NRVMs. (Fig. 10C). 

 

Fig. 10. A) The effect of ET-1 (100 nM), PE (50 μM) and Ang II (100 nM) treatments for 

24 hours on melusin mRNA levels of NRVMs (mean ± SEM of 3 separate experiments, 

n=6). B) The effect of ET-1 (100 nM) treatment for 1, 4 and 12 hours on melusin protein 

levels of NRVMs (mean ± SEM). C) The effect of ET-1 (100nM), PD98059 (10 μM) and 

their combination on melusin mRNA levels of NRVMs at 24 hours (mean ± SEM of 4 

separate experiments, n=4-6). All mRNA results are expressed as the ratio of melusin 

mRNA to 18S, as determined by Northern blot and real-time quantitative RT-PCR 

analysis, protein levels were determined by Western blot analysis. *p<0.05, **p<0.01, 

***p<0.001 vs. control, †††p<0.001 vs. ET-1 (Student’s t-test and one-way ANOVA 

followed by a LSD post hoc test). 

5.2 Upregulation of thrombospondin-4 gene expression by cardiac 

remodelling (II) 

5.2.1 Thrombospondin-4 expression is increased after acute 

pressure overload 

AVP infusion –induced acute pressure overload in conscious normotensive rats 

caused a marked upregulation of left ventricular TSP-4 mRNA levels within 30 

minutes (Fig. 11A). In addition, Ang II –induced pressure overload resulted in 

elevated TSP-4 mRNA levels in the left ventricle when compared to vehicle-

infused rats. The maximum elevation in TSP-4 mRNA levels occurred after 6 h of 

administration of Ang II via the subcutaneous osmotic minipumps (Fig. 11B). 

Protein levels were markedly elevated after 72 h and 2 weeks of Ang II 

administration (Fig. 11C). 
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Fig. 11. A) The effect of i.v. infusion of AVP (0.05 μg/kg) for 0.5 and 4 hours on left 

ventricular TSP-4 mRNA levels in conscious rats. White columns, vehicle; black 

columns, AVP. The effect of subcutaneous administration of Ang II (33 µg/kg/h) via 

osmotic minipumps for 6, 12 and 72 hours and 2 weeks on left ventricular TSP-4 B) 

mRNA levels and C) protein levels in conscious rats. White columns, vehicle; black 

columns, Ang II. All mRNA results are expressed as the ratio of TSP-4 mRNA to 18S, 

as determined by Northern blot analysis, protein levels were determined by Western 

blot analysis. Data are means ± SEM, n=6-9. *p<0.05, **p<0.01, ***p<0.001 vs. vehicle 

(Student’s t-test). 

5.2.2 Thrombospondin-4 is localized in endothelial cells in the heart 

Immunohistochemical analysis with TSP-4 antibody was conducted in SHR strain 

to examine which types of cells in the heart express TSP-4. In the myocardium, 

TSP-4 immunostaining was localized only in endothelial cells of blood vessels 

(Fig. 12). In vitro, no TSP-4 gene expression was found in cultured NRVMs and 

cardiac fibroblasts by quantitative RT-PCR analysis. Furthermore, treatment with 

three hypertrophic agonists, Ang II, ET-1 or PE, had no effect on TSP-4 

expression in NRVMs.  
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Fig. 12. Representative image of TSP-4 immunohistochemistry from cardiac tissue. 

Endothelial cells in the blood vessel walls show positive staining. 

5.2.3 Thrombospondin-4 expression is increased in left ventricle in 

hypertensive hypertrophy and in the remodeling process following 

myocardial infarction 

In vivo, in young and old SHR and their age-matched normotensive WKY rats, 

left ventricular TSP-4 protein levels were significantly higher in old SHR when 

compared to old WKY rats (Fig. 13A). Aortic TSP-4 mRNA levels were 

significantly higher in old SHR when compared to old WKY rats or young SHR 

(Fig. 13B). 

Intravenous infusion of AVP in young SHR and their age-matched WKY rats 

caused significant increases of left ventricular TSP-4 mRNA levels (Fig. 13C). 

This response to AVP induced pressure overload was attenuated with aging in 

both strains (Fig. 13D).  
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Fig. 13. A) Left ventricular TSP-4 protein levels in 20-month old SHR compared with 

age-matched normotensive WKY rats. TSP-4 protein levels were determined by 

Western blot analysis. Data are means ± SEM, n=4. **p<0.01 vs. WKY (Student’s t-test). 

B) Aortic TSP-4 mRNA levels in young and old WKY rats and SHR. Results are 

expressed as the ratio of TSP-4 mRNA to 18S, as determined by real-time quantitative 

RT-PCR analysis. Data are means ± SEM, n=4-11. ***p<0.001 vs. WKY, †††p<0.001 vs. 

young SHR (one-way ANOVA followed by a LSD post hoc test). The effect of 

intravenous infusion of 0.05 μg/kg AVP for 0.5 and 4 hours on left ventricular TSP-4 

mRNA levels in C) young and old WKY rats and D) young and old SHR. White 

columns, vehicle; black columns, AVP. Results are expressed as the ratio of TSP-4 

mRNA to 18S, as determined by Northern blot analysis. Results are means ± SEM, 

n=6-8. *p<0.05, ***p<0.001 vs. vehicle (Student’s t-test). 

In normotensive rats, LAD ligation induced MI and the subsequent remodeling 

process caused a significant upregulation in TSP-4 mRNA levels (Fig. 14A). No 

significant change in TSP-4 protein levels was seen during the study period, 
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although a tendency towards lower levels could be observed at day one and 4 

weeks after MI (Fig. 14B). 

Fig. 14. The effect of experimental MI on rat left ventricular A) TSP-4 mRNA and B) 

TSP-4 protein levels. White columns, sham-operated; black columns, MI. mRNA 

results are expressed as the ratio of TSP-4 mRNA to 18S, as determined by Northern 

blot analysis. TSP-4 protein levels were determined by Western blot analysis. Data are 

means ± SEM, n=7-9. *p<0.05, ***p<0.001 vs. sham-operated animals (Student’s t-test). 

5.2.4 Cardiac overload causes a rapid increase in thrombospondin-1 

gene expression 

To test whether the rapid induction of TSP-4 gene expression is typical for the 

TSP family, the effect of cardiac loading on TSP-1 gene expression was 

examined. In conscious normotensive rats, AVP infusion increased the TSP-1 

mRNA levels similarly to those of TSP-4 (Fig. 15A). Furthermore, Ang II caused 

a marked elevation in TSP-1 mRNA levels (Fig. 15B). In addition, TSP-1 protein 

levels were significantly higher in old SHR when compared to old WKY rats 

(Fig. 15C). In contrast to TSP-4, the effect of aging was not as evident with TSP-

1 expression; TSP-1 mRNA levels in left ventricle were significantly higher also 

in old animals in both strains (Fig. 15D). Following MI, TSP-1 protein levels 

were also elevated during remodeling process (Fig. 15E), in contrast to TSP-4 

protein levels, where no upregulation could be seen (data not shown). 
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Fig. 15. A) The effect of i.v. infusion of AVP (0.05 μg/kg) for 0.5 and 4 hours on left 

ventricular TSP-1 mRNA levels in conscious rats. White columns, vehicle; black 

columns, AVP. B) The effect of subcutaneous administration of Ang II (33 µg/kg/h) via 

osmotic minipumps for 6, 12 and 72 hours and 2 weeks on left ventricular TSP-1 

mRNA levels. White columns, vehicle; black columns, Ang II. The effect of intravenous 

infusion of 0.05 μg/kg AVP for 0.5 and 4 hours on left ventricular TSP-1 mRNA levels in 

C) young and old WKY rats and D) young and old SHR. White columns, vehicle; black 

columns, AVP. E) The effect of experimental MI on rat left ventricular TSP-1 protein 

levels. White columns, sham-operated; black columns, MI. All TSP-1 mRNA results are 

expressed as the ratio of TSP-4 mRNA to 18S, as determined by Northern blot 

analysis. TSP-1 protein levels were determined by Western blot analysis. All results 
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are means ± SEM, n=6-9. *p<0.05, **p<0.01, ***p<0.001 vs. vehicle or sham-operated 

animals (Student’s t-test). 

5.3 Mechanical load induced upregulation of LMCD1/dyxin gene 

expression (III) 

5.3.1 p38 MAPK overexpression by adenovirus-mediated gene 

transfer increases LMCD1/dyxin expression in the heart 

Overexpression of p38 MAPK by simultaneous adenovirus-mediated gene 

transfer of constitutively active MKK3b and WTp38a significantly increased both 

LMCD1/dyxin mRNA (Fig. 16A) and protein (Fig. 16B) levels in the left 

ventricle, when compared to LacZ-treated control rats. In immunohistochemical 

analysis, in the LacZ- treated control hearts, LMCD1/dyxin was mainly expressed 

in the endothelial cells (Fig. 16C), but some faint staining was seen in the 

cytoplasm of vascular smooth muscle cells and cardiac myocytes. More intense 

cytoplasmic staining was observed in the myocytes surrounding the adenovirus 

injection site both in LacZ- and MKK3bE plus WTp38a –treated hearts. However, 

LMCD1/dyxin was localized also in the nuclei of the cardiac myocytes in 

MKK3bE plus WTp38α –treated hearts (Fig. 16D). 

Fig. 16. The effect of adenovirus-mediated overexpression of p38 MAPK on 

LMCD1/dyxin A) mRNA and B) protein levels in rat left ventricles. White columns, 

LacZ-treated hearts; black columns, MKK3bE + WTp38α-treated hearts. mRNA results 

are expressed as the ratio of LMCD1/dyxin mRNA to 18S, as determined by Northern 

blot analysis. LMCD1/dyxin protein levels were determined by Western blot analysis. 
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All results are means ± SEM, n=8-10. **p<0.01 vs. LacZ-treated hearts (Student’s t-

test). Representative images of LMCD1/dyxin immunohistochemistry on cardiac 

tissue, C) LacZ-treated control hearts, D) MKK3bE + WTp38α-treated hearts. 

5.3.2 Hypertrophic stimuli induces LMCD1/dyxin expression in the 

left ventricle 

Ang II –induced cardiac hypertrophic response in conscious rats caused a 

significant upregulation of LMCD1/dyxin mRNA expression in left ventricle 

already after 6 h of Ang II administration via osmotic minipumps (Fig. 17A). This 

increase in the mRNA level was followed by the induction of LMCD1/dyxin 

cytoplasmic and membrane fraction protein levels as measured with Western blot 

analysis (Fig. 17B). No changes were detected in LMCD1/dyxin nuclear protein 

levels (Fig. 17C). AT1-R blocker losartan abolished the Ang II induced 

upregulation of LMCD1/dyxin mRNA expression completely at 6 h (Fig. 17D). 

Simultaneous administration of Ang II and p38 MAPK inhibitor SB203580 

reduced the Ang II –induced upregulation of left ventricular LMCD1/dyxin 

mRNA expression at 6 h by 50 % (Fig. 17E). Phosphorylation of p38 MAPK in 

response to Ang II infusion correlated with the early induction of left ventricular 

LMCD1/dyxin gene expression (Fig. 17F). In addition, acute pressure overload 

induced by AVP infusion in conscious normotensive rats evoked an increase in 

left ventricular LMCD1/dyxin mRNA and protein levels. 
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Fig. 17. The effect of subcutaneous administration of Ang II (33 µg/kg/h) via osmotic 

minipumps for 6, 12 and 72 hours and 2 weeks on left ventricular LMCD1/dyxin A) 

mRNA levels and B) protein levels in conscious rats. White columns, vehicle; black 

columns, Ang II. All mRNA results are expressed as the ratio of LMCD1/dyxin mRNA to 

18S, as determined by Northern blot analysis, protein levels were determined by 

Western blot analysis. Results are means ± SEM, n=6-8. **p<0.01, ***p<0.001 vs. 

vehicle (Student’s t-test). C) The effect of Ang II administration on LMCD1/dyxin 

nuclear, cytoplasmic and membrane protein levels at 72h, representative Western 

blots. The effect of subcutaneous administration of D) Ang II (33 µg/kg/h), losartan 

(400 µg/kg/h) and their combination or E) Ang II (33 µg/kg/h), SB203580 (1 mg/kg/h) 

and their combination for 6 hours on left ventricular LMCD1/dyxin mRNA levels in 

conscious rats. Results are expressed as the ratio of LMCD1/dyxin mRNA to 18S, as 

determined by Northern blot analysis. Data are means ± SEM, n=4-7). ***p<0.001 vs. 

vehicle, †p<0.05, †††p<0.001 vs. Ang II (one-way ANOVA followed by a LSD post hoc 

test). F) The effect of subcutaneous administration of Ang II (33 µg/kg/h) via osmotic 

minipumps for 6, 12 and 72 hours and 2 weeks on the activation of p38 MAPK in rat 

left ventricles. Representative Western blot showing total-p38 and phospho-p38 

protein levels, results are means ± SEM, n=3-4, white columns, vehicle; black 

columns, phospho-p38/total-p38. *p<0.05 vs. vehicle (Student’s t-test). 
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5.3.3 LMCD1/dyxin expression is upregulated during post-infarction 

cardiac remodelling  

In the experimental model of MI evoked by ligation of LAD, the rat’s heart 

undergoes cardiac remodeling, as reflected in left ventricular dilation, thinning of 

the anterior wall and hypertrophic response of the posterior wall. The levels of 

left ventricular LMCD1/dyxin mRNA were significantly upregulated 1 day post-

MI when compared to sham-operated rats. Two weeks after MI LMCD1/dyxin 

mRNA levels were significantly decreased and returned to the level of sham-

operated animals 4 weeks post-MI (Fig. 18A). An increase in LMCD1/dyxin 

protein levels could be seen 2 weeks after MI (Fig. 18B). 

Fig. 18. The effect of experimental MI on rat left ventricular LMCD1/dyxin A) mRNA and 

B) protein levels. White columns, sham-operated; black columns, MI. mRNA results 

are expressed as the ratio of LMCD1/dyxin mRNA to 18S, as determined by real-time 

quantitative RT-PCR analysis. LMCD1/dyxin protein levels were determined by 

Western blot analysis. All results are means ± SEM, n=5-8. *p<0.05, **p<0.01 vs. 

vehicle or sham-operated animals (Student’s t-test). 
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5.3.4 Direct mechanical stretch elevates LMCD1/dyxin expression in 

cardiac myocytes 

The experimental model of direct left ventricular wall stretch in isolated perfused 

rat hearts caused an upregulation of LMCD1/dyxin mRNA levels after 2 h of 

stretch (Fig. 19A). Since previous immunohistochemical analysis had detected 

expression of LMCD1/dyxin in both myocytes and endothelial cells, it was 

decided to examine the role of direct stretch on cardiac myocytes. An in vitro 

model of direct cyclic mechanical stretch in NRVMs evoked an increase in the 

LMCD1/dyxin mRNA levels already after 1 h, which lasted up to 48 h of cyclic 

stretch (Fig. 19B and 19C). 

Fig. 19. A) The effect of mechanical stretch on left ventricular LMCD1/dyxin mRNA 

levels in isolated perfused rat hearts for 60 and 120 minutes ex vivo. White columns, 

sham-operated; black columns, wall stretch. Results are means ± SEM, n=6. mRNA 

results are expressed as the ratio of LMCD1/dyxin mRNA to 18S, as determined by 

Northern blot analysis. **p<0.01 vs. sham-operated animals (Student’s t-test). B), C) 

The effect of cyclic mechanical stretch (0.5 Hz at a level sufficient to promote cyclic 10 

to 25 % elongation of the myocytes) on LMCD1/dyxin mRNA levels of NRVMs. 

Experiments were carried out in two separate sets each having their own controls: 1, 4 

and 12 hours (B), 24 and 48 hours (C). White columns, control; coloured columns, 

mechanical stretch. mRNA results are expressed as the ratio of LMCD1/dyxin mRNA to 

18S, as determined by real-time quantitative RT-PCR analysis. Data are means ± SEM, 

n=8 (B); n=6 (C). *p<0.05, **p<0.01, ***p<0.001 vs. control (Student’s t-test). 
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6 Discussion 

This study characterized the regulation and expression of melusin, TSP-1, TSP-4 

and LMCD1/dyxin in the heart. All of these factors were upregulated in response 

to an increased cardiac workload and thus it is concluded that they are 

participating in the cardiac hypertrophic response. 

6.1 Melusin expression in the cardiac hypertrophic response 

The key finding of the study was that melusin gene expression was rapidly 

upregulated in the heart after multiple different hypertrophic stimuli, but in vivo, 
this upregulation was observed predominately in the left atrium. However, in vitro 

in NRVMs, melusin upregulation was seen in response to stimulating the cells 

with direct mechanical streching or with hypertrophic agonists.  

Melusin has not been extensively investigated in the cardiac hypertrophic 

response, but some previous studies have indicated that melusin is differentially 

regulated also in the left ventricle. Melusin protein levels were shown to be 

increased in the mouse left ventricle after one week of aortic banding (De Acetis 

et al. 2005). In another study, melusin protein levels initially declined during 

remodeling after myocardiac infarction in the first three weeks’ post-infarction 

but thereafter increased at six weeks after infarction in rat whole heart samples 

(Gu et al. 2012). In addition, melusin protein levels were increased in dog 

intramural left ventricular needle biopsy samples after a complete atrioventricular 

block (Donker et al. 2007). In addition, it has been shown that the endogenous 

melusin RNA and protein levels parallel the functional cardiac impairment in 

heart biopsy samples taken from human aortic stenosis patients suffering from 

dilated cardiomyopathy (Brokat et al. 2007). 

The activation of melusin mRNA expression in left atrium occurred at a very 

early stage of pressure overload, thus mimicking the induction of BNP and proto-

oncogenes in their response to increased blood pressure. Melusin has been 

postulated to act as a part of a intergrin-dependent mechanosensing apparatus of 

the cytoskeleton (Brancaccio et al. 1999) and proposed to have a protective role 

against pressure overload-induced heart failure (Brancaccio et al. 2003a, De 

Acetis et al. 2005). It has also been shown to act as a chaperone protein and the 

overexpression of melusin in the mouse heart was shown to be protective against 

acute I/R injury (Penna et al. 2014) as well as improving the remodeling process 

and survival of the heart after MI by reducing a wide range of maladaptive 
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processes such as collagen deposition and cardiomyocyte apoptosis, thus 

increasing the contractile function (Unsold et al. 2014). The rapid temporal 

expression pattern of melusin observed in this study suggests that melusin may 

also play a compensatory role to combat cardiac overload in the left atria, 

predominantly in the early stages of pressure overload. In addition, there is a 

report that the pressure overload-induced increase in the left atrial melusin gene 

expression was impaired in the hypertrophied hearts of old SHR; these animals 

have been shown to transit from compensatory hypertrophy to heart failure 

associated with diastolic dysfunction and increased fibrosis (Kuoppala et al. 
2003). Therefore, it seems likely that melusin may play a more important role in 

the compensatory phase of the hypertrophic response, as its expression levels 

seem to parallel the functional impairment, suggesting that the induction of the 

melusin gene becomes less beneficial in hearts undergoing the progression to 

heart failure. 

The expression of melusin protein is restricted to cardiac and striated muscle, 

which points to a dedicated and selective function for melusin in the contractile 

muscle cells. The cardioprotective role of the melusin has been claimed to derive 

from the activation of common salvage pathways aimed at sustaining 

cardiomyocyte function and survival during times of increased cardiac workload. 

Since it is a part of the chaperone machinery, it is able to orchestrate a network of 

biochemical signaling cascades directed to protecting the cellular function and 

survival after exposure to various stress stimuli. Therefore, the atrial-specific 

expression of melusin in response to an increased cardiac workload observed in 

this study points to an important role for melusin, specifically in the left atrium 

during stress stimuli. Melusin binds to and co-operates with another chaperone, 

HSP90 (Sbroggio et al. 2008). Interestingly, also HSP90 has been shown to be 

differentially upregulated in the atria vs. ventricles after intermittent hypoxia in 

guinea pigs (Mohan et al. 2001). In addition, HSP90 levels were also upregulated 

in the atria during ventricular tachypacing-induced congestive heart failure in 

dogs (De Souza et al. 2010). 

Atria respond to different pathological stimuli, such as pressure and volume 

overload, with remodeling and dilatation, which is also associated with atrial 

fibrillation. Each chamber of the heart has also a different genetic expression 

profile (Tabibiazar et al. 2003), as they have different cells with their own 

structural, functional, metabolic, and electrophysiological characteristics. 

Transcriptional profiling analysis of the genomic response occurring in heart 

failure has revealed that twice as many genes are differentially regulated in the 
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atria than in the ventricles (Kaab et al. 2004). It is likely that the hypertrophic 

process and the associated signaling pathways are different in atria and ventricles. 

Atrial myocytes are known to sense circulatory signals, for example, to sensitize 

them to endocrine hormone secretions, but the mechanisms involved in the atrial 

remodeling and hypertrophic process have remained largely unexplored. Melusin 

may have a protective role in the left atrium as a very early response to pressure 

overload. 

The development of the in vitro stretch model for cultured cardiomyocytes 

has provided an excellent method to study the effect of direct mechanical stretch 

on cardiomyocytes, closely resembling the effects of cardiac overload-induced 

hypertrophy (Sadoshima et al. 1992). It was demonstrated here that mechanical 

stretch alone is sufficient to activate melusin gene expression in atrial 

cardiomyocytes. This was observed in HL-1 cells, an immortalized mouse atrial 

muscle cell line (Claycomb et al. 1998). Mechanical stretch was also able to 

activate melusin expression in cultured NRVMs, even though no effect on left 

ventricular melusin expression in the left ventricles could be seen after pressure 

overload and direct ventricular wall stretch ex vivo. Cultured NRVMs differ from 

cardiomyocyte in an adult ventricle. Since they are neonatal cardiomyocytes, they 

even display some characteristics resembling cardiomyocytes of adult atria; for 

example, they have been shown to secrete high amounts of ANP similar to adult 

atrial cells (Bloch et al. 1986). Furthermore, the two-dimensionality of the cell 

culture conditions differ from that of a live animal, and it cannot be excluded that 

the effect of mechanical stretch would not be more robust than that in a whole 

heart in vivo. Nevertheless, mechanical stretch per se is able to activate the 

melusin gene expression. 

It is well established that autocrine and paracrine factors play a significant 

role in the development of cardiac overload-induced hypertrophy. The mechanical 

stretch is coupled with the cellular release of Ang II and ET-1, which act as 

mediators of the hypertrophic response. The mechanisms involved in the 

induction of melusin expression were evaluated by testing whether hypertrophic 

agonists such as ET-1, Ang II or the alpha-adrenoceptor agonist, PE, also on their 

own would be able to activate melusin expression in NRVMs. It was revealed that 

all of these agonists could increase melusin expression in a similar manner. The 

results also suggested that it was the activation of ERK which was responsible for 

the upregulation of melusin gene expression, as pharmacological inhibition of the 

ERK pathway resulted in a marked attenuation of the ET-1-induced increase of 

the melusin gene expression. Previously, it has been shown that mice 
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overexpressing melusin display higher phosphorylation levels of ERK1/2, and 

ERK1/2 inhibition could block the melusin-induced hypertrophy in cultured rat 

embryo myocytes (De Acetis et al. 2005). Taken together, the present data 

indicate that the activation of ERK pathway is also important for the induction of 

melusin gene expression itself. 

In this study, although melusin was found to be constantly expressed in both 

left atria and ventricle, the induction of melusin gene expression in response to 

hypertrophic stimuli in vivo could only be seen in left atria, not in the ventricles. 

These discrepant results may arise from species differences (rat vs. mouse, human 

or dog). Many of the previous studies have examined melusin expression at the 

protein level, whereas the results obtained in this study derive mainly from 

mRNA measurements. The mRNA levels do not always correlate with protein 

levels in the cells, since gene expression is also regulated at the post-

transcriptional and post-translational level, however no such data has been 

reported with regard to melusin. In this study, the elevation of melusin mRNA in 

left atria was also followed by an increase in melusin protein levels in the left 

atria of Ang II-induced hypetension in rats, but again, no changes in melusin 

protein levels were detected in the left ventricles. This Ang II-induced 

upregulation of melusin gene expression in the left atria was abolished by 

losartan, an AT1-R antagonist, most likely attributable to the inhibition of the Ang 

II-induced increase in systemic arterial pressure. However, this transcriptional 

level information of melusin expression suggests differential regulation of 

melusin expression and function in the atria and the ventricles. Overall, the results 

suggest that melusin expression is activated in the early response phase to 

multiple hypertrophic stimuli predominantly in the left atria, and this induction of 

gene expression may represent the initial step in adaptive and even protective 

remodeling processes in the heart following increased workload. However, the 

function of melusin in the heart is not yet completely understood. Melusin is 

thought to be a part of the integrin-linked mechanosignaling complex between 

ECM and interestingly, atrial fibrillation has been associated with increased ECM 

accumulation (Boldt et al. 2004) and extensive molecular changes targeted 

against Ca2+ overload and cellular stress (Brundel et al. 2002). On the other hand, 

many chaperones, such as the HSPs may have an impact on arrhythmias, by 

controlling channel protein maturation (Tarone & Brancaccio 2014). Irrespective 

of whether melusin has a role as a part of mechanosignaling complex or as a 

molecular chaperone, the atrial-specific activation of melusin makes melusin an 
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interesting target for further studies in the pathological processes affecting the 

atria.  

6.2 Thrombospondin-1 and -4 expression in cardiac remodeling 

Matricellular proteins interact with ECM proteins, cell surface receptors or 

cytokines, and growth factors and they are able to affect a variety of reparative 

processes in the heart after acute stress response or injury, including the 

inflammatory reaction as well as fibrotic and angiogenic remodeling 

(Frangogiannis 2012, Schellings et al. 2004). TSPs are matricellular proteins, but 

their function and the mechanisms regulating their expression in the heart are not 

fully understood. The key finding of this study was that the gene expressions of 

both TSP-4 and TSP-1 were rapidly activated in the rat left ventricle at an early 

stage of AVP- and Ang II-induced pressure overload. As the expression of some 

common structural ECM components is known to be upregulated in the heart a 

few days after the initiation of a pressure overload stimulus (Chapman et al. 1990, 

Crawford et al. 1994), in temporal terms, the rapid expression pattern of TSP-4 

and TSP-1 resembles more the induction of the immediate-early genes such as c-
fos (Hoshijima & Chien 2002). 

TSP-1 is known to be expressed in the heart tissue by cardiomyocytes and 

smooth muscle cells, endothelial cells as well as fibroblasts (Sezaki et al. 2005, 

Zhao et al. 2001). Based on the findings of study II, the expression pattern of 

TSP-4 in cardiac cells is more restricted as demonstrated by both mRNA 

measurements and histological stainings, TSP-4 expression can only be found in 

the endothelial cells in the heart. In this respect, TSP-4 can be considered as an 

early, endothelium-specific indicator of pressure overload in the rat heart. 

AVP-induced acute pressure overload caused an upregulation of TSP-4 in the 

aortic tissue of SHR in comparison to WKY, especially in the older animals (19-

21 month old). In the left ventricular samples, AVP-induced acute pressure 

overload impaired the induction of TSP-4 expression with aging in WKY and 

particularly in SHR. This effect of aging was also seen in the TSP-1 expression 

levels in response to acute pressure overload in WKY and SHR, but at a smaller 

magnitude than with TSP-4. This may be a consequence of the progression of 

endothelial dysfunction (Safar et al. 2001) or reduced endothelial cell density in 

the failing hypertrophied hearts of old SHR, as the expression of TSP-4 is 

endothelial cell-specific and TSP-1 is expressed more ubiquitously in the cardiac 

cells. 
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Previous studies have shown that the expression of TSP-1 is increased after 

I/R injury and coronary artery ligation in rat heart (Frangogiannis et al. 2005, 

Sezaki et al. 2005). It has been claimed that the TSP-1 expression is induced at 

the infarct border zone and that TSP-1 participates post-MI in the protective 

mechanisms limiting the expansion of fibrosis into the non-infarcted myocardium 

(Chatila et al. 2007). In the present study, TSP-1 expression was upregulated in 

the mRNA and protein level also in the late phase of post-MI remodeling in the 

rat heart, after the acute inflammation response had terminated. The expression 

levels of TSP-4 mRNA were also upregulated acutely and this effect endured 

even as late as 4 weeks’ post-MI, but no induction of the TSP-4 protein could be 

noted at any of the examined time points. Other studies have indicated that TSP-4 

may have an important role in cardiac remodeling after MI on regulating 

myocardial fibrosis (Frolova et al. 2012). In addition, TSP-4 overexpression has 

been shown to protect the heart after MI injury by regulating an adaptive 

endoplasmic reticulum stress response (Lynch et al. 2012). The data emerging 

from the current study strengthen the proposal that both TSP-1 and TSP-4 exert 

protective roles in cardiac tissue undergoing remodeling post-MI, probably by 

preserving the ECM function. This provides interesting insights into the 

possibility that these TSPs may represent potential targets for anti-fibrotic 

therapies. 

6.3 LMCD1/Dyxin in the cardiac hypertrophic response 

The mechanisms regulating cardiac LMCD1/dyxin expression were investigated 

in Study III. The key finding of this study was that LMCD1/dyxin expression was 

increased in cardiac hypertrophy in response to AVP- and Ang II-induced pressure 

overload. Additionally, LMCD1/dyxin expression was also upregulated in 

response to direct mechanical stretch in isolated perfused rat hearts ex vivo as well 

as in cultured NRVMs in vitro. LMCD1/Dyxin is a LIM domain containing 

protein that acts as a transcriptional cofactor in association with GATA 1/4/6 

transcription factors (Rath et al. 2005). From the GATA family of transcription 

factors, GATA-4 and GATA-6 have been proposed to act as key regulators of 

postnatal cardiomyocyte maturation (Prendiville et al. 2015) and furthermore, 

GATA-4 is one of the best characterized regulators of the cardiac hypertrophic 

response (for a review, see Kohli et al. 2011). In this context, it is not surprising 

that LMCD1/dyxin is involved in the regulation of the cardiac hypertrophic 

response. This is further supported by studies conducted in transgenic mice with 
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cardiac-restricted overexpression of LMCD1/dyxin in vivo and microRNA-

mediated knockdown of LMCD1/dyxin in vitro where LMCD1/dyxin mediated 

the cardiac hypertrophy both in vivo and in vitro (Frank et al. 2010). 

One of the main findings of this study was that LMCD1/dyxin is a p38 

MAPK regulated target gene associated with the mechanical stretch and pressure 

overload-induced hypertrophic response. First, adenovirus-mediated 

overexpression of p38 MAPK in the rat left ventricle resulted in the upregulation 

of the LMCD1/dyxin gene. Second, administration of the p38 MAPK inhibitor, 

SB203580, simultaneously with Ang II significantly attenuated the upregulation 

of LMCD1/dyxin gene expression. Furthermore, during Ang II infusion, the 

phosphorylation state of p38 MAPK correlated with the early induction of the 

LMCD1/dyxin gene. Several other transcription factors are also known to be 

activated by p38 MAPK in the heart, such as AP-1, GATA-4, SRF-1 and NF-κB, 

some even at the transcriptional level, such as Egr-1 and Egr-2 (Tenhunen et al. 
2006a). Taken together, these data suggest that the expression of LMCD1/dyxin 

expression in the heart is, at least in part, regulated by p38 MAPK. 

MAPK pathways, especially p38 MAPK and ERK cascades, are known to 

have important roles in the post-transcriptional modification and stretch-induced 

activation of GATA-4 in the heart (Kerkela et al. 2002, Liang et al. 2001b, 

Tenhunen et al. 2004). LMCD1/dyxin has been shown to inhibit the DNA binding 

of GATA-6 and thus to repress its ability to activate gene expression (Rath et al. 
2005). Based on the findings of study III, LMCD1/dyxin seems to be expressed in 

endothelial cells as well as cardiomyocytes in the rat heart in a similar manner to 

GATA-6 and GATA-4. It has been shown previously that both p38 MAPK 

overexpression (Tenhunen et al. 2006a) and mechanical stretch (Pikkarainen et al. 
2003b) increase GATA-4 DNA binding. The biological role of LMCD1/dyxin in 

the heart remains poorly understood, but it is tempting to speculate that 

LMCD1/dyxin may be able to interact with GATA transcription factors in the 

loaded heart and participate in the regulation of GATA activity. However, there is 

one report that LMCD1/dyxin induced hypertrophy by activating calcineurin 

signalling (Frank et al. 2010). These findings may indicate that LMCD1/dyxin 

affects hypertrophic signaling in several ways and more work will be needed to 

clarify its role in the transcriptional regulation of the hypertrophic gene response. 
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6.4 General considerations and perspectives 

The heart responds to an elevated hemodynamic workload by hypertrophic 

growth. This is associated with increased cell size, altered sarcomeric 

organization and reactivation of the fetal gene program, all well-established 

features of LVH. The role of the immediate-early genes, natriuretic peptides, and 

sarcomeric proteins in the hypertrophic response has been clear for some time 

now. In the present study, melusin, TSP-1 and -4 as well as LMCD1/dyxin were 

revealed as novel contributors to the cardiac hypertrophic gene program. In 

addition, the findings of this study point to a role for melusin, especially in the 

atria. The proposed roles for these factors in the cardiac hypertrophic response are 

summarized in Fig. 20. 

 

Fig. 20. Schematic representation of mechanical stretch-activated gene expression in 

the heart in the light of the results of the present studies. The figure represents a 

myocyte surrounded with the extracellular matrix as well as proteins from other 

cellular components of the cardiac tissue, such as TSP-4 from endothelial cells. 
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Interestingly, melusin has been proposed to act as one element in the integrin-

dependent mechanosensing apparatus in the heart (Brancaccio et al. 1999). In 

addition, TSP-4 has been linked with the heart's adaptive capacity to cope with 

myocardial stress by augmenting intracellular myocyte calcium levels and 

improving contractility. This response is known as the Anrep effect, where cardiac 

muscle responds to an acute systolic stress by increasing contractility within 

minutes coupled to an elevation in the intracellular myocyte calcium level. 

Transgenic mice lacking TSP-4 did not display any Anrep effect in either intact 

hearts or isolated cardiac muscle. The mechanism underpinning these TSP-4-

mediated effects is still poorly understood, but seems to require the presence of a 

functional ECM, as isolated myocytes had a normal stress response with or 

without TSP-4 (Cingolani et al. 2011). Moreover, LMCD1/dyxin belongs to the 

group of LIM proteins that have been claimed to act as a part of the 

mechanosensoring apparatus as well as regulating the actin cytoskeleton of the 

cell (Smith et al. 2014). The transcriptional activation of all of these factors 

observed in the current study represented a prompt response to acute overload in 

the heart, and it is tempting to speculate that these factors also participate in the 

mechanosensing function in the heart. 

In the present studies, the results of novel factors associated with cardiac 

hypertrophic response were often detected at the level of transcriptional 

expression. Although many of the results were confirmed at the protein level, the 

many layers of posttranscriptional and posttranslational regulation of gene 

expression must be taken into consideration. It is well known that the regulation 

of gene expression is a complex, only partly understood, network of positive and 

negative transcriptional regulators. Different models of cardiac hypertrophy are 

associated with differential activation of signaling pathways and transcriptional 

regulatory networks. In addition to the common hypertrophic response, there are 

also distinct phenotype-specific changes within regulatory networks, making it 

difficult to compare different experimental models and causes of cardiac 

hypertrophy as well as changes occurring during the various stages of the disease. 

The data of the present study is derived from animal studies, and the translation of 

the data of current studies to the clinical ward is not straightforward. It would be 

interesting to study these novel proteins of the hypertrophic response in human 

disease models, as this would perhaps clarify their role in human disease 

progession. For example, as melusin is an atrial-specific protein, it would be 

advantageous to study its role in the pathological processes affecting the atria, 

such as atrial fibrillation. 
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The identification and characterization of these novel players involved in this 

initially adaptive response mechanism of the heart will increase our overall 

knowledge of the cardiac pathologies. These may provide novel targets for the 

development of breakthrough diagnostics or pharmacological therapies and gene 

therapy/gene silencing. As the proteins examined in this study are not secreted 

and there is no straightforward way to assay these agents from patients without 

taking a biopsy sample, they may not represent feasible diagnostic biomarkers for 

monitoring disease progression. However, as they act in the signaling pathways 

affecting the hypertrophic response and the development of heart failure, they can 

be better viewed as potential targets for therapeutic interventions. Nonetheless, it 

is also evident that further studies will be needed before the role of these proteins 

is clarified in the response to cardiac overload. 
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7 Summary and conclusions 

In the present study the expression of four novel factors, melusin, TSP-1, TSP-4 

and LMCD1/dyxin, was characterized during the cardiac hypertrophic response in 

different experimental in vivo and in vitro models of cardiac load. 

1. Melusin expression was activated during the early response phase to multiple 

hypertrophic stimuli predominantly in the left atria, and this activation was, at 

least in part, mediated by ERK1/2 activation. Induction of melusin gene 

expression may represent an initial step in the adaptive and protective 

remodeling processes following an increase in the workload demanded of the 

heart. 

2. TSP-4 and TSP-1 gene expression was rapidly activated in the rat left 

ventricle at an early stage of AVP- and Ang II-induced pressure overload. 

Myocardial infarction induced both TSP-4 and TSP-1 mRNA expression in 

the heart whereas no increase could be detected in the levels of TSP-4 protein 

during the follow-up periods. TSP-4 expression was restricted to endothelial 

cells in the adult heart, and therefore, TSP-4 may be an endothelial cell-

specific marker of pressure overload. 

3. LMCD1/dyxin is a novel p38 MAPK target induced by the mechanical load 

during the cardiac hypertrophic response and after myocardial infarction. By 

itself, mechanical load is a critical regulator of LMCD1/dyxin gene 

expression. Since LMCD1/dyxin interacts with both GATA-4 and GATA-6 

transcription factors in the myocardium, LMCD1/dyxin may play a role in 

regulating the functions of these GATA transcription factors. 
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