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Abstract

Heart failure (HF) is a complex pathological state, involving simultaneous alterations in several
signalling pathways and changes in gene programming. In HF, activation of the neurohumoral
factors and renin-angiotensin-aldosterone (RAA) system occurs as a compensatory mechanism to
combat the abnormal ventricular function. Developments in cardiac gene delivery methods have
exerted a significant impact to treat HF and to discover the novel molecular mechanisms
associated with HF and other cardiac diseases. 

This study demonstrated that adenovirus–mediated gene delivery of B-type natriuretic peptide
(BNP) into the anterior wall of the left ventricle decreased myocardial fibrosis and increased
capillary density. Post-infarction BNP improved systolic function associated with normalization
of cardiac sarcoplasmic reticulum Ca2+-ATPase (SERCA) 2 expression and phospholamban
phosphorylation at Thr17. On the other hand, (Pro)renin receptor ([P]RR) gene delivery resulted
deleterious effects on cardiac function and (P)RR activation induced distinct angiotensin II (Ang
II)-independent extracellular matrix remodelling and worsening of cardiac function. (P)RR gene
delivery resulted in Ang II-independent activation of extracellular-signal regulated (ERK1/2)
phosphorylation and increased myocardial fibrosis. 

In conclusion, the present study indicates that myocardial BNP gene delivery can achieve
pleiotropic, context-dependent, favourable effects on cardiac function and that BNP can act
locally as a mechanical load–activated regulator of angiogenesis and fibrosis. These results also
implicate that (P)RR blockers may display additional cardiac effects in addition to its ability to
evoke effective RAA system blockade. Overall, the findings of this study provide a better
understanding of the molecular mechanisms involved in the biological actions of BNP and (P)RR,
and identify BNP and (P)RR as potential novel drug targets for the treatment of HF. 

Keywords: (pro)renin receptor, B-type natriuretic peptide, cardiac gene transfer, cardiac
hypertrophy, heart failure, ventricular remodelling
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Tiivistelmä

Neuroendokriinisellä aktivaatiolla, jonka seurauksena aiheutuu muun muassa verisuonten supis-
tumista ja laajenemista sekä nesteen kertymistä elimistöön, on tärkeä merkitys sydämen vajaa-
toiminnan kehittymisessä. Neuroendokriininen aktivaatio kompensoi sydämen vajaatoiminnan
seurauksena tapahtuvaa kammioiden poikkeavaa toimintaa. Yksi keskeisimmistä verisuonia
supistavista tekijöistä on reniini-angiotensiini-aldosteroni (RAA) -järjestelmä, ja verisuonia laa-
jentaviin tekijöihin kuuluvat muun muassa natriureettiset peptidit, kuten B-tyypin natriureetti-
nen peptidi (BNP) ja A-tyypin natriureettinen peptidi. Geeninsiirtomenetelmillä on ollut merkit-
täviä vaikutuksia uusien hoitomenetelmien kehittämisessä, sydämen vajaatoiminnan syiden sel-
vittämisessä ja uusien kohdegeenien tunnistamisessa sydämen vajaatoiminnan hoitoon. 

Väitöskirjan tutkimustulokset osoittivat, että suora adenovirusvälitteinen geeninsiirto rotan
sydämen vasemman kammion etuseinään on toimiva menetelmä uusien kohdegeenien löytämi-
seksi sydämen vajaatoiminnan hoitoon. BNP:n geeninsiirto vähensi merkitsevästi fibroosin
muodostumista ja lisäsi verisuonten uudismuodostumista sydämessä. Sydäninfarktin jälkeen
BNP paransi sydämen systolista toimintaa, johon liittyi aktiivisen kalsiumpumpun, SERCA2:n
ja fosfolambaani-proteiinin fosforylaation normalisoituminen. (Pro)reniini reseptorin ([P]RR)
geeninsiirto aiheutti angiotensiini II:sta riippumatonta solunulkoisen matriksin uudelleenmuo-
toutumista ja sydämen toiminnan huonontumista sekä lisääntynyttä sydämen fibroosia.

Väitöskirjatutkimus antaa uutta tietoa solunsisäisistä molekulaarisista mekanismeista sydän-
soluissa. BNP geeninsiirto aiheutti sydämen tautitilasta riippuvia suotuisia tapahtumia, ja se toi-
mi paikallisesti muun muassa fibroosia ehkäisevänä tekijänä. (P)RR geeninsiirtotulosten perus-
teella voidaan olettaa, että (P)RR:n salpaus saattaa olla uusi tehokas hoitokeino sydämen vajaa-
toiminnan hoitoon. 

Asiasanat: (pro)reniini reseptori, B-tyypin natriureettinen peptidi, geeninsiirto,
sydämen hypertrofia, sydämen vajaatoiminta
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BCL-2 B-cell lymphoma-2 

BNP B-type natriuretic peptide 

Ca2+ calcium 

CaMKII calcium-calmodulin-dependent protein kinase II 

cAMP 3’, 5’-cyclic adenosine monophosphate 

cDNA complementary DNA 

cGMP 3’, 5’-cyclic guanosine monophosphate 

CNP C-type natriuretic peptide 

CTGF connective tissue growth factor 

CMV cytomegalovirus 

DAPI diamidinophenylindole dihydrochloride 

DNA deoxyribonucleic acid 
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1 Introduction 

Heart failure (HF) is one of the most common cardiovascular diseases with high 

morbidity and mortality, and its prevalence is rapidly increasing as the mean age 

of the population advances (Roger et al. 2012). There are diverse causes of 

cardiovascular disease, but coronary artery disease is the most common cause of 

systolic HF while diastolic HF is more common in patients with hypertension 

(Jessup & Brozena 2003, McMurray & Pfeffer 2005). Worsening of chronic 

systolic or diastolic dysfunction is the most common form of acute HF, where 

frequent hospitalizations are associated with high mortality and morbidity 

(Flaherty et al. 2009). A number of drugs, particularly beta-blockers and drugs 

acting on the RAA system have been shown to improve symptoms, lower 

hospitalization and death rates in patients who have left ventricular systolic 

dysfunction (Jessup & Brozena 2003, McMurray & Pfeffer 2005). 

HF is a pathophysiological state in which the heart is unable to supply 

sufficient blood flow with the requirements of metabolizing tissues and thus, to 

sustain the normal organ function (Francis 2001). In HF, activation of the 

neurohumoral factors and RAA system occurs as a compensatory mechanism of 

abnormal ventricular function. Remodelling of the left ventricle (LV) and 

alterations in the LV geometry represent adaptive mechanisms to improve cardiac 

function (Mann & Bristow 2005). As a consequence, prolonged remodelling leads 

to the failure of compensatory mechanisms and deterioration of cardiac function. 

In myocyte level, abnormal molecular events results in alterations in the 

excitation-contraction coupling, hypertrophy, the cardiac myocyte death and 

cardiac fibrosis (Jessup & Brozena 2003, Mann & Bristow 2005). 

New therapeutic approaches, such as gene therapy, may have a significant 

impact on the treatment of HF. This may require the discovery of novel molecular 

mechanisms associated with HF. Gene therapy may make it possible to modulate 

several molecular targets which are difficult to modulate pharmacologically and 

investigate molecular biological approaches on the development of cardiac 

diseases (Lips et al. 2003). Definition of potential therapeutic targets, gene vector 

development, and in vivo gene delivery techniques have been the most important 

steps in the development of gene therapy. Recombinant viral vector systems as 

gene delivery vehicles have proved to be the most powerful tool for cardiac gene 

transfer. Presently, adenovirus and adeno-associated virus (AAV) vectors are the 

vehicles showing the greatest promise in molecular based studies of heart disease 

(Davis et al. 2008, Kawase et al. 2011, Vinge et al. 2008).  
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Potential gene-based therapies for the treatment of HF have been validated in 

a variety of animal models. Moreover, transgenic and knockout models of cardiac 

hypertrophy and heart failure have proved valuable in understanding the effects of 

target genes on cardiac function (Ly et al. 2007, Rapti et al. 2011). 

HF is a complex pathological state, consisting of the simultaneous alterations 

in several signalling pathways. The most extensively studied targets for the 

treatment of HF are β-adrenergic receptor (β-AR) signalling and calcium (Ca2+) 

handling proteins and stimulation of cardiac angiogenesis (Katz et al. 2011). 

Furthermore, gene transfer techniques have been a valuable approach for studying 

the effects of signalling pathways on myocyte function and for identifying the 

cellular targets within signalling cascades (Davis et al. 2008). The translation of 

viral based studies from animal models of cardiac disease to humans is now 

progressing in many clinical trials (Gao & Hammond 2011, Hajjar et al. 2008, 

Jaski et al. 2009, Kawase et al. 2011). 

In the present study, novel drug targets for the treatment of HF were 

examined. The direct myocardial effects of BNP and (P)RR on cardiac function 

were studied by using adenovirus–mediated gene delivery in normal adult rat 

hearts and in hearts during the remodelling process after myocardial infarction 

(MI) and in Ang II–induced hypertension. In addition, potential molecular 

mechanisms triggering myocardial remodelling effects of cardiac function were 

investigated and molecular forms of BNP were studied after gene delivery. 
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2 Review of the literature 

2.1 Heart failure 

HF is a syndrome which manifests with several symptoms, combined with 

objective evidence of cardiac dysfunction (Fig. 1). In general, the symptoms 

associated with HF are shortness of breath at rest or during exertion, fatigue, signs 

of fluid retention (e.g. pulmonary congestion or ankle swelling) with the objective 

evidence being abnormalities of the structure or function of the heart (Dickstein et 
al. 2008). 

In HF, the capability of the heart to pump blood in response to systemic 

demands becomes attenuated. HF can be induced by common disease stimuli, 

such as, long-standing hypertension, MI or ischemia associated with coronary 

artery disease, valvular insufficiency and stenosis. Moreover, myocarditis due to 

an infectious agent, congenital malformations, familial hypertrophic and dilated 

cardiomyopathies and diabetic cardiomyopathy act as inducers of HF (Berenji et 
al. 2005, Heineke & Molkentin 2006, Lips et al. 2003). 

The aetiological factor conferring the major relative risk for LV systolic 

dysfunction is ischemic heart disease. Asymptomatic structural or functional heart 

abnormalities account for precursors of symptomatic HF and are combined with a 

high death rate (Dickstein et al. 2008, McDonagh et al. 1997, Wang et al. 2003). 

One of the most efficient predictors for the development of HF is the 

presence of LV hypertrophy (Maron 1997). The New York Heart Association 

(NYHA) functional classification has been devised to estimate the impact of HF 

of patients. NYHA classifies patients with HF into four categories (I, II, III, IV) 

with a higher class indicating more severe symptoms, more limitations in physical 

activity and worse health (Bennett et al. 2002, Holland et al. 2010). 

In community studies, the 5-year mortality is about 50–60% and the annual 

mortality was found to be 10–20% in patients with mild–moderate symptoms 

requiring hospital admission and as high as 40–60% in patients with severe HF 

(Dargie et al. 1996). McDonah et al. (1997) showed that ischemic heart disease is 

present in 83% of patients with LV systolic dysfunction. Nevertheless, 

hypertension alone was not more common in patients with than without LV 

systolic dysfunction. However, McKee et al. (1971) reported ischemic heart 

disease as the precursor of chronic HF in 10% of patients with chronic HF. 

Ischemic heart disease was involved in hypertension in 39% of patients. Eriksson 
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et al. (1989) reported that hypertension was the most significant predictor for the 

development of chronic HF. Moreover, in the Framingham study McKee et al. 
(1971) revealed that hypertension accounted for 75% of the patients of chronic 

HF. Differences between studies can occur due to the fact that hypertension has 

become more easily detectable and treatment is available for these conditions 

(McDonagh et al. 1997). 

 

Fig. 1. Pathophysiology of heart failure due to left ventricular dysfunction. Modified 

from McMurray & Pfeffer 2005. 

Acute heart failure versus chronic heart failure 

Acute HF and chronic HF are commonly used to characterize patients with HF. 

Worsening HF on a background of chronic HF is the most common form of HF 

and it is long-term condition which is associated with the heart undergoing 

adaptive responses, such as dilation and hypertrophy (Dickstein et al. 2008). 

Acute HF is commonly used to refer to de novo acute HF (the medical emergency 

of life-threatening pulmonary oedema) or decompensation of chronic HF 

(Dickstein et al. 2008, Swedberg et al. 2005). Acute HF is characterized by the 

signs pulmonary congestion (Swedberg et al. 2005). 
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Diastolic heart failure versus systolic heart failure 

Distinction of chronic HF is made between diastolic HF and systolic HF. These 

two separate syndromes appear to have similar signs, symptoms and prognosis, 

although morphological and functional changes are distinctive. In systolic HF, the 

LV is dilated and the ejection fraction becomes reduced, whereas in diastolic HF, 

the LV is not dilated and the ejection fraction is preserved, which is why diastolic 

HF is often diagnosed when symptoms and signs of HF occur in the presence of 

normal ejection fraction at rest. Moreover, the neurohumoral abnormalities appear 

to be similar in both syndromes (Chatterjee & Massie 2007, Swedberg et al. 
2005). 

Main structural difference between systolic and diastolic HF occurs in the 

shape of LV. In systolic HF, myocyte length and myocyte length/width ratio are 

increased, whereas in diastolic HF, the myocyte cross-sectional area is increased, 

with only minor changes occuring in myocyte length/width ratio. The sarcomeres 

are replicated in parallel in both types of HF and there is also abnormal Ca2+ 

regulation in both syndromes. Moreover, collagen volume and fibrosis are 

elevated, although the character and degree of fibrosis are different (Chatterjee & 

Massie 2007). The differences in the structural changes in systolic and diastolic 

HF are summarized in Table 1.  

Table 1. Myocyte and matrix changes in diastolic and systolic heart failure. Modified 

from Chatterjee & Massie 2007. 

Myocyte or matrix change Systolic heart failure Diastolic heart failure 

Myocyte specific changes   

Hypertrophy + + 

Apoptosis + + 

Necrosis + + 

Myocardial fibrosis + + 

Calcium regulation - - 

MMPs/TIMPs + - 

Collagen cross-links - + 

Titin isoforms N2BA/N2B - + 

+, increased; -, decreased or impaired; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of 

metalloproteinase 
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2.2 Cardiac remodelling 

Cardiac remodelling is the process by which mechanical, neurohumoral and 

genetic factors modify ventricular size, shape and function (Jessup & Brozena 

2003, Sutton & Sharpe 2000). LV remodelling may be physiological and adaptive 

during normal growth or it can be pathological due to clinical conditions, such as 

MI, cardiomyopathy, hypertension and valvular heart disease (Sutton & Sharpe 

2000). In general, increased interstial fibrosis, loss of myocytes and hypertrophy 

are the most commonly encountered features of cardiac remodelling (Jessup & 

Brozena 2003, Sutton & Sharpe 2000). 

Several factors are involved in the LV remodelling process. The first 

initiating stimuli for cardiac hypertrophy have been segregated into 

biomechanical and stretch‒sensitive mechanisms or neurohumoral mechanisms 

(Heineke & Molkentin 2006). Biomechanical signals are mediated through 

internal stretch–sensitive receptors, which converge on intracellular signal-

transduction circuits to mediate the cardiac growth response. However, activation 

of endogenous neurohumoral systems plays a major role in cardiac remodelling 

and thus, in the progression of HF. Circulating or tissue levels of neurohumoral 

factors such as noradrenaline, Ang II, aldosterone, endothelin, vasopressin and 

cytokines are increased in patients with HF (Teerlink 1996). Neurohumoral 

factors induce sodium retention and peripheral vasoconstriction, thus imposing 

greater hemodynamic stresses on the ventricle. Moreover, myocardial fibrosis can 

be stimulated by direct toxic effects of neurohumoral factors on cardiac cells. 

Direct deleterious effects of neurohumoral activation on the myocytes and 

interstium may alter the performance and phenotype of cardiac cells (Hunt et al. 
2005). 

2.2.1 Post-infarction left ventricular remodelling 

During post-infarction ventricular remodelling, the loss of myocardium cells 

results in divergent loading conditions in the border zone of the infarction area 

and in a remote noninfarcted myocardium. Increased loading conditions induce 

dilatation and complex architectural changes involving both the infarcted and 

noninfarcted myocardium, including hypertrophic changes and the formation of a 

discrete collagen scar (Jessup & Brozena 2003, Sutton & Sharpe 2000). 

Post-infarction remodelling has been divided into an early phase (within 72 

hours) and a late phase (beyond 72 hours) (Sutton & Sharpe 2000). In early 
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remodelling, there is expansion of the infarct zone, disproportionate thinning and 

LV chamber dilatation of the infarct segment and these processes begin within 

hours of the acute infarction and result in the elevation of diastolic and systolic 

wall stress (Weisman & Healy 1987). Expansion of the infarct zone causes 

deformation of the border zone and the remote myocardium, which in 

nonischemic segments changes due to the Frank-Starling mechanism and 

achieves increased total segment shortening (Lew et al. 1985). The major reasons 

for infarct expansion are loss of myocardial extracellular matrix, involving 

degradation of the intermyocyte collagen structures by serine (Ser) proteases and 

the activation of matrix metalloproteinases (MMPs) released from neutrophils 

(Fig. 2) (Cleutjens et al. 1995, Creemers et al. 2001).  

The neurohumoral activation has been regarded as a marker of hemodynamic 

function (Morita et al. 1993, Yoshitomi et al. 1998). Atrial natriuretic peptide 

(ANP) and BNP are cardiac natriuretic peptides (NP) which are activated in the 

acute phase of MI and can be assessed as indicators of LV remodelling after MI. 

NPs decrease intravascular volume and systemic vascular resistance, normalize 

ventricular filling and ameliorate cardiac function. Abnormalities of 

hemodynamic function also trigger the sympathetic adrenergic system. 

Catecholamine synthesis is stimulated in the adrenals and they are also released 

from the sympathetic nerve terminals leading to activation of the RAA system. 

Consequently, production of ANP and BNP is stimulated. Increased shortening 

and elevated heart rate from sympathetic stimulation results hyperkinesis of the 

noninfarcted myocardium and transiently circulatory compensation (Sigurdsson 

& Swedberg 1996, Sutton & Sharpe 2000). 

The inflammatory response and cytokine elaboration play a crucial role after 

MI. After MI, macrophages, monocytes and neutrophils migrate into the infarct 

zone, resulting intracellular signalling and neurohumoral activation, thus 

localizing the inflammatory response (Sutton & Sharpe 2000). Cytokines, such 

tumour necrosis factor-α (TNF-α) and interleukin-6 are released from 

myocardium after myocardial ischemic injury and are involved in regulating 

myocyte survival, cellular apoptosis and in triggering the cellular inflammatory 

response. Moreover, cytokines mediate repair and remodelling through activating 

MMPs and collagen formation, integrin regulation, angiogenesis and progenitor 

cell mobilization (Nian et al. 2004). 

Progressive remodelling of the remote areas of the LV characterizes late LV 

remodelling. As a consequence, chamber dilatation, myocardial hypertrophy, re-

expression of a fetal phenotype and progressive deterioration in systolic pump 
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function are observed (Sam et al. 2000, Sutton & Sharpe 2000). Furthermore, the 

LV remodelling during late post-MI is associated with increased apoptosis in 

myocardium remote from the area of ischemic injury. In the mouse MI model, a 

progressive increase in the number of apoptotic myocytes in myocardium remote 

from the area of ischemic damage developed from 1 to 6 months (Sam et al. 
2000). 

 

Fig. 2. Post-infarction left ventricular remodelling. HF, heart failure; LV, left ventricular; 

MI, myocardial infarction. Modified from Abbate et al. 2002, Shamhart & Meszaros 

2010. 

2.2.2 Cardiac remodelling and hypertrophy 

Cardiac hypertrophy can be defined as an increase in the myocardial mass (Frey 

& Olson 2003, Lips et al. 2003) and in consequence, ventricular wall stress 

becomes reduced by myocyte growth. Several extrinsic and intrinsic stimuli are 

involved to trigger this hypertrophic process in response to increased wall stress 

and thus, cardiac hypertrophy normalizes the increased wall tension as an attempt 

to abrogate the initial stimulus (Frey & Olson 2003). 

Three types of cardiac hypertrophic growth have been described: normal 

growth, growth induced by physical conditioning and growth induced by 

pathological stimuli (Fig. 3) (Dorn & Force 2005). Physiological cardiac 

hypertrophy is observed generally during cardiac postnatal growth, pregnancy or 

exercise–induced cardiac growth, which is regulated mainly by the growth 
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hormone/insulin-like growth factor (IGF) axis via signalling through the 

phosphatidylinositol-3 kinase (PI3K)/Akt pathway (Dorn & Force 2005). 

Pathological hypertrophic myocyte growth is defined as the metabolic, structural 

and functional remodelling of the heart (Berenji et al. 2005). Pathological 

hypertrophy is a result of the cellular response to an increase in biomechanical or 

neurohumoral stress, and it is triggered by autocrine and paracrine factors such as 

adrenaline, noradrenaline, Ang II and aldosterone (Berenji et al. 2005, Dorn & 

Force 2005, Heineke & Molkentin 2006, Lips et al. 2003). Pathological 

hypertrophic growth of myocytes develops in patients with hypertension, obesity, 

valvular heart disease, or prior MI or as a result of gene mutation encoding of 

contractile protein (Berenji et al. 2005). 

Ultimately, pathological cardiac hypertrophy predisposes individuals to HF, 

arrhythmia and sudden death (Berenji et al. 2005, Heineke & Molkentin 2006). 

Nowadays, hypertrophic growth is established as a marker for increased risk of 

developing chronic HF and thus, hypertrophy is considered to be a maladaptive 

process (Berenji et al. 2005). Well-known intracellular mediators of hypertrophy 

are protein kinases and phosphatases such as mitogen activated protein kinase 

(MAPK), Janus kinases, cyclin-dependent kinase-9, Ca2+/calmodulin-dependent 

protein kinase II (CaMKII) and calmodulin-dependent phosphatases (Molkentin 

2004, Zhang & Brown 2004). 
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Fig. 3. Cardiac hypertrophy can be classified as physiological, pathological or 

developmental hypertrophy. LV, left ventricle; RV, right ventricle. Modified from 

Heineke & Molkentin 2006. 

2.3 Gene delivery vectors for cardiovascular gene therapy 

Several gene delivery vectors for cardiovascular gene therapy are currently being 

investigated to provide either a transient or a permanent transgene expression. 

Gene delivery vectors can be divided roughly into two categories: nonviral and 

recombinant viral vectors. Nonviral vectors and adenoviral, AAV and lentiviral 

vectors have been most commonly investigated cardiac gene delivery methods. 

Adenovirus and AAV vectors have a high transduction efficacy in blood vessel 

walls, skeletal muscle, heart and liver. Furthermore, lentivirus vectors have been 

shown to be applicable for gene delivery in cardiovascular gene therapy, but 

further vector modification will be needed to improve their efficacy (Table 2) 

(Davis et al. 2008, Kawase et al. 2011, Korpisalo & Yla-Herttuala 2010, Ly et al. 
2007, Rissanen & Yla-Herttuala 2007, Vinge et al. 2008).  
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Table 2. Viral vectors for cardiac gene delivery. Modified from Kawase et al. 2011. 

Viral Vector Adenovirus AAV Lentivrus 

Genome dsDNA ssDNA ssRNA 

Duration of expression Transient (7–14 days) Long-term Long-term 

Insert capacity 7–30kb 4.8kb 7–10kb 

Advantages Highly efficient entry Low immune response; 

high in vivo efficiency 

Low immune response; 

high efficiency in some 

cases 

Disadvantages Cytotoxic and 

immunogenic effects 

Limited insert size; 

complex to prepare 

Biosafety of parental 

virus 

Clinical trial approved Yes Yes No 

AAV, adeno associated virus; dsDNA, double stranded DNA; ssDNA, single stranded DNA; ssRNA, single 

stranded RNA 

2.3.1 Nonviral vectors 

The first reported direct myocardial injection of naked plasmid deoxyribonucleic 

acid (DNA) was performed in 1990 (Lin et al. 1990). The β-galactosidase 

reporter gene was administered to the apex of the rat heart and LacZ positive 

cardiomyocytes were observed 3 days after administration. The results of this 

study revealed that β-galactosidase was detected histochemically for at least 4 

weeks after gene transfer (Lin et al. 1990). Subsequently, Buttrick et al. (1992) 

reported that expression of the transferred gene was restricted to the vicinity of 

the injection site. 

Nonviral vectors have many advantages in disease models of gene therapy. 

For instance, practically there is no size limitation, which allows the utilization of 

large transgenes. Furthermore, nonviral vectors can be produced in large amounts 

using standard techniques, they are cheap, very stable and can be stored for 

prolonged periods. Two other major benefits are their low immunogenic potential 

and low toxicity (Muller et al. 2007, Rapti et al. 2011, Rissanen & Yla-Herttuala 

2007).  

Lipids and polymers have been developed to form complexes with DNA to 

improve transfection efficiency. Plasmid-liposome complexes delivered in mice 

by tail vein injection resulted plasmid transfer in the heart and lung at 9–11 days 

post-injection, but no plasmid transfer was detected in liver and kidney (Stewart 

et al. 1992). Furthermore, tail vein injection of a plasmid-lipid complex resulted 
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in gene expression in myocardium, and also in several other tissues such as 

skeletal muscle, lung, spleen and liver (Hofland et al. 1997). 

Thus far, direct plasmid injection for heart disease has proved too 

challenging, because of the low transfection efficiency and restricted expression 

of the transferred gene. Nevertheless, direct myocardial injection has been a 

useful tool for basic cardiac research because of its simplicity and the low costs of 

production (Ly et al. 2007, Rapti et al. 2011). 

2.3.2 Adenoviral vectors 

Adenoviruses were first isolated from adenoid tissue (Rowe et al. 1953) and they 

are the most significant cause of upper respiratory infections (Douglas 2007). The 

wild type adenovirus genome is approximately 35 kilobase (kb) in length, of 

which up to 30 kb can be replaced with foreign DNA (Verma & Somia 1997). 

Adenoviruses are non-enveloped viruses containing a linear double stranded DNA 

genome, which remains episomal after infection.  

Recombinant human adenoviral vectors are the most extensively used viral 

vectors in experimental gene therapy models. Adenovirus serotype 2 and serotype 

5 are the most commonly used viral vectors for clinical gene therapy for 

cardiovascular diseases, mainly because of their transduction efficiencies 

(Douglas 2007, Nabel 1995). Cytomegalovirus (CMV) and Rous sarcoma virus 

(RSV) are the most frequently used viral promoters and they are able to express 

genes with a large distribution into tissues (Griscelli et al. 1997). The genes 

essential for viral replication are deleted and the vector cannot replicate, thus 

adenovirus–mediated gene transfer reaches its maximal effect within the first 2–5 

days and the vector is limited by short-term gene expression (about 2 weeks post-

injection) (O'Donnell 2012, Rysa et al. 2010, Tenhunen et al. 2006b). 

Adenoviral vectors have been studied for cardiac gene therapy in rodents, 

large animals and in humans. Originally, Guzman et al. (1993) and Kass-Eisler et 
al. (1993) reported that direct injection of replication-deficient recombinant 

adenovirus vectors provides a simple and effective but short-term method of 

myocardial gene transfer in rats. The myocardium has been targeted with 

adenovirus vectors also in mice (Stratford-Perricaudet et al. 1992), rabbits (Barr 

et al. 1994) and pigs (French et al. 1994). Subsequently, Giordano et al. (1996) 

reported increased myocardial vascularization after intracoronary gene transfer of 

fibroblast growth factor (FGF) -5, and Hajjar et al. (1998) demonstrated 

depressed contractility after the adenoviral gene transfer of phospholamban (PLB) 
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by open-chest direct injection into the ventricle. Weig et al. (2000) were the first 

to document changes in myocardial function following direct intramyocardial 

adenovirus–mediated gene delivery in rats; they observed enhanced cardiac 

global contractility with gene transfer of vasopressin V2 receptors. 

French et al. (1994) described an effective transduction in the hearts of 

domestic swine. Depending on the vector concentrations, transduction efficiencies 

were up to 75% in the cardiomyocytes around the needle track after direct 

injection of adenoviral vectors into the hearts. In fact, gene expression was very 

local and did not spread far from injection site. The expressions of transferred 

genes were at their highest at 7 days and decreased thereafter. Furthermore, 

leukocytic infiltration was observed near to the transduced cardiomyocytes 

(French et al. 1994).  

Adenoviral vectors have several limitations with respect to their use in HF 

gene therapy and clinical applications have proved very challenging. Dai et al. 
(1995) revealed that an intense immune reaction is behind the short-term 

expression of adenoviral–mediated gene transfers. In general, capsin proteins can 

stimulate innate and adaptive immune responses and evoke inflammation. As a 

consequence, the appearance of neutralizing antibodies against capsin protein 

leads to the elimination of the vector (Jooss & Chirmule 2003). In attempts to 

reduce the immunological response of adenovirus vector tropism, the fiber coat 

protein has been modified by genetic engineering. Transduction of uninfected 

cells e.g. antigen presenting cells can be avoided and the efficiency of gene 

transfer is increased (Gwathmey et al. 2011). Long-term adenoviral–mediated 

gene expression can be achieved if the recombinant adenoviral vectors are 

introduced into nude mice or into mice that are given both the adenoviral vector 

and immunosuppressing agents (Dai et al. 1995). 

2.3.3 Adeno-associated viral vectors 

AAVs are human-specific members of the Parvoviridae family. The wild type 

AAV has single-stranded DNA and the size of genome is about 4.8 kb. The AAV 

genome contains two major genes; the Rep gene codes Rep proteins (Rep 76, Rep 

68, Rep 52 and Rep 40), which are involved in AAV replication and the rescue of 

the virus, and the Cap gene encodes for AAV structural proteins including viral 

protein (VP) VP-1, VP-2 and VP-3, which forms the icosahedral capsid, within 

which the replicated genome is packaged (Ponnazhagan et al. 2001, Srivastava et 
al. 1983, Wasala et al. 2011). The particle size of AAV vectors is approximately 
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20–25 nm in diameter, which is much smaller than that of the adenovirus particle 

(approximately 100 nm in diameter including fibers). Thus, AAV vectors can 

bypass the blood vessel pores and extracellular matrix much easier than their 

adenovirus counterparts (Li et al. 2003). VP3 is a major capsid protein and AAVs 

are classified into different serotypes based on amino acid sequence of the capsid 

proteins (Wasala et al. 2011).  

AAV is dependent on an adenovirus or some other helper virus, such as 

herpes viruses to supply the essential gene products that allow AAV to undergo a 

productive infection. Different serotypes of AAV have been identified to contain 

variations in the amino acid sequence of capsid protein, which suggests their 

potential utility in gene therapy applications (Rutledge et al. 1998). 

Svensson et al. (1999) demonstrated recombinant AAV (rAAV) vector–

mediated heart gene transfer for the first time in 1999. After coronary artery 

perfusion of rAAV containing the LacZ gene, β-galactosidase expression was 

detected in <1% of cardiomyocytes at 2 weeks after perfusion and in up to 50% of 

cardiomyocytes at 4 to 8 weeks after perfusion. Furthermore, direct 

intramyocardial injection of rAAV containing LacZ did not cause any myocardial 

inflammation or myocyte necrosis (Svensson et al. 1999). Subsequently, Li et al. 
(2003) delivered rAAV2 vector containing LacZ gene into the heart of healthy 

hamsters. Effective gene transfer was achieved in up to 90% of the 

cardiomyocytes and LacZ gene expression was sustained for more than 1 year (Li 

et al. 2003). 

Several AAV serotypes have been tested for cardiac gene delivery (Wang et 
al. 2011). rAAV6–mediated gene transfer injected via the tail vein to mice 

induced extensive gene transfer in the heart and skeletal muscles (Gregorevic et 
al. 2004). Furthermore, rAAV8 and rAAV9 vectors appear to be promising for 

systemic gene transfer to the heart and muscle. Wang et al. (2005) compared the 

efficiency of rAAV1, rAAV2, rAAV5, rAAV6, rAAV7 and rAAV8 in mice and 

hamsters after a single injection via intraperitoneal or intravenous routes. They 

revealed that rAAV8 was able to cross the vascular barrier effectively and both 

skeletal and cardiac muscles were transduced with rAAV8. Moreover, rAAV8 and 

rAAV9 transduced tissues more ubiquitously than other serotypes (Zincarelli et 
al. 2008) and rAAV9 has been revealed to be the most cardiotropic serotype in the 

mouse and rat (Bish et al. 2008a). Nevertheless, rAAV8 and rAAV9 also display 

tropism for other organs such as liver, skeletal muscle and pancreas by peripheral 

vein injection (Inagaki et al. 2006). 
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Even if the immune response against rAAVs is low and transient when 

compared to that evoked by adenoviral vectors, several studies have reported 

significant seropositivity for rAAV2, rAAV1, rAAV5 and rAAV6 in humans 

(Boutin et al. 2010, Calcedo et al. 2009, Halbert et al. 2006). It is notable that 

immune systems between murine models and in humans display notable 

differences (Zaiss & Muruve 2008) and the immune response to rAAV vectors 

appears to be a major obstacle to clinical trials (Rapti et al. 2011, Rissanen & Yla-

Herttuala 2007).  

2.3.4 Lentiviral vectors 

Lentiviruses belong to the retrovirus family. These viruses have enveloped 

capsids and a stranded ribonucleic acid (RNA) genome and they are able to infect 

both proliferating and non-proliferating cells. They can package an approximately 

8–10 kb genome. The viral genome is reverse transcribed into double-stranded 

DNA, which gradually integrates into the host genome, thus enabling the ability 

to achieve long-term stable transgene expression. Lentiviral–mediated gene 

delivery enables sustained expression for over 9 months in rodent brains 

(Makinen et al. 2006) and for over 6 months in liver, muscle, eye or pancreatic-

islet cells (Blomer et al. 1997, Miyoshi et al. 1997, Verma & Somia 1997). The 

first developed and most commonly used lentiviral vectors are based on the 

human immunodeficiency virus type 1, which has been disabled and developed as 

a vector for gene delivery (Trono 2000). 

Lentiviral vectors efficiently transduce adult rat cardiomyocytes. Lentiviral–

mediated gene expression peaked at day 3 and declined by about 4–fold at day 14. 

Thereafter gene expression remained stable up to week 10 (Fleury et al. 2003). 

Furthermore, Zhao et al. (2002) demonstrated lentiviral gene transfer into 

neonatal and adult cardiac myocytes in vitro. The achieved transduction efficiency 

was 70% in adult cardiomyocytes and 100% in neonatal cardiomyocytes. Niwano 

et al. (2008) demonstrated in the ischemic cardiomyopathy model that lentiviral–

mediated SERCA2 gene transfer effectively improved cardiac function, achieved 

favourable molecular remodelling, prevented LV remodelling after MI and 

improved the survival rate. 

Potential applications of lentiviral vectors for human gene therapy have not 

been extensively explored. The major limitation of lentiviral–mediated gene 

transfer is related to biosafety. The pathogenicity of the parental virus is a major 
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concern even though the safety features of lentiviral vectors have been improved 

and non-essential regulatory genes removed (Kawase et al. 2011, Trono 2000). 

2.3.5 Other gene transfer vectors 

In hybrid vectors, nonviral vectors are combined with viral vectors. Hybrid 

vectors have been widely studied in oligonucleotide-based gene therapy models 

(Kaneda 1999, Yasufumi 2000). In general, virosomes are hybrid vectors based on 

liposomes. The most studied virosome of with potential cardiovascular gene 

therapy applications is hemagglutinating virus of Japan-liposome (Aoki et al. 
1997, Kaneda 1999). Virosomes introduce DNA directly into the cytoplasm, and 

they contain DNA and DNA-binding nuclear protein in order to enhance 

expression of the gene (Ly et al. 2007).  

There are some other uncommon viral based vectors such as Epstein-Barr 

virus (Tomiyasu et al. 2000), foamy virus (Mergia & Heinkelein 2003) and 

simian virus 40 (Strayer et al. 2006) which have been reported to have possible 

application in cardiac gene therapy. 

2.4 In vivo myocardial gene delivery techniques 

In vivo gene deliveries for cardiovascular diseases have focused on the 

development of methods to deliver genes in vascular cells and cardiac myocytes 

(Nabel 1995, Rissanen & Yla-Herttuala 2007). The gene delivery method should 

be technically efficient and simple, feasible, inexpensive, safe and well tolerated, 

and only transduce specific regions of the targeted tissue (Davis et al. 2008). The 

main gene delivery techniques used in vivo are direct injection into the 

myocardium (French et al. 1994, Tenhunen et al. 2006, Rysa et al. 2010) and 

intravascular systemic delivery (Bridges et al. 2005, O'Donnell & Lewandowski 

2005) (Fig. 4). Furthermore, several specific methods have been developed for 

vector delivery within these main categories (Davis et al. 2008). 
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Fig. 4. In vivo viral vector delivery techniques. In the systemic gene delivery 

technique, the viral vector is injected into the venous space for delivery to the heart 

and throughout the circulation. In the coronary delivery technique, the heart 

circulation is isolated with clamping or balloon angioplasty. In direct injection, the 

viral vector is injected by a syringe into the heart musculature. The green colour 

indicates viral vector localization in the heart. Modified from Davis et al. 2008. 

2.4.1 Direct myocardial gene delivery 

Direct myocardial gene delivery has been utilized in a variety disease models 

such as ischemic heart disease, HF and muscular dystrophies (Ly et al. 2007, 

Vinge et al. 2008). Intramyocardial administration involves injection of specific 

gene directly into the myocardium. This method has been widely used with most 

available gene transfer vectors, and both naked recombinant DNA and viral 

vectors have been injected into the murine heart and in larger animals (Davis et 
al. 2008, Katz et al. 2010, Rissanen & Yla-Herttuala 2007).  

Direct gene delivery enables direct access of vector to the myocardial cells 

through the interstial space. The advantage of direct gene delivery is the evasion 

of the capillary barrier (Rapti et al. 2011). Injections can be done by targeting the 

heart through the chest wall or trans-diaphragm from the abdominal cavity, or 

through the chest wall by ultrasound technology. Moreover, direct injections can 

be done by a surgical approach that exposes the heart and permits explicit 

visualization to the target tissue (Davis et al. 2008, Szatkowski et al. 2001). 

Despite the technical simplicity of the direct myocardial injection method, it is 

challenging to reproduce gene transfer into exactly the same area of the heart to 

similar amplitude between animals and experiments. In general, gene transfer 

during surgical procedures has been used on beating hearts or after a transient 

cardiac arrest with similar efficiencies. Another important deficiency in most 
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rodent studies is that the sites of injection to nonseptal walls of the ventricle are 

limited, for example, direct injections to atrial tissue is unfeasible. In addition, 

some damage to the tissue will occur along the needle track. Gene delivery to the 

septal wall, trabeculae and papillary muscles is also limited, even if an ultrasound 

guidance method has been used in attempts to improve gene transfer to the septal 

wall (Davis et al. 2008).  

Moreover, vector and vector dosage can influence transduction deficiency. 

Adenovirus- and rAAV–mediated gene transfer with direct injection has resulted 

in a strong response of the ventricular tissue (Bish et al. 2008b, French et al. 
1994, Szatkowski et al. 2001). However, injection with retrovirus-based vectors 

has induced much lower gene expression and a reduced area of transduced cardiac 

tissue (Bonci et al. 2003, Zhao et al. 2002).  

Lin et al. (1990) demonstrated that the delivery of naked recombinant DNA, 

encoding the LacZ gene, into the LV free wall via a left thoracotomy resulted in 

patchy gene expression and was observed within a few millimeters of the 

injection site. In large animal models, multiple injections to achieve gene 

expression over a clinically pertinent area of myocardium were performed e.g. by 

using a grid to define the sites of injection and to avoid coronary vessels (French 

et al.1994). 

Grossman et al. (2002) revealed that the injection volume is crucial issue. 

When endocardial injection volume of neutron-activated microspheres was 10 μl, 

almost all of the injected microspheres were retained in the myocardium, whereas 

at injection volumes of 100 μl, only 20% were retained in the myocardium, and 

via epicardial administration, a mere 10% were retained in the myocardium 

(Grossman et al. 2002).  

One application of the direct gene transfer method is to inject the vector into 

the pericardial space. Adenoviral injection of LacZ into the pericardial sac of rat 

hearts resulted in attenuated gene expression (Fromes et al. 1999). Injection of a 

mixture including adenovirus and proteolytic enzymes, such as collagenase and 

hyaluronidase led to a large diffusion of the transgene activity, reaching up to 

40% of the myocardium. The pattern of expression was located mainly in the 

neighboring pericardial area (Fromes et al. 1999). 

In “gene gun” technology, the vector consists of gold particles complexed 

with plasmid DNA. In this method, the heart is surgically exposed and cardiac 

musculature is bombarded with the gold particles under gas pressure (Matsuno et 
al. 2003, Nishizaki et al. 2000). The method has several limitations, such as high 

death rate, gene expression levels are not robust and the transduced cells are 
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limited to a superficial layer of the myocardium and even there expression is 

weak (Matsuno et al. 2003, Nishizaki et al. 2000, Umeda et al. 2002). 

Some of the studies have reported the effects of addition of adjuvants such as 

proteases or hyaluronidase within the injectants, to improve the poor penetration 

levels. The addition of enzymes can facilitate vector diffusion through the tissue 

by degrading the extracellular matrix, thus yielding efficient transduction (Davis 

et al. 2008, Fromes et al. 1999, Kuriyama et al. 2000, Pitard et al. 2002). 

However, the effects of adjuvants to the cardiac musculature are unclear and need 

accurate control (Davis et al. 2008). 

2.4.2 Intravascular gene delivery 

In animal models, intracoronary gene delivery can be performed in either a 

retrograde manner into the coronary sinus or through antegrade coronary artery 

delivery (Logeart et al. 2006, Raake et al. 2004). These techniques are catheter 

based and thus, enable a remote invasive percutaneous method (Logeart et al. 
2006). Catheters are used to deliver plasmid DNA, adenovirus and rAAV vectors 

into the right atrium and to the root of the aorta above the sinuses for access to the 

coronary arteries, e.g. in rodents (O'Donnell & Lewandowski 2005), dogs 

(Bridges et al. 2005) and sheep (Humpl et al. 2005). Ultrasound and fluoroscopy 

are generally used as the guiding modality (Davis et al. 2008). 

Catheter-based percutaneous antegrade coronary myocardial gene transfer is 

the most widely used application in human gene therapy (Hajjar et al. 2008, Katz 

et al. 2010, Rapti et al. 2011). The percutaneous antegrade epicardial coronary 

artery infusion cardiac gene delivery method has been used in one human clinical 

trial (Jaski et al. 2009).  

Raake et al. (2004) applied adenoviral vectors via surgical intramyocardial 

delivery and selective pressure-regulated retroinfusion. Percutaneous selective 

pressure-regulated retroinfusion of the coronary veins in pigs resulted in increased 

and homogenous reporter gene expression in the left anterior descending coronary 

artery (LAD) when compared with surgical gene transfer (Raake et al. 2004). 

Kaspar et al. (2005) used indirect intracoronary delivery for rats. rAAV2–

mediated enhanced green fluorescent protein (eGFP) gene transfer resulted 

transgene expression lasting up to 12 months, with a gradient expression across 

the LV wall. The transgene was expressed in the epicardium much more than in 

the endocardium (Kaspar et al. 2005). 
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In animal models, gene delivery into the coronary circulation has been shown 

to increase the vector dwelling time in the coronary vessels if one conducts cross-

clamping of the aorta and pulmonary artery i.e. an increased transduction 

efficiency (Hajjar et al. 1998, Hayase et al. 2005, Ikeda et al. 2002). The catheter-

based technique allows the adenovirus containing solution to circulate down into 

the coronary arteries and perfuse the heart without requiring direct manipulation 

of these vessels. The transgene expression was relatively homogenous and diffuse 

throughout the myocardium (Hajjar et al. 1998). In the cross-clamping technique, 

the heart circulation is isolated with clamping or balloon angioplasty. In general, 

the animal is placed on a heart-lung bypass with induced cardioplegia and the 

blood is washed out and replaced with the permeabilize buffer. The viral vector is 

delivered under pressure and allowed to have a dwell time (Bridges et al. 2005, 

Davis et al. 2008). Moreover, balloon catheters are used to occlude the vascular 

outflow of the heart. Hayase et al. (2005) occluded anterior interventricular vein 

during left anterior descending artery delivery, and the great cardiac vein at the 

entrance of the middle cardiac was occluded during left circumflex artery delivery 

in an attempt to increase the dwell time and the pressure of the delivered 

adenovirus. 

In larger animals, myocardial gene delivery conducted with the 

cardiopulmonary bypass technique have achieved prolonged exposure of the 

vasculature to the vector and allow crossing to take place. Cardiopulmonary 

bypass provides increased dwelling time, removal blood cells from the 

circulation, the possibility to apply lower temperatures via cold crystalloid 

cardioplegia, and the possibility to the recirculate gene delivery solution through 

the coronary system (Bridges et al. 2005, Davidson et al. 2001, Jones et al. 2002). 

Tail vein injections are a commonly used rAAV delivery method. One major 

limitation of tail vein injection is the possibility of co-infection also in noncardiac 

tissues, such as skeletal muscle and liver (Zincarelli et al. 2008). In general, rAAV 

gene delivery via tail vein injections is well-tolerated and does not result in 

immune responses or significant toxicity (Davis et al. 2008, Gregorevic et al. 
2004, Muller et al. 2006). 

There are several limitations to intravascular gene delivery. For instance, it is 

possible that blood contains neutralizing antibodies to the vector. The blood also 

contains proteins, such as albumin and platelets, which may absorb the delivery 

vector (Davis et al. 2008). The presence of the blood complement system may 

also attenuate response of gene transfer vectors. Furthermore, the vector must also 

cross physical barriers, such as endocardial cells and the capillary endothelium. 
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Several rAAV serotypes are able to penetrate the endothelial barrier to reach 

cardiomyocyte with different efficiencies (Di Pasquale & Chiorini 2006). rAAV8 

is the most efficient vector for crossing the blood vessel barrier in order to 

achieve systemic gene transfer in cardiac muscle in vivo, whereas rAAV1 and 

rAAV6 were less effective in crossing the blood vessel barrier (Wang et al. 2005). 

Furthermore, there are limitations to animal studies in their ability to predict 

human responses. Intravascular viral gene delivery involves a large amount of 

viral solution and this can lead to organ toxicity and an allergic reaction (Raper et 
al. 2003). 

Chemical substances, e.g. vasodilatory and permeabilizing agents, have been 

used to facilitate transfer of gene delivery vector from vascular lumen to the 

myocardium. The gene delivery vector has to overcome the capillary wall barrier 

so that it can reach the interstial space (Nagata et al. 2001). Several agents have 

been used to increase gene transfer efficiency in preclinical studies, including 

nitroprusside, nitroglycerin, serotonin, bradykinin, histamine, substance P, 

sildenafil, adenosine, heparin and vascular endothelial growth factor (VEGF) 

(Hillegass et al. 2001, Kawase et al. 2011, Nagata et al. 2001, Rapti et al. 2011), 

although VEGF has been the most commonly used microvascular permeabilizing 

agent (Rapti et al. 2011). 

2.5 Gene targets for the treatment of heart failure 

HF is a complex pathological state and characterizing of the mechanisms at the 

molecular, neurohumoral and hemodynamic levels has identified several 

promising gene targets for the treatment of HF. So far, the most detailed studied 

gene therapy targets of HF have attempted enhancement of contractility via β-AR 

pathways and Ca2+ handling proteins as well as anti-apoptotic and angiogenesis 

associated proteins (Chaanine et al. 2010, Katz et al. 2010, Katz et al. 2011). 

2.5.1 Calcium handling proteins 

Ca2+ signalling during excitation-contraction coupling is an essential feature of 

the cardiomyocyte (Berridge et al. 2003, Bers 2002). Defects in Ca2+ handling 

protein with impaired sarcoplasmic reticulum (SR) Ca2+ uptake and release have 

been a focus of molecular HF research because Ca2+ homeostasis is disturbed in 

failing myocytes (del Monte et al. 2001). Impaired intracellular Ca2+ homeostasis 

and alterations of Ca2+ handling proteins have been revealed in both experimental 
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studies (Bing et al. 1991, Hasenfuss 1998) and human HF (Go et al. 1995, 

Gwathmey et al. 1987, Hasenfuss 1998). 

Excitation-contraction coupling initiates stimulation of Ca2+–induced Ca2+ 

release in SR. Depolarization activates voltage-gated L-type Ca2+-channels of the 

T-tubule to allow Ca2+ appearance into the cardiomyocyte (Vinge et al. 2008). 

The influx of Ca2+ triggers the ryanodine receptor (RyR) to open the Ca2+ release 

channel of SR, releasing Ca2+ from the SR into the cytosol. RyRs are a family of 

Ca2+ release channels, and they form a linkage between the T tubules in the 

cardiomyocytes and the SR (Kawase et al. 2011). The concentration of Ca2+ in the 

cytosol is increased, triggering cardiomyocyte contraction through Ca2+ binding 

to troponin C (Bers 2002). Relaxation of the sarcomere is initiated when Ca2+ is 

removed from the cytosol. Ca2+ detaches from troponin C and returns to the SR 

via the action of SERCA2a or its extrusion from the cardiac cell via the 

sarcolemmal Na+/Ca2+ exchange (Bers & Despa 2006). 

SERCA2a activity is regulated by PLB, a SR transmembrane protein. In its 

unphosphorylated form, PLB inhibits SERCA2a function, whereas the 

phosphorylation of PLB relieves this inhibitory effect resulting in increased 

SERCA2a activity with improved SR Ca2+ reuptake and release (Kawase et al. 
2011, Ly et al. 2007). Serine/threonine-protein phosphatase type 1 (PP1), the 

major SR phosphatase dephosphorylates specifically PLB in the heart (Nicolaou 

et al. 2009, Pathak et al. 2005). This mechanism by which stimulation of the β-

adrenergic axis induces phosphorylation of a PP1 inhibition with 3’,5’-cyclic 

adenosine monophosphate (cAMP)-dependent protein kinase A (PKA) activation 

and PLB phosphorylation results in enhancement of cardiac contractility 

(Chaanine et al. 2010, Kawase et al. 2011, Ly et al. 2007, Vinge et al. 2008). 

Taken together, HF is characterized by several defects in the Ca2+-handling 

proteins and reversal of those effects by gene therapy techniques has shown 

promising results in the treatment of HF. Excitation-contraction coupling in 

cardiac myocytes is summarized in Fig. 5. 
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Fig. 5. Excitation-contraction coupling in cardiac myocytes provides multiple targets 

for gene therapy. AC, adenylyl cyclase; Ang II, angiotensin II; ATP, adenosine 

triphosphate; cAMP, cyclic adenosine monophosphate; DAG, diacylglycerol; ET-1, 

endothelin-1; Gq, class of guanine nucleotide-binding proteins; Gs/Gi, 

stimulatory/inhibitory G-protein; IP3, inositol trisphosphate; NA, noradrenaline; PDE, 

phosphodiesterase; PLB, phospholamban; PLCβ, phospholipase C β; PP1, protein 

phosphatase type 1; RyR, ryanodine receptor; SERCA2a, sarcoplasmic reticulum 

Ca2+-ATPase 2a; βARKct, carboxyl-terminus of the β-adrenergic receptor kinase. 

Modified from Katz et al. 2011.  

Sarcoplasmic reticulum Ca2+-ATPase 

The SERCA is encoded by a family of three distinct genes; SERCA1, 2 and 3 

(Periasamy & Kalyanasundaram 2007). The SERCA2 gene encodes SERCA2a 

and SERCA2b and SERCA2c isoforms. These three splice variants differ at the 

C-terminal end, and SERCA2a has a higher catalytic turnover rate of Ca2+ 

transport compared to SERCA2b (Dally et al. 2006, Verboomen et al. 1994). 

SERCA2a is the cardiac isoform of this family of Ca2+-ATPases (Periasamy 

& Kalyanasundaram 2007, Ver Heyen et al. 2001). Gwathmey et al. (1987) first 

reported that intracellular Ca2+ handling is abnormal in HF. The disturbed 
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function of SR was suggested in early studies showing that the SR Ca2+ pump 

messenger RNA (mRNA) levels were reduced in the failing heart (Arai et al. 
1992, Arai et al. 1993, Mercadier et al. 1990 Takahashi et al. 1992). Furthermore, 

protein levels of SERCA2a were found to be decreased in relation (Hasenfuss et 
al. 1994, Meyer et al. 1995) to total protein, to calsequestrin, to the RyR and to 

PLB in human HF (Meyer et al. 1995). On the other hand, in some studies, there 

were no differences in the expression of SERCA2 between nonfailing and failing 

myocardium (Movsesian et al. 1994, Munch et al. 1998). Moreover, the 

heterogeneity of SERCA expression levels in failing hearts has been suggested to 

depend on age, gender, drug treatment, severity of disease and methodological 

differences (Periasamy & Kalyanasundaram 2007). 

Early in vitro studies revealed that overexpression of SERCA2a in failing 

human ventricular cardiomyocytes enhanced contractility and relaxation velocity 

and normalization of Ca2+ handling (del Monte et al. 1999). In a rat model of 

pressure overload hypertrophy in the transition to HF, SERCA2a gene transfer 

restored SERCA2a expression and adenosine triphosphatase (ATPase) activity to 

nonfailing levels. Furthermore, SERCA2a overexpression normalized LV systolic 

and diastolic function. The size of LV was reduced and the slope of the end 

systolic pressure/dimension relationship was restored (Miyamoto et al. 2000). In a 

rat model of HF, SERCA2a gene transfer via of a catheter-based technique 

normalized LV volumes (del Monte et al. 2001). Furthermore, overexpression of 

SERCA2a in failing heart restored the levels of phosphocreatine and ATP 

enabling normalized Ca2+ transport and in improving cardiac energetics (del 

Monte et al. 2001). 

SERCA2-knockout mice studies have demonstrated that homozygous null 

SERCA2-/- mice die early in development (Periasamy et al. 1999). In 

heterozygous SERCA2+/- mice, the SERCA2a mRNA in heart was reduced by 

45% and SERCA2 protein levels and maximal velocity of Ca2+ uptake into the SR 

by 35%. 12–16-week-old SERCA2+/- mice appeared to be healthy and no cardiac 

pathology was exhibited (Periasamy et al. 1999). When SERCA+/- mice hearts 

were stressed in physiological demands via pressure overload, a decrease in 

SERCA pump level led to cardiac dysfunction and HF much more quickly than in 

the wild type control mice. Furthermore, SERCA2+/- mice exhibited attenuated 

intracellular Ca2+ homeostasis and decreased myocardial contractility (Schultz et 
al. 2004). SERCA2+/- mice showed an exaggerated response to transverse aortic 

constriction (Schultz et al. 2004), whereas the transgenic mouse model 

overexpressing SERCA2a showed better survival and preserved contractile in 
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early HF in mice with chronic pressure overload (Ito et al. 2001). In addition, 

work done in a transgenic rat model confirmed the role of SERCA2 in Ca2+ 

homeostasis and contractile function (Muller et al. 2003). Overexpression of rat 

SERCA2 in the hearts of transgenic mice rescued disturbed Ca2+ cycling and 

enhanced myocardial contractility and relaxation (He et al. 1997). 

Interestingly, overexpression of SERCA2a has been reported to increase 

glucose oxidation, which accompanies the improved contractile phenotype of the 

heart (Belke et al. 2007). Cardiac-restricted transgenic mice expressing the 

mutant SERCA2a, which disrupted the functional association of PLB was 

associated with an increase in Ca2+ affinity of SERCA2a in microsomes isolated 

from hearts, suggesting that overexpressed SERCA2a had been integrated into SR 

membranes in the heart of transgenic mice. Overexpression of the high Ca2+ 

affinity mutant SERCA2a induced attenuation of pressure overload–induced 

cardiac hypertrophy and enhancement of cardiac contractility (Nakayama et al. 
2003). Interestingly SERCA2a-transgenic rats suffered increased mortality 24h 

after MI compared to wild type rats. A higher mortality rate was associated with a 

higher frequency of ventricular arrhythmias. In that study, no beneficial effects 

were attributable to SERCA2a overexpression at the end of 6 months (Chen et al. 
2004).  

During β-adrenergic stimulation, the expected enhancement of failing canine 

myocyte contraction was abrogated by SERCA2a (Hirsch et al. 2004). Despite 

these disadvantages, in a large-animal, volume-overload model of HF, long-term 

overexpression of SERCA2a by rAAV1–mediated gene transfer via intracoronary 

gene delivery preserved systolic function, prevented diastolic dysfunction and 

improved ventricular remodelling in pigs (Kawase et al. 2008). At present, from 

the point of view of gene therapy, increasing the amount of SERCA2 protein has 

appeared to be the most promising gene therapy target in HF (see also 2.6.1).  

Phospholamban 

SERCA2a activity is regulated by its interaction with a 52 amino acid 

phosphoprotein, PLB (James et al. 1989, Tada et al. 1975). Interactions between 

PLB and SERCA2a control the Ca2+ content of the SR and thus, cardiac 

contractility. In vitro experiments have shown that PLB can be phosphorylated at 

Ser 16 by cAMP- and 3’,5’-cyclic guanosine monophosphate (cGMP)-dependent 

protein kinases (PKA and protein kinase G, respectively) and at threonine (Thr) 

17 by CaMKII and at Ser10 by protein kinase C (Drago & Colyer 1994, 
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Movsesian et al. 1984, Simmerman et al. 1986). Phosphorylations of PLB at 

Ser16 by the cAMP-dependent PKA pathway and at Thr17 by the CaMKII 

pathway are the crucial determinants of the positive inotropic and cardiac 

relaxation effects evoked by β-adrenergic stimulation (Bartel et al. 2000, 

Lindemann et al. 1983, Lindemann & Watanabe 1985, Mattiazzi et al. 2005, 

Wegener et al. 1989). Phosphorylation of PLB at Ser16 by protein kinase G has 

positive inotropic (contractility) and lusitropic (relaxation rate) effects in the heart 

(Pierkes et al. 2002) and it has been associated with the regulation of smooth 

muscle relaxation (Mundina-Weilenmann et al. 2000). Phosphorylation of PLB at 

Ser10 by protein kinase C has not been observed in the intact heart (Edes & 

Kranias 1990). In its dephosphorylated form, PLB binds to SERCA2a and inhibits 

Ca2+ activity, whereas phosphorylation of PLB reverses Ca2+-pump inhibition and 

increases SERCA2a activity and Ca2+ uptake into the SR (Chu & Kranias 2002). 

Several studies have revealed that increased activity of PLB can contribute to 

reduced SR function and cardiac contractility in failing human hearts (Meyer et 
al. 1995, Schwinger et al. 1999). 

Overexpression of wild type PLB in the heart of transgenic mice resulted in 

an inhibition of Ca2+ transport by the SR, reduced Ca2+ kinetics and basal left 

ventricular systolic function. Similarly, contractile parameters in ventricular 

myocytes were decreased compared to control myocytes (Dash et al. 2001, 

Kadambi et al. 1996). In addition, stimulation with the β-agonist, isoproterenol, 

prevented inhibitory effects by stimulating phosphorylation of PLB, thus relieving 

its inhibitory effects on the SERCA2a affinity for Ca2+ (Dash et al. 2001). In PLB 

transgenic mice, cardiac contraction rate and prolongation of relaxation phase 

were significantly depressed by the β-receptor antagonist, propranolol, indicative 

of improved sympathetic tone (Dash et al. 2001).  

Transgenic mice overexpressing superinhibitory PLB mutants 

(Aspargine27Alanine, Leucine37Alanine, Isoleucine40Alanine and 

Valine49Glycine) was associated with increased inhibition of the affinity of 

cardiac SERCA2a for Ca2+, which resulted in disturbed Ca2+ handling and 

decreased fractional shortening of cardiac myocytes (Haghighi et al. 2001, 

Schmidt et al. 2002, Zhai et al. 2000, Zvaritch et al. 2000). 

The loss of PLB in various animal models of HF has been studied. For 

instance, PLB-knockout mice studies have shown that ablation of PLB alters 

cardiac function by enhancing myocardial performance without changing heart 

rate and attenuated contractile responses to β-adrenergic stimulation (Luo et al. 
1994). Subsequently, crossbreeding PLB-knockout mice into mouse models of 
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genetic cardiomyopathy resulted in rescue of cardiac function (Minamisawa et al. 
1999, Sato et al. 2001). Calsequestrin overexpressing mice have been cross-bred 

with PLB-knockout mice which led to a reversal of the depressed cardiac 

contractile parameters (Sato et al. 2001). Furthermore, PLB ablation prevented 

systolic dysfunction and improved exercise performance in a mouse model of 

hypertrophic cardiomyopathy (Freeman et al. 2001). In hyperdynamic PLB-

knockout mice, cardiac compensation against a chronic aortic stenosis was similar 

to that seen in wild type counterparts (Kiriazis et al. 2002). 

From the point of view of gene therapy, a dominant negative mutant of PLB 

(phosphomimetic mutation at Ser16, named S16E) has been generated. rAAV2–

mediated overexpression of PLB-S16E prevented cardiac deterioration in a 

hamster cardiomyopathy model (Hoshijima et al. 2002) and in rats after acute MI 

(Iwanaga et al. 2004). Silencing of PLB expression in a sheep HF model after 

intracoronary delivery of adenovirus expressing PLB-S16E led to increased 

SERCA2a activity and improved systolic and diastolic LV function (Kaye et al. 
2007). 

RNA interferency therapy has also been used to downregulate PLB 

expression in rats with HF. rAAV9-RNA interference vector expressing a small 

hairpin RNA targeting PLB (rAAV9-shPLB) was delivered into the aortic roots in 

rats with HF (Suckau et al. 2009). Cardiac PLB expression was suppressed to 

25% and SERCA2a expression was increased in HF rats. Moreover, systolic and 

diastolic cardiac functions were restored and cardiac dilatation became 

normalized, cardiac hypertrophy, cardiomyocyte diameter and cardiac fibrosis 

were reduced rAAV9-shPLB treated hearts in HF (Suckau et al. 2009). 

Furthermore, in cultured rat neonatal cardiomyocytes, adenovirus based anti-

sense RNA of PLB resulted in an increased Ca2+ affinity of SR calcium pump and 

improved Ca2+ uptake (Eizema et al. 2000, He et al. 1999). In failing human 

cardiomyocytes, decreasing PLB levels by applying small interfering RNA 

knockdown method has been shown to improve single-cell contractility, Ca2+ 

handling and the frequency response was restored to normal in the failing 

cardiomyocytes (del Monte et al. 2002). 

Role of PLB in pathophysiology in human HF remains unclear. Several 

studies have indicated that the levels of PLB protein remain unchanged with end-

stage ischemic or dilated cardiomyopathy (Bohm et al. 1994, Flesch et al. 1996, 

Linck et al. 1996, Movsesian et al. 1994, Schwinger et al. 1995). Some studies 

noted a decrease in PLB mRNA levels in human HF, but this decrease was not 

associated with a decrease in PLB protein (Feldman et al. 1991, Linck et al. 
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1996) or its levels decreased only slightly with dilated cardiomyopathy (Meyer et 
al. 1995). In failing human myocardium, the phosphorylation of PLB at Ser16 

and Thr17 has been reported to be decreased, evidence for an increased inhibitory 

function by PLB (Dash et al. 2001, Schwinger et al. 1999). Hence, although PLB 

ablation in animal models confers several benefits on cardiac function in HF, 

there are difficulties and controversies to extrapolate findings from animal models 

to humans and thus, studies targeting PLB need confirmation. 

Protein phosphatase type 1 and Inhibitor type-1 

Cardiac contractile performance is regulated by the PP type 1 and type 2, which 

are members of the Ser/Thr phosphatases. PP1 is localized in the SR membranes 

and it is a negative regulator of β-adrenergic signalling (Steenaart et al. 1992). 

Although SERCA2a activity in myocytes is controlled by PLB, inhibition of PP1 

activity by two endogenous inhibitors type 1 (I-1) and type 2 is needed for Ca2+ 

homeostasis and cardiac contractility (Raake et al. 2011). It is known that β-

adrenergic signalling activates I-1 on phosphorylation of Thr35 by PKA and 

thereby promotes inhibition of PP1 activity. Thus, enhanced PKA–mediated 

protein phosphorylation resulted in amplification of the β-agonist response in 

cardiac muscle (Carr et al. 2002). 

In a transgenic mouse model, the levels of the catalytic subunit of PP1 were 

increased in hearts, resulting in impaired cardiac contractility and dilated 

cardiomyopathy (Carr et al. 2002). Furthermore, deletion of I-1 resulted in a 

moderate increase in PP1 activity and decreased β-adrenergic–mediated Ca2+ 

signalling. Although no alterations in the PLB, SERCA or calsequestrin 

expression levels were observed, phosphorylation of PKA phosphorylation of 

PLB at the CaMKII site, Thr17, was significantly reduced in I-1 knockout hearts. 

The same study also reported that in isolated failing human cardiomyocytes, 

inhibition of PP1 by a constitutively active I-1 via intracoronary adenovirus–

mediated expression could improve the contractile response to a β-agonist (Carr 

et al. 2002). In failing human hearts with dilated cardiomyopathy, there were no 

changes in total I-1 protein levels, but phosphorylation of I-1 was reduced and 

contractile function was enhanced in the presence or absence of β-agonist. 

Furthermore, SERCA levels were decreased and the degree of phosphorylation of 

PLB on both Ser16 and Thr17 was decreased in failing human hearts (Carr et al. 
2002). 
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Double transgenic mouse model with cardiac specific expression of a 

constitutively active and truncated form of I-1 resulted in enhanced basal 

contractility associated with increased PLB phosphorylation at Ser16 and Thr17, 

and enhanced Ca2+ uptake into the SR. Active I-1 expression improved contractile 

function and recovery, and reduced infarct size after ischemia/reperfusion–

induced injury (Nicolaou et al. 2009). Moreover, adenoviral gene delivery of 

active I-1 resulted in restoration of myocardial contractility, partially reversed 

remodelling and overactivated p38 MAPK, without any alteration in ERK1/2 or 

c-jun N-terminal kinase (JNK) activation in rats with pressure overload–induced 

HF (Pathak et al. 2005). Transgenic mice with cardiac-specific overexpression of 

the rat full-length I-1 complementary DNA (cDNA) developed cardiac 

hypertrophy and mild dysfunction (El-Armouche et al. 2008). The same study 

demonstrated that I-1-knockout hearts displayed unchanged maximal contractile 

responses to β-adrenergic stimulation and I-1-knockout hearts were partially 

protected against lethal catecholamine–induced arrhythmias and from 

hypertrophy and dilatation induced by isoprenaline. This protection was 

associated with a reduction in the degree of phosphorylation of PLB and RyR (El-

Armouche et al. 2008). 

In conclusion, targeting PP1 and its inhibitor protein to increase SERCA2a 

activity may prove be a potential gene therapy target in human HF, although there 

is an obvious need for further studies to clarify the mechanisms in failing human 

heart and also in larger experimental animal models.  

S100A1 

S100A1 belongs to the S100 protein family and it is the most abundant S100 

protein isoform in cardiomyocytes. In ventricular cardiomyocytes, S100A1 is 

found at the junctional and longitudinal SR, at the sarcomere, and within the 

mitochondria (Kato & Kimura 1985, Most et al. 2007). S100A1 is a low 

molecular weight Ca2+ cycling protein (Most et al. 2001) and its protein and 

mRNA levels become reduced in human ischemic and dilated cardiomyopathies 

(Remppis et al. 1996).  

S100A1 overexpression by adenoviral gene transfer has indicated that the 

enhanced Ca2+ cycling in rat neonatal ventricular cardiomyocytes mainly involves 

SR Ca2+ fluxes, whereas endocytosed S100A1 alters intracellular Ca2+ -turnover 

through sarcolemmal modulation (Most et al. 2005). In a post-infarction rat HF 

model, adenoviral S100A1 gene transfer normalized S100A1 expression and 
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restored myocardial contractility of the failing myocardium. The overexpression 

of S100A1 induced an interaction with RyR2 in failing myocardium and an 

interaction with SERCA2a in vitro. Moreover, S100A gene transfer normalized 

reduced intracellular Ca2+ transients and SR Ca2+ load due to increased Ca2+ 

uptake and decreased the RyR–mediated Ca2+ leak from the SR (Most et al. 
2004). Moreover, in failing human myocytes, adenoviral S100A1 overexpression 

reversed the pathophysiological features which are typically encountered in 

human failing myocardium (Brinks et al. 2011).  

Targeted deletion of the S100A1 gene caused an impaired cardiac 

contractility response to hemodynamic stress (Du et al. 2002). Heterozygous and 

homozygous S100A1 knockout mice exhibited a relatively normal cardiac 

function and heart rate basally, but displayed reduced contractile function 

responses to β-adrenergic stimulation and enhanced transsarcolemmal Ca2+ influx 

(Du et al. 2002). Infarcted S100A1-knockout mice hearts responded with acute 

contractile decompensation and accelerated transition to HF, a rapid onset of 

cardiac remodelling with augmented apoptosis and elevated mortality as 

compared to their wild type counterparts (Most et al. 2006). Consequently, 

overexpression of the S100A1 gene in the heart of transgenic mice showed a 

stabilized LV function after MI and maintained inotropic reserve (Most et al. 
2006). Myocardial targeted transgenic overexpression of S100A1 has led to an 

improvement of cardiac function in mice under baseline conditions and in 

response to β-adrenergic stimulation. S100A1 overexpression enhanced 

cardiomyocyte SR Ca2+ cycling, which was associated with an elevated SR Ca2+ 

content and enhanced SR Ca2+–induced Ca2+ release (Most et al. 2003). 

In a rat model of HF, S100A1-rAAV6 was delivered via intracoronary 

injection (Pleger et al. 2007). S100A1 gene transfer performed in rats 10 weeks 

after MI resulted in improved SR Ca2+ handling, contractile function and LV 

remodelling compared to control HF rats. Furthermore, HF rescue was seen in 

those individual ventricular myocytes where restoration of intracellular Ca2+ 

transients were enhanced and single myocyte contractility had been normalized 

(Pleger et al. 2007). In a study conducted in a post-ischemic pig HF model, 

rAAV9–mediated S100A1 gene transfer exhibited a long-term therapeutic 

efficiency in a preclinical setting. Two weeks after MI S100A1-rAAV9 was 

administered by retrograde coronary venous delivery. At 14 weeks S100A-treated 

pigs showed an improvement in cardiac function, reversed cardiac remodelling 

and normalized cardiomyocyte Ca2+ cycling, SR Ca2+ handling and energy 

homeostasis (Pleger et al. 2011). 
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2.5.2 β-adrenergic system 

β-AR signalling regulates the rate and force of cardiac contraction in response to 

catecholamines. The heterodimeric guanine nucleotide binding protein (G-

protein) second messenger system is activated by binding of agonist 

(noradrenaline, adrenaline). In myocytes, activation results in stimulatory G-

protein α-subunit (GαS) dissociation which then stimulates adenylyl cyclase (AC) 

to increase the intracellular level of cAMP, which subsequently activates PKA. 

The physiological effects of β-AR stimulation are mediated via PKA-dependent 

phosphorylation of downstream targets such as troponin-I, PLB and L-type 

calcium channels (Ly et al. 2007, Rapti et al. 2011, Vinge et al. 2008). 

The β-adrenergic signalling becomes deranged in HF. Abnormalities of β-

adrenergic signalling induce changes which lead to β-adrenergic receptor 

downregulation and decreased responsiveness to β-agonists in failing human 

myocardium (Bristow et al. 1982, Brodde et al. 2006). Gene-based studies have 

suggested that genetic manipulation of the myocardial β-AR system can enhance 

cardiac function in HF. 

β-Adrenergic receptors 

Adrenergic receptors belong to the G-protein-coupled receptor (GPCR) 

subfamily. β1-AR and β2-AR are predominant forms in cardiomyocytes. In the 

human heart, β1-AR predominates: the ratio β1-AR:β2-AR is about 70%:30% in 

the atria and 80%:20% in the ventricles (Brodde et al. 1991, Brodde et al. 2006). 

Both β-AR subtypes act through the AC-cAMP-PKA-pathway and evoke positive 

inotropic and chronotropic effects. However, β2-AR possesses less efficacy in the 

ventricles and only stimulation of β1-AR causes maximal increases in force of 

contraction (Kaumann et al. 1989, Motomura et al. 1990). In atria, β2-AR acts 

less efficiently than in ventricles. Stimulation of β1-AR can also promote 

apoptosis of cardiomyocytes (Shizukuda & Buttrick 2002, Zaugg et al. 2000). 

Furthermore, β2-AR have been shown to couple also to the Gi-protein in rat and 

murine heart, and in that way to induce antiapoptosis (Steinberg 1999, Xiao et al. 
1995, Zhu et al. 2001). 

In disease conditions, the desensitization of β1-AR and β2 -AR can occur and 

there is an increase in the ratio β1-AR:β2-AR (Rapti et al. 2011). Transgenic 

cardiac overexpression (30–fold) of human β1-AR in mice was associated with 

significant cardiomyopathy (Engelhardt et al. 2001, Engelhardt et al. 2004). 
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However, human β2-AR cardiac overexpression in mice resulted in increased 

basal myocardial AC activity, enhanced atrial contractility and increased LV 

function, with no evidence of any adverse cardiac phenotype (Liggett et al. 2000, 

Milano et al. 1994) and preserved ventricular contractility after MI (Du et al. 
2000). Moreover, a dose-dependent effect of human β2-AR overexpression in 

mice has been described; animals with 100–fold overexpression developed a 

fibrotic cardiomyopathy and HF, with death occurring at about 41 weeks of age, 

whereas 40–fold overexpression led to enhanced basal cardiac function without 

any increased mortality (Liggett et al. 2000). 

In a rabbit model, adenoviral overexpression of human β2-AR via 

intracoronary gene delivery was shown to confer cardioprotection in normal 

myocytes and in failing myocytes (Maurice et al. 1999, Shah et al. 2000). In a rat 

heterotopic heart transplant model, adenovirus–mediated gene transfer of the 

human β2-AR resulted in enhanced cardiac function (Kypson et al. 1999). 

Furthermore, administration of the β2-AR-selective agonist, zinterol, improved 

basal cardiac performance (Kypson et al. 1999). Another study with adenoviral 

overexpression of human β2-AR in a heterotopic transplantation model in the 

rabbit revealed that β2-AR overexpression acutely improved LV function in 

failing hearts and improved the functional recovery of unloaded failing hearts 

(Tevaearai et al. 2002). Although animal studies have suggested that β2-AR 

overexpression may be beneficial from the point of view gene therapy, there is a 

clear need to clarify the long-term effects of cardiac β2-AR overexpression in HF. 

Adenylyl cyclase 6 

There are nine known AC isoforms (AC 1 to 9) expressed in mammals, with AC5 

and AC6 being the most predominant forms in cardiac myocytes (Ishikawa et al. 
1992, Steinberg 1999). There is no published data about AC isoform protein 

levels in the adult human heart, but in human LV, AC6 mRNA is predominantly 

expressed (Wang & Brown 2004). AC translates the increased catecholaminergic 

β-AR–GαS-protein signal into an intracellular cAMP response. In addition, AC6 

has been indicated as the rate-limiting step in the β-AR–GαS–AC–mediated 

generation of cAMP (Raake et al. 2011, Vinge et al. 2008). In failing left 

ventricle, levels of AC5 (Ishikawa et al. 1994) and AC6 (Ishikawa et al. 1994, 

Ping et al. 1997) were reduced. Decreased AC activity in the failing heart 

correlated with the downregulation and desensitization of β-ARs from 

downstream signalling (Rapti et al. 2011). 
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Transgenic mice with cardiac-directed AC6 expression showed no change in 

myocardial β-AR number or G-protein content (Gao et al. 1999). The transgenic 

mice had structurally normal hearts with normal basal function. However, cardiac 

function was increased and myocytes showed increased cAMP production in 

response to β-AR stimulation suggesting that AC6 did not alter transmembrane 

signalling except when the receptors had been activated. This is in contrast to 

receptor/G-protein expression, which induces continuous activation and thus, 

detrimental consequences (Gao et al. 1999). Adenoviral AC6 gene transfer in 

neonatal cardiac myocytes caused similar results (Gao et al. 1998). It was found 

that AC6 overexpressed myocytes respond to agonist stimulation with increasing 

in cAMP expression, in parallel to the amount of increased protein. Moreover, the 

AC6 content appeared to limit the level of transmembrane β-adrenergic signalling 

(Gao et al. 1998). Interestingly, cardiac-directed AC6 overexpression resulted in 

increased survival, attenuated adverse LV remodelling and preserved LV 

contractile function at 1 week in myocardial ischemia transgenic mice (Takahashi 

et al. 2006). Roth et al. (1999) crossbred transgenic mice with cardiac-directed 

expression of AC6 with mice with Gq–induced cardiomyopathy. Increased 

myocardial AC6 levels in cardiomyopathy restored the cAMP-generating capacity 

and increased basal LV function, and also dobutamine–stimulated LV function 

was increased significantly. Furthermore, the increased AC6 content prevented 

myocardial hypertrophy and improved survival (Roth et al. 1999). Adenoviral–

mediated intracoronary delivery of AC6 resulted in increased contractile 

responsiveness in the hearts of normal pigs (Lai et al. 2000). Overexpressed AC6 

increased adrenergic responsiveness and thus, increased LV contractile function, 

but did not evoke any signs of arrhythmias or increased mean heart rate (Lai et al. 
2000). Intracoronary adenovirus–mediated AC6 gene transfer increased LV 

function and attenuated deleterious LV remodelling in congestive HF in pigs. 

Furthermore, cAMP production was increased and BNP levels were reduced in 

LV samples from AC6-treated pigs (Lai et al. 2004). In conclusion, AC6 gene 

delivery studies have revealed AC6 as a promising target for use in HF and 

clinical trials are now ongoing (see also 2.6.2). 

G-protein-coupled protein kinase 

G-protein-coupled protein kinases (GRK) regulate the interaction between 

activated β-ARs and G-proteins which modulate the receptor activity by 

phosphorylation of its carboxyl terminus (Hall & Lefkowitz 2002). The 
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ubiquitously expressed GRK2 is the most highly expressed GRK in the heart. 

GRK2 phosphorylates a variety of GPCR. Upon GPCR stimulation, GRK2 binds 

to dissociated and membrane-embedded βγ-subunits of G-proteins and 

phosphorylates β-ARs, which then attach to an inhibitory protein, β-arrestin 

(Aragay et al. 1998, Rengo et al. 2011). 

In human HF, increased GRK activity appears to be a major factor 

contributing to β-receptor desensitization (Lohse 1995, Rockman et al. 2002). 

GRK activity and GRK2 mRNA levels are upregulated both in patients and in 

animal models of HF and hypertrophy (Choi et al. 1997, Leineweber et al. 2002, 

Ungerer et al. 1993). Inhibition and lowering of GRKs could therefore provide a 

therapeutic target for HF (Lohse et al. 2003, Rockman et al. 2002). 

There is no suitable pharmacological inhibitor which can achieve GRK2-

targeted inhibition in HF. Carboxyl-terminus of the β-adrenergic receptor kinase 

(βARKct) is a miniprotein inhibitor, which inhibits GRK–mediated receptor 

phosphorylation thus causing activation of GRK2. βARKct competes with 

endogenous GRK for membrane binding and has been shown to inhibit GRK2 

activity on several receptors (Inglese et al. 1994). 

Transgenic, adenovirus- and rAAV–mediated overexpressions of βARKct 

have rescued myocardium of several experimental HF models (Harding et al. 
2001, Rengo et al. 2009, Rockman et al. 1998, Rockman et al. 2002). 

Intracoronary adenovirus–mediated βARKct overexpression to rabbits 3 weeks 

after experimental MI resulted in reversal of ventricular dysfunction (Shah et al. 
2001). Moreover, in failing human myocytes, inhibition of GRK1 via adenovirus–

mediated βARKct improved contractile function and β-adrenergic signalling 

(Williams et al. 2004). Katz et al. (2012) investigated the effect of molecular 

cardiac surgery with recirculating delivery (MCARD)–mediated βARKct gene 

transfer on β-AR signalling. Eight weeks after self-complimentary rAAV6–

mediated βARKct gene transfer with the MCARD technique it was found that 

there was enhancement of cardiac contractility and relaxation, and preservation of 

β-AR signalling. In summary, several studies support the concept that GRK2 

inhibition is a potential target for the treatment of HF and thus, large animal 

studies are ongoing to clarify the potential of β-ARKct prior to undertaking 

clinical trials.  
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2.5.3 Angiogenic factors 

Angiogenesis is process of developing new blood vessels from pre-existing 

vessels. Furthermore, pre-existing vessels can expand, lengthen or sprout. 

Angiogenesis can be physiological or pathological (Rapti et al. 2011, Yla-

Herttuala et al. 2007). Stimulation of cardiac angiogenesis is beneficial to 

ischemic and infarcted heart (Bull et al. 2003, Zhao et al. 2010). Vasculogenesis, 

in the other hand, is defined as the differentiation of precursor cells into the 

endothelial cells and their subsequent formation of a primitive vascular network 

(Vailhe et al. 2001). Therapeutic vasculogenesis can be induced by several 

angiogenic factors; VEGF, hepatocyte growth factor, FGF, platelet growth factor 

and hypoxia inducible factor-1α (HIF-1α); most of the studies have concentrated 

on VEGFs (Hoeben et al. 2004, Korpisalo & Yla-Herttuala 2010). In humans, 

VEGF gene transfer has been used for the treatment of two diseases, ischemic 

peripheral artery disease and coronary artery disease (Gupta et al. 2009, Yla-

Herttuala et al. 2007). 

Vascular endothelial growth factor 

The mammalian genome encodes five VEGF genes. VEGF-A and VEGF-B play 

important roles in angiogenesis in the heart and the transcripts encoding for two 

isoforms VEGF-A121 and VEGF-A165, are detected mainly in cells and tissues 

which express the VEGF gene (Katz et al. 2010, Yla-Herttuala et al. 2007, Zhao 

et al. 2010). The VEGF is glycoprotein that binds to heparin and plays a major 

role in the development of the new vasculature in the ischemic myocardium. 

Moreover, VEGF is secreted also from intact cells and it appears to be suitable for 

gene therapy aimed at improving perfusion into the ischemic myocardium (Symes 

2001). In a rat myocardial infarct model, newly formed vessels first appeared at 

the border zone between noninfarcted and infarcted myocardium 3 days after MI 

and they subsequently extended into the infarcted myocardium (Zhao et al. 2010). 

In addition, vascular density in the infarcted myocardium had increased by day 7. 

Interestingly, VEGF-A and VEGF-receptors increased significantly at the border 

zone on the first day after MI, but not at later stages even during the first week 

when angiogenesis was most active (Zhao et al. 2010). Similarly, cardiomyocyte-

specific VEGF knockout mice showed fewer coronary microvessels, thinned 

ventricular wall and depressed basal contractile function and displayed an 

abnormal response to β-adrenergic stimulation (Giordano et al. 2001).  
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Nonviral lipopolymeric delivery of VEGF-A165 in rabbits with circumflex 

artery ligation induced neovascularization and improved fractional shortening and 

ejection fraction after MI (Bull et al. 2003). VEGF-A165-treated animals 

exhibited an increase in peri-infarct vessel density and a trend towards a smaller 

infarct size (Bull et al. 2003). Similarly, Ferrarini et al. (2006) showed in dogs 

that myocardial viability with several troponin T-expressing cardiomyocytes was 

significantly improved in rAAV–mediated gene transfer of VEGF-A165 during 

acute MI. Furthermore, an increased number of α-smooth muscle actin positive 

arterioles was observed (Ferrarini et al. 2006). Subsequently, Serpi et al. 2011 

reported that adenoviral VEGF-B167A gene delivery prevented the Ang II–

induced diastolic dysfunction associated with the induction of the Akt pathway. 

Moreover, VEGF-B167A gene transfer increased the number of c-kit+ cells and 

proliferating cardiomyocytes, and also the capillary area of the LV was elevated. 

In large animal models, Vera Janavel et al. (2006) injected VEGF-A165 

naked DNA intramyocardially into the sheep 1 hour after coronary artery ligation. 

Fifteen days later, the infarct size was reduced, arteriogenesis and angiogenesis 

increased, peri-infarct fibrosis and myofibroblast proliferation decreased and 

mitosis of adult cardiomyocytes enhanced with occasional cytokinesis. Moreover, 

Lahteenvuo et al. 2009 reported that intramyocardial adenoviral–mediated gene 

delivery of VEGF-B186 increased ejection fraction, collateral artery formation, 

blood vessel area and the appearance of apoptosis-resistant cardiomyocytes 

around the infarction border zone after acute MI in pigs and rabbits. Furthermore, 

cardiomyocyte hyperplasia in the ischemic zone was induced after VEGF-A165 

naked plasmid transfection in pigs with chronic myocardial ischemia, resulting in 

division of native myocytes, thus supporting the hypothesis that VEGF has 

therapeutic effects in diseases characterized by myocardial cell loss (Laguens et 
al. 2004). In a tachycardia–induced model, adenoviral delivered VEGF-121 

(coding 121 amino acid isoform of VEGF) into the LV improved significantly 

fractional wall thickening and segmental shortening within 7 days after treatment 

(Leotta et al. 2002). In conclusion, because of vasculogenic and angiogenic 

properties of VEFG-A, it is considered as one of the most important candidates 

for gene therapy. 

2.5.4 Anti-apoptotic genes 

Several studies have associated cardiomyocyte apoptosis to human HF (Abbate et 
al. 2003, Kang & Izumo 2000, Narula et al. 1996). Apoptotic myocardial cell 
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death contributes to the pathogenesis of HF, because it results in a decrease the 

number of cardiomyocytes and as consequence it evokes a worsening of cardiac 

function (Ly et al. 2007). Thus gene targets that promote myocyte survival by 

limiting cardiac myocyte loss through inhibition of apoptosis may offer 

therapeutic benefits for the treatment of HF. Apoptotic cell death is a strightly-

regulated, energy-dependent process and it is a form of programmed cell death. 

Apoptosis becomes activated when the cellular reparative mechanisms fail to 

maintain cellular homeostasis and integrity as a result of continuous cellular 

insults. Apoptotic signalling cascades are activated in both the endoplasmic 

reticulum (ER) and mitochondria in the cardiomyocytes i.e. both of these 

organelles can activate apoptotic pathways. However, the molecular mechanisms 

of activation of apoptotic proteins are not completely understood (Chaanine et al. 
2010, Elmore et al. 2007, Ly et al. 2007).  

B-cell lymphoma-2 

B-cell lymphoma 2 (BCL-2) is a cytosolic protein localized to the mitochondrial 

outer membrane, ER and nuclear envelope, and it has been shown to prevent 

cytochrome c release, caspase activation and cell death. BCL-2 has been 

associated with the inhibition of apoptosis (Hanada et al. 1995, Hengartner & 

Horvitz 1994, Hockenbery et al. 1993). 

Transgenic mice overexpressing a human BCL-2 in the heart suffered smaller 

infarct sizes, and they displayed improved LV ejection fraction (Brocheriou et al. 
2000) and their hearts had fewer terminal deoxynucleodidyl-transferase nick-end 

labeling-positive or in situ oligo ligation-positive myocytes after 

ischemia/reperfusion (Brocheriou et al. 2000, Chen et al. 2001). In agreement, 

adenovirus–mediated gene transfer of BCL-2 could prevent ventricular myocyte 

death and apoptosis provoked by p53. These antiapoptotic effects of BCL-2 were 

independent of p53 gene expression (Kirshenbaum & de Moissac 1997).  

Akt 

The Ser/Thr-protein kinase Akt is a mediator of PI3K signalling. Akt is a crucial 

mediator of cell size and survival of many cell types (Matsui et al. 2003, Shiojima 

& Walsh 2006). In cardiomyocytes, Akt-dependent signalling pathways have been 

associated regulation of cardiac growth, contractile function and coronary 

angiogenesis (Rota et al. 2005, Shiojima et al. 2005, Shiojima & Walsh 2006). In 
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myocytes, Akt is activated by glycoprotein 130-dependent cytokine stimulation 

and it has cardiac hypertrophic (Oh et al. 1998) and an antiapoptotic effects (Zhu 

et al. 2001). Moreover, Akt is known to be activated by other growth-promoting 

and pro-survival ligand receptor systems such as insulin (Cong et al. 1997), IGF-I 

(Kulik et al. 1997) and estrogen (Camper-Kirby et al. 2001).  

PI3K and Akt have reduced the rate of cardiomyocyte apoptosis. In rat 

neonatal cardiomyocytes, expression of activated forms of either PI3K or 

myristoylated Akt1 (membrane targeted Akt1) inhibited hypoxia–induced 

apoptosis in vitro (Matsui et al. 1999). Adenoviral–mediated overexpression of 

constitutively active Akt protected cardiomyocytes against apoptosis in the 

absence of IGF-1 in response to ischemia-reperfusion injury in vivo (Fujio et al. 
2000). In cultured cardiomyocytes, adenoviral delivery of dominant-negative 

Akt1 (Akt1 Thr308Aspartic acid/Ser473Aspartic acid) prevented IGF-1–mediated 

myocyte survival and overexpression of constitutively active Akt promoted 

myocyte survival (Fujio et al. 2000), suggesting that activation of this pathway 

may well be useful in promoting myocyte survival in the failing heart. 

In a rat model of cardiac ischemia/reperfusion injury, direct adenoviral gene 

transfer of constitutively active myristoylated Akt1 reduced the infarct size and 

the number of apoptotic cells in the region of the injury and restored cardiac 

function (Matsui et al. 2001). Cardiac specific transgenic overexpression of 

constitutively active Akt increased cardiomyocyte cell size and induced cardiac 

hypertrophy (Condorelli et al. 2002, Shioi et al. 2002). Furthermore, cardiac 

contractility of Akt-transgenic mice was increased (Condorelli et al. 2002, 

Shiraishi et al. 2004). Transgenic mice expressing nuclear targeted Akt–mediated 

inhibition of apoptosis without resulting in hypertrophic remodelling, suggesting 

that biologically significant targets of Akt activity may be located within the 

nucleus. In addition, transgenic mice overexpressing IGF-1 exhibited less 

myocyte apoptosis after MI (Li et al. 1997). Furthermore, administration of IGF-1 

was able to attenuate myocardial apoptosis and necrosis in response to ischemia-

reperfusion injury (Buerke et al. 1995). 

2.5.5 Stem cell homing factors 

Factors regulating stem cells are potential targets for gene therapy with aiming to 

improve cardiac remodelling and function by inducing reconstitution of 

functional myocardium and stimulate the formation of new blood vessels. Stem 

cell homing factors are thought to be released from the heart in response to injury, 



 57

to stimulate endogenous tissue repair pathways (Boyle et al. 2011). Expression of 

stem cell homing factors have a crucial role in the recruitment of circulating stem 

cells. Stem cell mobilization from the bone marrow to the ischemic cardiac area 

enables vasculogenesis and aids in the preservation of injured cardiac myocytes. 

Stromal derived growth factor (SDF)-1α represents a candidate stem cell homing 

factor which can recruit circulating progenitors to sites of ischemic injury (Tang 

et al. 2005). 

Stromal derived factor-1 

SDF-1, also known as CXCL12 or pre-B-cell growth stimulating factor (PBSF) is 

a cytokine of the CXC chemokine subfamily, which is transiently expressed for 

instance in infarct and peri-infarct regions where it can induce stem cell homing 

to the myocardium (Abbott et al. 2004, Askari et al. 2003, Ghadge et al. 2011, Hu 

et al. 2007). SDF-1α and SDF-1β are the main isoforms in human and mouse 

tissues, which are produced by alternate splicing of the same gene (De La Luz 

Sierra 2004). Gene expression of SDF-1α in ischemic injury is regulated by the 

transcription factor HIF-1α (Ceradini et al. 2004). The signalling effects of SDF-1 

were originally demonstrated to be mediated through G-protein-coupled receptor 

CXCR4. SDF-1 binding to CXCR4 receptor stabilizes homodimerization or 

heterodimerization of the receptor, enhancing activation of the GPCR, thus 

leading to regulation of several signalling cascades (Percherancier et al. 2005). 

Binding of SDF-1 to CXCR4 receptor on stem and progenitor cells has been 

reported to play a crucial role in the regulation of bone marrow homing and stem 

cell implementation into the bloodstream (Ghadge et al. 2011, Lapidot & Petit 

2002). Furthermore, SDF-1 binds G-protein-coupled receptor CXCR7 (Sierro et 
al. 2007) or RDC1 (Balabanian et al. 2005).  

Expression of SDF-1α was increased in serum (Leone et al. 2005) and 

cardiac tissue samples (Yamani et al. 2005) of patients with MI. Circulating SDF-

1α levels were associated with a number of circulating progenitor cells. Bone 

marrow derived stem cells harvestered from mice were released into the 

peripheral circulation after MI and these cells were chemoattracted to 

homogenates of infarcted myocardium in a SDF-1–dependent manner (Kucia et 
al. 2004). Abbot et al. (2004) revealed that intracoronary infusion of bone 

marrow–derived stem cells after coronary artery ligation induced the recruitment 

of stem cells into the mice hearts and adenoviral–mediated gene delivery of SDF-

1 accentuated this effect. 
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Several animal studies have revealed that SDF-1–mediated therapies can be 

beneficial after MI (Elmadbouh et al. 2007, Zhang et al. 2007). For instance, 

intramyocardial injection of SDF-1α into the peri-infarct zone protected tissue 

after an acute ischemic event in mice. The amount of scar formation was 

decreased and VEGF–mediated neoangiogenesis was increased with mice 

exposed to SDF-1α (Saxena et al. 2008). Local adenovirus–mediated gene 

transfer of SDF-1 resulted in increased c-kit+ cell mobilization and improved 

cardiac structure and function through angiogenic and antifibrotic actions after 

experimental MI in rat hearts (Tang et al. 2010). Overexpression of SDF-1 in 

myocardial tissue led to recruitment of endogenous cardiac stem cells to the 

infarct border zone (Unzek et al. 2007). 

Due to the rapid diffusion and degradation of natural SDF-1, Segers et al. 
(2007) designed a chemokine called S-SDF-1 (S4V) which was resistant to 

MMP-2 and exopeptidase, but retained SDF-1 chemotactic potential. 

Intramyocardial delivery of S-SDF-1 (S4V) after MI resulted in increased 

capillary density, induction of stem cell recruitment and improved cardiac 

function in rat heart. 

Some studies have also demonstrated negative effects of SDF-1 therapy in 

MI. Pyo et al (2006) reported that adenoviral gene delivery of CXCR4 to cardiac 

myocytes accentuated the negative inotropic effects of SDF-1 during Ca2+ 

stimulation. Furthermore, the β-adrenergic–mediated increase in Ca2+ 

mobilization and fractional shortening were attenuated (Pyo et al. 2006). 

Catheter-based transendocardial injection of SDF-1α into the peri-infarct 

myocardium in a myocardial infarct model to pigs resulted in an increase in the 

peri-infarct vessel density and a reduction of collagen levels but it failed to 

improve LV function (Koch et al. 2006). In conclusion, because of promising 

results in animal studies, a trial investigating SDF-1 naked DNA gene delivery by 

percutaneous administration to the peri-infarct area is currently recruiting patients 

(see also 2.6.3). 

2.5.6 Cardiac natriuretic peptides 

The NP gene family consists three structurally related, but genetically distinct 

peptides. ANP, BNP and C-type natriuretic peptide (CNP) are encoded by 

different genes but the mature forms of these natriuretic peptides contain a 

distinctive 17 amino acid ring structure with a highly conserved internal sequence 

(D'Souza et al. 2004, Ruskoaho 2003).  
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ANP and BNP are cardiac hormones; their secretions are markedly 

upregulated during HF (Ruskoaho 2003). Both compounds exert potent diuretic, 

natriuretic, vasorelaxant, aldosterone-inhibiting, antifibrotic and antihypertrophic 

effects, which are mediated via their common receptor, guanylyl cyclase (GC)-A 

(Lee & Burnett 2007, Potter et al. 2009). The human CNP is structurally distinct 

from ANP and BNP. The 22 amino acid form of CNP dominates in the systemic 

circulation and the 53 amino acid molecule is the major active form of CNP at the 

tissue level (Ogawa et al. 1992, Tawaragi et al. 1991).  

ANP is secreted mainly by the atria and released in response to wall stretch 

(Lang et al. 1985, Ruskoaho et al. 1986). The human gene encoding ANP is 

called natriuretic peptide precursor A (NPPA) and it encodes for a 151 amino acid 

preprohormone which after proteolytic processing, forms a 126 amino acid 

prohormone, proANP, to be stored in atrial granules and cleaved into the 98 

amino acid N-terminal fragment and the 28 amino acid active hormone on release 

into the circulation (Oikawa et al. 1984, Vuolteenaho et al. 1985, Wu et a. 2002). 

The gene encoding human BNP (hBNP), natriuretic peptide precursor B 

(NPPB), encodes the 132 amino acid preprohormone which is processed to a 108 

amino acid prohormone, profragment of BNP (proBNP). ProBNP is cleaved by 

furin to form the 76 amino acid N-terminal BNP and a 32 amino acid active 

hormone (Sawada et al. 1997). N-terminal BNP and active BNP are constitutively 

produced and released from the atria and ventricles (Mukoyama et al. 1991, 

Yoshimura et al. 2001).  

B-type natriuretic peptide 

BNP is among the earliest cardiac factors induced in response to hemodynamic 

load (Ruskoaho 2003) and this mechanical stretch–induced activation of BNP 

gene expression is mediated via the GATA transcription factor (Suga et al. 1992). 

NPs have emerged as important candidates for the development of therapeutic 

agents in cardiovascular disease (Lee & Burnett 2007). In 2001, the human 

recombinant form of mature BNP, nesiritide, was approved by the United States 

Food and Drug Administration for the treatment of acutely decompensated HF. 

Infusion of nesiritide has been used clinically in HF and it possesses a number of 

useful properties, such as positive lusitropic activity, vasodilatory features and 

positive effects with cardiac reverse remodelling (Burger et al. 2002, Dickstein et 
al. 2008). Nevertheless, the use of nesiritide has been limited by hypotension and 

concerns regarding the worsening of renal function. Intravenous infusion of 
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nesiritide has reduced LV filling pressure, but it has variable effects on cardiac 

output, urinary output, sodium excretion and blood pressure. It has been claimed 

that adverse renal consequences can be encountered with nesiritide (Sackner-

Bernstein et al. 2005) and careful monitoring of renal function is mandatory 

(Dickstein et al. 2008, Roger et al. 2009, Sackner-Bernstein et al. 2005). 

However, the effect of nesiritide on mortality is uncertain, and controversy 

remains regarding the safety, efficacy, and dosing of BNP in the therapy of acute 

HF (Lee & Burnett 2007).  

In addition to direct administration of native peptides, several other 

approaches alone or in combination with other pharmacologic therapies have been 

shown to enhance the function of the NP system: administration of designer NPs, 

inhibition of degradation of NPs and their second messenger cGMP, and 

stimulation of cGMP generation (Boerrigter et al. 2009). Recently, the feasibility 

of an orally delivered, conjugated form of BNP was demonstrated in an 

experimental model of Ang II–mediated hypertension (Cataliotti et al. 2008). 

In cultured cardiac fibroblasts, BNP has reduced collagen synthesis and 

increased MMPs via cGMP-protein kinase G signalling (Tsuruda et al. 2002). 

Accordingly, after MI, overexpression of BNP in mice, targeted to the liver, has 

been shown to increase MMP-9, but not MMP-2 expression in the infarcted 

region. Elevated plasma BNP facilitated neutrophil infiltration into the infarcted 

area after MI and the neutrophils were the main source of MMP-9 (Kawakami et 
al. 2004). Targeted deletion of the GC-A gene resulted in marked cardiac 

hypertrophy and fibrosis (Lopez et al. 1995, Oliver et al. 1997) while mice 

lacking the BNP gene (Nppb-/-) showed a normal heart size but multifocal fibrotic 

lesions in the ventricles. Moreover, no signs of systemic hypertension and 

ventricular hypertrophy were noted (Tamura et al. 2000). Thus, genetic studies in 

mice collectively support a local role for BNP in the regulation of cardiac fibrosis. 

However, transgenic models have exhibited alterations in blood pressure and 

cardiac function, (Kawakami et al. 2004, Kishimoto et al. 2009, Lopez et al. 
1995, Oliver et al. 1997, Tamura et al. 2000) suggesting that, in part, the cardiac 

effects may be mediated indirectly via systemic hemodynamic actions. 

Earlier studies have indicated that the NP/GC-A system could be involved 

also in the stimulation of angiogenesis. In vitro, BNP/GC-A triggers proliferation 

and migration of cultured microvascular endothelial cells of rats by activating 

cGMP-dependent protein kinase I (Lin et al. 1995). An increase in circulating 

BNP levels resulting from targeted overexpression of the BNP gene in the liver of 

mice was able to accelerate vascular regeneration in limb ischemia model. 
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Furthermore, in a pressure overload–induced hypertrophy model, selective 

disruption of the endothelial GC-A evoked diminished angiogenesis (Cao & 

Gardner 1995, Lin et al. 1995). 

2.5.7 Renin-angiotensin aldosterone system 

The RAA system plays a crucial role in the homeostatic control of arterial 

pressure, tissue perfusion and extracellular volume affecting both blood pressure 

and hydroelectrolyte balance. In the RAA system, angiotensinogen serves as a 

substrate for renin. Renin catalyses the proteolytic conversion of angiotensinogen 

into the decapeptide angiotensin I. Subsequently, angiotensinogen converting 

enzyme converts angiotensinogen I to the Ang II, while Ang II type 1 receptor 

(AT1-R) is responsible for transducing the cellular effects on Ang II (Griendling et 
al. 1993). In cardiac tissue, Ang II is mainly produced by local synthesis from 

angiotensin I, rather than from any uptake from the systemic circulation (Atlas 

2007, Carey & Siragy 2003). (P)RR is the newest member of the renin-

angiotensin system. (P)RR has been suggest to play an important role in the tissue 

RAA system via both Ang II-dependent and Ang II-independent pathways 

(Nguyen et al. 2002). Moreover, other therapeutic targets for RAA-system have 

been suggested. Expression of the Ang II type 2 receptor (AT2-R) is high during 

foetal development and there is evidence that despite low levels of expression in 

the adult, the AT2-R might inhibit growth and remodelling in the heart and 

mediate vasodilation and antiproliferative and apoptotic effects in vascular 

smooth muscle. The Ang II type 4 receptors are supposed to mediate the release 

of plasminogen activator inhibitor 1 by Ang II and by the N-terminal truncated 

peptides: angiotensin III and angiotensin IV. However, the importance of these 

receptors remains uncertain. Angiotensin-(1–7) is a heptapeptide fragment of Ang 

II and it appears to act via Mas receptor. Angiotensin-(1–7) is presumed to have 

protective cardiovascular effects (Atlas 2007, Carey & Siragy 2003). 
Under physiological conditions, the cardiac RAA system maintains cellular 

balance of inhibiting and inducing cell growth and proliferation and mediation of 

adaptive responses to myocardial stretch (Atlas 2007, Paul et al. 2006). The 

activation of the RAA system and sympathetic hyperactivation play a central role 

in pathogenesis of post-infarction LV remodelling and HF (Jessup & Brozena 

2003, McMurray & Pfeffer 2005). Ang II promotes peripheral vasoconstriction, 

aldosterone and vasopressin secretion, and sodium and water retention, leading to 

further deterioration of ventricular function (Holubarsch et al. 1993, Pieruzzi et 
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al. 1995). Moreover, it has been claimed that Ang II may have a major role in 

mediating the fibrogenic response after MI and in the development of cardiac 

hypertrophy (Holubarsch et al. 1993, Sun et al. 1994). Ang II has also stimulated 

heart rate and contractility by facilitating adrenergic neurotransmission in the 

heart, resulting in a decrease in coronary flow and the appearance of arrhythmias 

(Pieruzzi et al. 1995, Sadoshima & Izumo 1993, Seravalle et al. 1993).  

(Pro)renin receptor 

 (P)RR is a 350 amino acid protein with a single transmembrane domain. High 

levels of the (P)RR mRNA are expressed in human brain, heart, placenta and 

lower expression levels have been detected in liver, pancreas and kidney and there 

is very weak expression in lung and skeletal muscle (Nguyen et al. 2002). 

Mahmud et al. (2011) reported high (P)RR mRNA expression in mouse brain and 

substantially lower expressions in heart, muscle, liver, intestine, lung and kidney. 

Nevertheless, (P)RR protein was highly expressed only in the kidneys of mice. In 

mouse heart, liver, intestine and brain, (P)RR protein expression was much lower 

and in muscle and lung protein expression was very weak.  

Thus far, two (P)RRs have been characterized. The mannose-6-phosphate 

receptor is a ubiquitous clearance receptor for renin and its inactive precursor 

prorenin (Saris et al. 2001). Specific (P)RR mediates renin and prorenin cellular 

effects by activating intracellular signalling pathways. Prorenin is an inactive 

precursor of renin and binding of prorenin to (P)RR leads to its activation via a 

nonproteolytic mechanism and to the generation of Ang II (Nguyen et al. 2002).  

The binding of prorenin or renin to (P)RR triggers extracellular pathways. 

The Ang II-dependent pathway is essential for the increase in the prorenin 

catalytic activity. The (P)RR by binding to prorenin activates the enzyme activity 

of renin resulting in the generation of Ang II at the tissue level (Nguyen et al. 
2002). In the Ang II-independent pathway, prorenin binding to the (P)RR initiates 

a cascade of signalling events, including activation of MAPK, these being 

associated with profibrotic and proliferative action. In most cell types, (P)RR 

activation triggers the phosphorylation of ERK1/2 inducing the upregulation of 

profibrotic genes. In cardiomyocytes, (P)RR activates the p38 MAPK/heat shock 

protein 27 (HSP27) pathway, PI3K p85 and promyelocytic zinc finger protein 

(PLZF) (Feldt et al. 2008, Huang et al. 2006, Sakoda et al. 2007, Saris et al. 
2006). 
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(P)RR expression is increased in rodent models of HF and in the failing 

human heart (Mahmud et al. 2011). Increased levels of (P)RR mRNA and protein 

have been found in post-myocardial infarcted rats hearts. (P)RR mRNA gene 

expression was elevated in transgenic rats with overexpression of the renin gene. 

Furthermore, (P)RR was found to be upregulated in dilated cardiomyopathy 

patients (Mahmud et al. 2011).  

The underlying cellular mechanisms for direct (P)RR–mediated actions are 

still unclear. Experimental models suggest that increased (P)RR synthesis and 

activation may be involved in certain diseases e.g high blood pressure, cardiac 

fibrosis associated with hypertension and diabetic nephropathy (Burckle et al. 
2006, Ichihara et al. 2006b). In a rat model overexpression of the (P)RR gene in 

smooth muscle cells, including vascular smooth muscle cells suggested that 

(P)RR resulted in elevated blood pressure and increased intraadrenal Ang II 

concentrations thereby enhancing plasma aldosterone levels. These alterations 

increased progressively with age (Burckle et al. 2006). (P)RR overexpression also 

directly or indirectly contributed to the regulation of cyclooxygenase-2 expression 

in the renal cortex of the transgenic rats. These animals remained normotensive, 

but developed proteinuria and glomerulosis associated with increased ERK1/2, 

p38 MAPK and JNK activity, but not epidermal growth factor receptor 

phosphorylation. Moreover, the level of transforming growth factor (TGF) β1 

expression was increased (Kaneshiro et al. 2007). 

Recent studies have reported that most of endogenous (Advani et al. 2009, 

Cousin et al. 2009) or transfected (Schefe et al. 2008) (P)RR protein is 

intracellular. Cousin et al. (2009) have shown that (P)RR accumulates in the 

trans-golgi, where it is cleaved by furin to generate a 10 kDa 

transmembrane/cytoplasmic fragment that represents the truncated (P)RR, which 

remains associated with the vacuolar H+-adenosine trisphosphatase (V-ATPase). 

The 28 kDa soluble form of (P)RR is secreted into the conditioned medium of 

cultured cells and it is also found in plasma of humans and rats. Part of the (P)RR 

remains intact and can be detected from the plasma membrane (Fig. 6). 
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Fig. 6. Intracellular processing of (pro)renin receptor ([P]RR). Part of (P)RR is cleaved 

by furin in the trans-golgi to generate soluble (P)RR, which is secreted and 

transmembrane (P)RR, which remains associated with V-ATPase. Part of (P)RR 

remains intact and is addressed to the plasma membrane. Modified from Nguyen & 

Muller 2010. 

2.5.8 Other potential gene targets for the treatment of heart failure 

Regulatory proteins of ryanodine receptors 

RyR is regulated via several proteins such as PKA, muscle A-kinase anchor 

protein, PP1 and PP2, sorcin, calmodulin, S100 protein and FKBP12.6 (also 

known as calstabin2) (Marks 2002). Moreover, in the junctional SR, RyR 

interacts with calsequestrin, triadin and junctin (Davis et al. 2008, Gyorke et al. 
2004). RyR has a large open reading frame, which creates challenges to the use of 

viral–mediated gene transfer methods. Therefore several studies have 

concentrated on the molecular mechanisms of RyR function by modulating the 

regulatory protein of RyRs (Davis et al. 2008). For instance, FKBP12.6 (Marx et 
al. 2000) and junctional SR proteins such as calsequestrin (Kubalova et al. 2004), 

junctin (Gergs et al. 2007), triadin (Terentyev et al. 2005) and histidine-rich Ca2+-

binding protein (Fan et al. 2004) are believed to act as regulators of Ca2+ release 
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from the SR. Moreover, sarcolipin (Babu et al. 2005), Na+/Ca2+ exchanger (Bolck 

et al. 2004) and phospholemman (Song et al. 2002) are regulators of cytoplasmic 

Ca2+ removal. A few gene transfer studies have also reported the effects of 

parvalbumin (Wahr et al. 1999) and sorcin (Frank et al. 2005), which are Ca2+ 

binding protein modulating cardiac performance. 

Sarcomeric proteins 

The sarcomere is the major structural and functional unit of striated muscle. It is 

composed of overlapping thick and thin filaments (Davis et al. 2008). Sarcomeres 

play an important role in cardiac performance and thus sarcomeres have been 

described as an attractive target for genetic engineering (Day et al. 2006, Herron 

et al. 2007). Several thin filament proteins have been studied via acute genetic 

engineering technology by gene transfer. For instance, the troponin subunits, 

troponin I, troponin T and troponin C are well-known targets of thin filament 

regulation. Cardiac troponin I has a crucial role in cardiac function under 

physiological and pathophysiological conditions (Westfall & Metzger 2003) and 

cardiac troponin T has a structural and functional role in Ca2+–mediated 

regulation of cross-bridge cycling (Sweeney et al. 1998) and troponin C is the 

Ca2+ sensor of the thin filament regulatory system (Babu et al. 1992). 

Acute gene transfer has been only occasionally utilized for studying thick 

filament proteins even though it offers the possibility for directly assessing the 

role of the thick filament in cardiac muscle physiology (Davis et al. 2008). In 

contrast, thick filament proteins, such as cardiac myosin (Marian et al. 1995), the 

myosin essential light chains and myosin regulatory light chains (Fewell et al. 
1998, Sanbe et al. 2000), myosin binding protein C (Gautel et al. 1998) and titin 

(Granzier & Labeit 2004) have been well studied. One limitation to applying 

acute gene transfer for modulating the thick filament is the turnover rate of thick 

filament proteins. 

Cytoskeletal proteins 

Cardiac muscle cytoskeletal proteins such as dystrophin (Townsend et al. 2007), 

sarcoglycans (Zhu et al. 2005), desmin (Haubold et al. 2003) and microtubule–

associated proteins (Takahashi et al. 2003) are important for normal physiology 

and are involved in certain related disease states. The understanding of 

cytoskeletal proteins is incomplete even though it is clear that they are an 
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important group of molecules in the development of heart disease. Gene transfer 

techniques have shown some promising results in understanding cardiac disease 

caused by defective cytoskeletal proteins and for the treatment of cytoskeletal-

based cardiac disease (Davis et al. 2008).  

Cardiac signalling pathways 

Cardiac gene transfer techniques have offered the ability to study the temporal 

and dose-dependent modulation of cardiac contractile function by a signalling 

pathway which may otherwise be demanding to investigate e.g. in transgenic 

animals. Moreover, gene deliveries have made it possible to identify cellular 

targets within a signalling cascade (Davis et al. 2008, Huq et al. 2002, MacNeill 

et al. 2003). 

Cardiac gene transfer techniques have been used to study the MAPK 

signalling cascades, which are one of the major system involved in the 

transduction of the signal from the cell membrane to nucleus as well as their 

participation in other intracellular targets. The members of the MAPK family are 

involved in the regulation of many cellular processes, such as development, 

differentiation, cell growth, cell cycle, cell death and survival (Ravingerova et al. 
2003). Cardiac tissue contains mainly ERKs, the stress-activated protein 

kinase/JNKs, p38 MAPK and ERK5/big MAPK 1 (Davis et al. 2008, 

Ravingerova et al. 2003). Most of gene transfer studies have focused on p38 

MAPK and JNKs within the MAPK family. ERK1/2 and JNK studies have 

indicated that these cascades primarily influence cardiac function via 

transcriptional regulation (Choukroun et al. 1999, Lebeche et al. 2006). In the 

heart, mitogenic growth factors activate ERK1/2, while cellular stressors activate 

the stress-activated protein kinases, which include JNK and p38 MAPK. Several 

studies have described the activation of the MAPKs in myocardial hypertrophy, 

and its transition to HF, in ischemic and reperfusion injury and in the 

cardioprotection conferred by ischemia- or pharmacologically–induced 

preconditioning and thus, it is believed that MAPKs play an essential role in 

pathogenic cardiac events (Davis et al. 2008, Ravingerova et al. 2003).  

Moreover, several studies have investigated on nitric oxide signalling in the 

myocardium. Nitric oxide synthase activity is important during certain 

pathophysiological conditions including myocardial ischemia, preconditioning 

and heart failure. Most of the myocardial nitric oxide synthase signalling gene 

transfer studies have concentrated on investigating the direct effects of nitric 
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oxide synthase on contractile function using nitric oxide synthase-2 or 3 gene 

transfers (Davis et al. 2008). Inducible nitric oxide synthase 2 activity increases in 

response to pathophysiological conditions, such as MI. Elevating the levels of 

nitric oxide synthase 2 in failing hearts has only a weak effect on basal contractile 

function and the contractile response to β-AR stimulation is markedly reduced 

(Davis et al. 2008, Ziolo et al. 2004). Nitric oxide synthase 3 overexpression has 

also been reported to improve LV function after MI (Janssens et al. 2004). 

Table 3. Overview of gene targets for the treatment of HF. 

System Gene therapy target 

The calcium handling proteins SERCA2a, PLB, PP1, I-1, S100A1 

β-adrenergic system β-AR, AC6, GRK 

Angiogenic factors VEGF 

Anti-apoptotic genes BCL-2, Akt 

Stem cell homing factors SDF-1 

Cardiac natriuretic peptides BNP 

RAA system (P)RR 

Regulatory proteins of RyR calsequestrin, triadin, junctin, FKBP12.6, histidine-rich 

Ca2+-binding protein, sarcolipin, Na+/Ca2+ exchanger, 

phospholemman, parvalbumin, sorcin 

Sarcomeric proteins  troponin I, troponin T, troponin C, thick filament proteins 

Cytoskeletal proteins dystrophin, sarcoglycans, desmin, microtubules–

associated proteins  

Cardiac signalling pathways MAPK signalling, NO signalling 

AC6, adenylyl cyclase 6; BCL-2, B-cell lymphoma-2; BNP, B-type natriuretic peptide; GRK, G-protein-

coupled protein kinase; I-1, inhibitor type-1; MAPK, mitogen-activated protein kinase; NO, nitric oxide; 

PLB, phospholamban; PP1, protein phosphatase type 1; (P)RR, (pro)renin receptor; RAA, renin-

angiotensin-aldosterone; SDF-1, stromal derived growth factor-1; SERCA2a, sarcoplasmic reticulum Ca2+-

ATPase; VEGF, vascular endothelial growth factor; β-AR, β-adrenergic receptor 

2.6 Clinical trials in gene therapy for heart failure 

There are several gene transfer trials currently ongoing or in the planning stages 

for the treatment of cardiovascular diseases. SERCA2a, AC6 and SDF-1 gene 

transfers have progressed towards clinical trial studies (Table 4.) (Kawase et al. 
2011). Moreover, VEGF have been used in clinical trials for cardiovascular 

diseases, mainly associated with coronary heart diseases. For instance, a trial of 

endocardial VEGF-D gene therapy for the treatment of severe coronary heart 

disease is currently recruiting participants. The goal of this study will be to 
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evaluate the safety and efficacy of catheter mediated endocardial adenovirus 

VEGF-D gene therapy in patients with severe coronary heart disease 

(ClinicalTrials.gov identifier: NCT01002430). The focus of this chapter is on the 

clinical trials of target genes, which have direct and interactive effects on 

myocytes. 

Adenoviral–mediated gene transfers are the most frequently used techniques 

in clinical gene transfer studies targeting to the heart. Adenoviral vectors enable 

highly efficient cardiac gene delivery and can be produced in sufficient quantities. 

Nevertheless, adenoviral–mediated gene transfer induces only transient gene 

expression and can evoke an immune response against viral gene products 

resulting in the clearance of transduced cells (Hedman et al. 2011, Jooss et al. 
1998, Yang et al. 1994). AAVs are a promising alternative to adenovirus because 

of their better safety profile. AAV is non-pathogenic and cannot be amplified 

without co-infection with a helper virus. AAV vectors transduce the myocardium 

as efficiently as adenoviral vectors and AAVs allow stable expression of 

transferred genes (Chu et al. 2003, Hedman et al. 2011).  
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Table 4. Major clinical trial in gene therapy for heart failure. Modified from Kawase et 

al. 2011. 

Trial Target n Target 

population 

Mode of delivery/vector Status 

CUPID SERCA2a 39 HF, I, N Intracoronary/AAV1 Phase 2 trial, 

completed 

 

SERCA2a gene therapy in 

LVAD patients 

SERCA2a 16 Advanced HF 

with LVAD, I, N 

Intracoronary/AAV6 Phase1/2 trial, 

enrolling 

 

AGENT-HF SERCA2a 30 HF, I, N Intracoronary/AAV6 Phase 2 trial, 

enrolling 

 

AC6 gene transfer for 

congestive HF 

AC6 72 HF, I, N Intracoronary/adenovirus Phase 1/2 trial 

enrolling 

 

Study to evaluate the safety 

of a single escalating dose 

of ACRx-100 in adults with 

ischemic HF 

SDF-1 16 HF, I Intracoronary/naked 

DNA 

Phase 1 trial, 

enrolling 

AAV, adeno-associated virus; AC6, adenylyl cyclase 6; CUPID, Calcium Up-Regulation by Percutaneous 

Administration of Gene Therapy in Cardiac Disease; HF, heart failure; I, ischemic; LVAD, left ventricular 

assist device; N, nonischemic; SERCA2a, sarcoplasmic reticulum Ca2+-ATPase 2A; SDF-1, stromal 

derived growth factor-1. 

2.6.1 Sarcoplasmic reticulum Ca2+-ATPase 

The first clinical HF gene therapy trial using the SERCA2a construct was 

launched in the United States in 2007 (Hajjar et al. 2008, Jaski et al. 2009). 

Calcium Up-Regulation by Percutaneous Administration of Gene Therapy in 

Cardiac Disease (CUPID) trial has been approved by United Stated Food and 

Drug Administration in 2007. CUPID was designed to evaluate the safety and 

efficiency of intracoronary gene transfer of the SERCA2a via a recombinant 

AAV1 vector in patients with advanced HF. The efficacy and safety study of 

genetically targeted enzyme replacement therapy for advanced HF has completed 

phase I/II.  

In a phase 1 study, nine patients received SERCA2a-AAV1 sequential dose 

escalation 1.4x1011, 6x1011 and 3x1012 deoxyribonuclease resistant particles 

(DRP) doses, with three patients in each group. The patients received a single 



 70

intracoronary infusion of SERCA2a-AAV1. All the patients in the phase 1 and 

phase 2 trials were required to have an implantable cardioverter defibrillator, 

because there was concern that inhomogeneous SERCA2a overexpression may 

lead to consequent ventricular arrhythmias (Hajjar et al. 2008, Jaski et al. 2009). 

At the 6 to 12‒month follow-up of patients showed biological efficacy and an 

acceptable safety profile, even if the phase 1 trial was open label and results were 

difficult to interpret (Jaski et al. 2009). Improvement was reflected by functional 

(4 patients), NT-proBNP-biomarker (2 patients), LV function and remodelling 

such as ejection fraction and end-systolic volume (6 patients) and symptom (5 

patients) parameters. In a phase 1 trial, two patients who failed to improve had 

pre-existing anti-AAV1 neutralizing antibodies (Jaski et al. 2009).  

Phase 2 trial was assessed in a randomized, double-blind, placebo-controlled 

study in patients with advanced HF. SERCA2a-AAV1 was delivered by the 

intracoronary route to the 39 patients at the dose of 6x1011, 3x1012 and 1x1013 

DRP and saline control as placebo (Jessup et al. 2011). Functional studies at 6 

months post-AAV therapy revealed an improvement or stabilization in NYHA 

class, Minnesota Living With Heart Failure Questionnaire, 6-minute walk test, 

maximum oxygen consumption, NT-proBNP-biomarker and LV ejection fraction 

end-systolic function volume. In the phase 2 trial, no evidence of a cellular 

immune response to the viral vector was observed. Furthermore, macromolecules 

including AAV exhibit cooperative binding but no clear dose response to the gene 

therapy was observed (Jessup et al. 2011). Larger studies will be needed to 

establish SERCA2a-AAV2 as a treatment of HF and enrollment for phase 3 has 

started (ClinicalTrials.gov identifier: NCT00454818).  

Two other separate clinical trials targeting SERCA2a are enrolling patients. 

The first trial is being conducted in the United Kindom. SERCA2a-AAV6 or 

saline solution is to be administered to patients with advanced HF. The patients 

will receive SERCA2a gene by direct injection into the myocardium during 

implantation of an LV assist device for an accepted clinical indication 

(ClinicalTrials.gov identifier: NCT00534703, Gwathmey et al. 2011, Kawase et 
al. 2011).  

A second phase 2 trial is investigating the efficacy of SERCA2a-AAV6-CMV 

on cardiac remodelling parameters in patients with severe HF. This trial is 2 

single-center, double-blind, randomized, placebo-controlled, parallel study 

(Gwathmey et al. 2011, Kawase et al. 2011). 
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2.6.2 Adenylyl cyclase 6 

A clinical trial of AC6 gene transfer in patients with congestive HF started 

enrolling patients in May 2010. The adenovirus-5–construct encoding human 

AC6 is to be delivered by intracoronary injection in patients with stable but 

severe congestive HF with sucrose solution being used as a control 

(ClinicalTrials.gov identifier: NCT00787059). Nitroprusside will be delivered 

simultaneously to increase gene transfer efficiency. Nitroprusside has been used 

safely by intracoronary infusion in patients with heart disease (Hillegass et al. 
2001, Roth et al. 2004). The trial will be a randomized, double blinded and 

placebo controlled study with 72 patients being enrolled in a 3:1 randomization 

ratio (54 patients are received increasing doses of human AC6-adenovirus and 18 

patients will receive placebo). The patients are randomized in dose-dependent 

manner starting at 3.2x109 to 3.2x1012 viral particles in 6 dose groups 

(ClinicalTrials.gov identifier: NCT00787059, Gao & Hammond 2011, Kawase et 
al. 2011).  

2.6.3 Stromal derived growth factor-1 

A clinical trial on SDF-1 will examine the effects of SDF-1 naked DNA injection 

in patients with ischemic heart disease. SDF-1 naked DNA will be injected 

directly into the myocardium at multiple sites via a percutaneous, LV approach 

using a needle injection catheter. This trial is currently enrolling patients; it is an 

open-label dose escalation study for evaluating the safety of a single escalating 

dose of SDF-1 administered by endomyocardial injection. Three cohorts (16 total) 

will be studied and the dose will be escalated by increasing the total amount of 

SDF-1 delivered per subject from low dose (cohort 1) to middle dose (cohort 2) to 

high dose (cohort 3). The impact of cardiac function will be measured with 

cardiac perfusion conducted via single-photon emission computed tomography 

(SPECT) imaging and assessment of NYHA classification (ClinicalTrials.gov 

identifier: NCT01082094, Kawase et al. 2011). 
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3 Aims of the research 

The aim of the study was to characterize the molecular mechanisms of cardiac 

hypertrophy and LV remodelling after MI and in hypertension, and to identify the 

novel drug target genes for the treatment of HF. The effects of BNP and (P)RR on 

cardiac function and remodelling by direct recombinant adenoviral gene delivery 

into the anterior wall of the LV were investigated. The objectives were: 

1. To investigate direct structural and functional effects of BNP on LV 

remodelling. 

2. To study the effects of BNP gene transfer on the underlying signalling 

pathways. 

3. To characterize the heterogeneity of circulating immunoreactive human NT-

proBNP after adenoviral transfer of human BNP. 

4. To examine the Ang II-dependent and Ang II-independent signalling 

pathways triggered by (P)RR gene transfer. 
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4 Materials and methods 

Summary of experimental models and methods is presented in Table 5. 

Table 5. Summary of experimental protocols. 

Study Experimental model Method 

I Adenovirus–mediated BNP gene transfer in vivo Echocardiography 

 Normal heart Telemetric monitoring 

 Experimental myocardial infarction Protein extraction and western blotting 

 Ang II–induced hypertension RNA isolation and real time RT-qPCR 

  Radioimmunoassay 

  HPLC 

BNP antibody determination 

  EIA (cGMP) 

  Immunohistochemistry 

  Masson’s trichrome staining 

  TUNEL staining 

  Lectin staining 

II Adenovirus–mediated BNP gene transfer in vivo Protein extraction and western blotting 

 Normal heart Radioimmunoassay 

  HPLC 

III Adenovirus–mediated (P)RRgene transfer in vivo Echocardiography 

 Normal heart Protein extraction and western blotting 

    Losartan infusion 

Experimental myocardial infarction1 

RNA isolation and real time RT-qPCR 

Gelatin zymography 

 Ang II–induced hypertension1 Immunohistochemistry 

  Immunofluorescence 

X-gal staining 

  Masson’s trichrome staining 

  TUNEL staining 

  Pecam staining 

Ang II, angiotensin II; BNP, B-type natriuretic peptide; cGMP, cyclic guanosine monophosphate; EIA, 

enzyme immunoassay; HPLC, high–pressure liquid chromatography; (P)RR, (pro)renin receptor; RT-

qPCR, reverse transcriptase quantitative polymerase chain reaction; TUNEL, Terminal deoxynucleotidyl 

transferase dUTP nick end labeling. 1methods were not described in original publication III. 
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4.1 Recombinant adenoviral vectors (I, II and III) 

For constructions of hBNP and (P)RR a full-length coding regions of cDNA was 

cloned into the SalI and HindIII sites of the pShuttle-CMV vector (Qbiogene Inc., 

Illkirch, Cedex-France). The sequences for the cloning primers used were as 

follows; hBNP forward 5'-GCG TCG ACT CCA GAG ACA TGG ATC CCC AG-

3' and reverse 5'-CCC AAG CTT TTA ATG CCG CCT CAG CAC-3' and rat 

(P)RR forward 5'-GCG TCG ACC GTG GCA CCA TGG CTG TGC-3' and 

reverse 5'-CCC AAG CTT TCA ATC CAT TCG AAT CTT CTG GTT TG-3'.  

The vector pShuttle-CMV contains the CMV promoter and the SV40 

polyadenylation signal. Deletion of E1 and E3 genes in adenoviral plasmid 

creates space for foreign DNA and prohibits virus replication and thus, eliminates 

any self-replication capabilities. The presence of the insert was confirmed by 

restriction digestion and sequence analysis. The shuttle plasmids were linearized 

using PmeI and complete digestions were evaluated by electrophoresis. 

PmeI-linearized pShuttle-CMV-vector (including gene of interest) was 

transformed into BJ5183-AD-1 electroporation competent cells (Stratagene, La 

Jolla, CA, USA) using Gene Pulser Transfection Apparatus (Bio-Rad, Hercules, 

CA, USA) at 2500 V, 200 Ω and 25 µFD. BJ5183-AD-1 electroporation 

competent cells are recombination proficient bacteria carrying the adenoviral 

plasmid that encodes the adenovirus-genome. The transformants were selected for 

kanamycin resistance and the homologous recombination was confirmed by PacI 

digestion. The recombinant adenoviral plasmids were transformed into DH5α 

competent cells. Recombinant DNAs were purified with a maxiprep kit 

(QIAGEN, Valencia, CA, USA) and with ethanol-sodium acetate precipitation. 

The recombined adenoviral backbones were checked by BstXI and PacI 

digestions. 

Recombinant adenoviral constructs were linearized with PacI and transfected 

into AD-293A cells (Qbiogene Inc. Illkirch, Cedex-France). Primary adenovirus 

stocks with recombinant adenoviral plasmid were prepared by Lipofectamine 

2000 (Invitrogen, Carlsbad, CA, USA) transfection. Once the majority of the cells 

had started become to round and detach, the cells were harvested. Adenoviruses 

were released by freeze‒thaw cycles and fresh AD-293A cells were infected with 

the extracted virus. Adenoviruses were amplified by four rounds of amplification 

of adenovirus and concentrated and purified using 15%:30%:40% iodixanol 

(OptiPrep, Axis-Shield PoC AS, Oslo, Norway) density gradient centrifugation 

100 000 g, at +4 °C overnight. The purified viruses were diluted in 1 x PBS and 
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stored at ‒70 °C. The adenoviral titers were determined by AdEasy Viral Titer Kit 

(Stratagene, La Jolla, CA, USA).  

LacZ control virus 

Adenovirus containing the Escherichia coli LacZ gene (coding β-galactosidase 

protein) was used as a control virus. The pShuttle-CMV‒LacZ was a commercial 

plasmid (Stratagene, La Jolla, CA, USA). Homologous recombination, production 

and purification of the LacZ control virus was performed using the same 

technique as hBNP and (P)RR‒adenoviruses.  

4.2 Animal studies (I, II and III) 

All experimental protocols were approved by the Animal Use and Care 

Committee of the University of Oulu and conformed to the Guide for the Care 

and Use of Laboratory Animals published by the US National Institutes of Health. 

4.2.1 Intramyocardial gene transfer (I, II and III) 

Cardiac gene transfer of recombinant adenoviruses hBNP, (P)RR and LacZ-

control into the LV free wall was performed as previously described (Tenhunen et 
al. 2006a). 

8-week old male Sprague-Dawley (SD) rats weighing 250–300 g were 

anesthetized with medetomidine hydrochloride (Domitor, 250 μg/kg 

intraperitoneally (i.p.)) and ketamine hydrochloride (Ketamine, 50 mg/kg i.p). 

Rats were connected to the respirator through a tracheotomy. A left thoracotomy 

and pericardial incision was performed to expose the heart and single injections of 

recombinant adenovirus, 1x109 infectious units (ifu), in a 100 μl volume, were 

injected using a Hamilton precision syringe directly into the anterior wall of the 

LV. Ifu is biologically equivalent to plaque forming unit (PFU). The syringe was 

inserted into one site of the LV free wall (apex to base), and then slowly the 

solution was injected while withdrawing the syringe. The heart was repositioned, 

the rat was briefly hyperventilated and the incision closed. After the operation, 

anaesthesia was partially antagonized with atipamezole hydrochloride (Antisedan, 

1.5 mg/kg i.p.) and rats were hydrated with physiological saline solution (5 ml 

subcutaneous (s.c.)). For postoperative analgesia, buprenorphine hydrochloride 
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(Temgesic, 0.05–0.2 mg/kg s.c.) and carprofen (Rimadyl, 5 mg/kg s.c.) were 

administered.  

4.2.2 Acute myocardial infarction (I and III) 

Acute MI was produced by ligation of the LAD during medetomidine 

hydrochloride and ketamine hydrochloride anaesthesia as previously described 

(Pfeffer et al. 1979, Tenhunen et al. 2006b). The rat was connected to the 

respirator through a tracheotomy and ventilated at a rate of 55–60 breaths per 

minute. A left thoracotomy and pericardial incision were performed and the LAD 

was ligated about 3 mm from its origin. After ligation of the LAD, the heart was 

repositioned in the chest and the incision was closed. The anaesthetic effects were 

antagonized and the rats were hydrated with 10 ml physiological saline solution. 

Buprenorphine hydrochloride and carprofen were administered for postoperative 

analgesia. The sham‒operated rats underwent the same surgical procedure 

without the ligation of LAD. Recombinant adenovirus was injected into the 

anterior wall of the LV before the ligation of LAD. The adenoviral gene delivery 

to the sham–operated hearts was performed using the same technique without the 

ligation of LAD.  

4.2.3 Angiotensin II–mediated hypertension (I and III) 

Ang II–mediated hypertension has been used extensively in key studies in the 

development of antihypertensive agents (Cataliotti et al. 2008, d’Uscio et al. 
1997, Huelsemann et al. 1985, Smits et al. 1991). Using this experimental model 

of hypertension, mean arterial pressure increases rapidly (within 3 hours) and 

remains significantly elevated throughout the 2‒week period (Suo et al. 2002).  

Ang II (33.3 μg/kg/h) was administered via s.c. implanted osmotic 

minipumps (Alzet model 2002, Scanbur BK AB, Sollentuna, Sweden), as 

described previously (Lako-Futo et al. 2003, Suo et al. 2002). Minipumps were 

implanted subcutaneously before the gene delivery.  

4.2.4 Losartan treatments with osmotic minipumps (III) 

Losartan (400 µg/kg/h) was administered via s.c. implanted osmotic minipumps 

(Alzet model 2001 for 1 week and Alzet model 2002 for 2 weeks, Scanbur BK 

AB, Sollentuna, Sweden), as described previously (Serpi et al. 2009). Minipumps 
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were implanted before the gene delivery. This dose of losartan was previously 

shown to abolish completely Ang II–induced increase in mean arterial pressure, 

LV weight/body weight ratio and elevation of skeletal α-actin and β-myosin 

heavy chain (MHC) mRNA levels (Lako-Futo et al. 2003). 

4.3 Echocardiographic measurements (I and III) 

Transthoracic echocardiography was performed using the Acuson Ultrasound 

System (SequoiaTM 512) and a 15-MHz linear transducer (15L8) (Acuson, 

MountainView, CA, USA) as previously described (Rysa et al. 2010, Tenhunen et 
al. 2006b). Before examination, rats were sedated with ketamine (50 mg/kg i.p.) 

and xylazine (10 mg/kg i.p.). Using two-dimensional imaging, a short axis view 

of the LV at the level of the papillary muscles was obtained, and a two 

dimensionally guided M-mode recording through the anterior and posterior walls 

of the LV was obtained. LV end-systolic and end-diastolic dimensions as well as 

thethickness of the interventricular septum and posterior wall were measured 

from the M-mode tracings. LV fractional shortening and ejection fraction were 

calculated from the M-mode left ventricular dimensions using the following 

equations:  

Fractional shortening (%) = {(LVEDD -LVESD) / LVEDD} x 100 

Ejection fraction (%) = {(LVEDD)3 – (LVESD)3 / LVEDD3} x 100 

(LVEDD, left ventricular end diastolic diameter; LVESD, left ventricular end 

systolic diameter) 

An average of 3 measurements of each variable was used. All 

echocardiographical measurements were performed blinded by a person who was 

not aware of the treatments. After echocardiography, the animals were sacrificed 

and blood samples were collected into pre-cooled tubes containing 

ethylenediamine tetra-acetic acid (1.5 mg/1ml blood), hearts were weighed and 

the ventricles were immersed in liquid nitrogen and stored at –70 °C for later 

analysis. 

4.4 Telemetric monitoring (I) 

Rats were anesthetized with medetomidine hydrochloride and ketamine 

hydrochloride anaesthesia combined with preoperatively administered 

buprenorphine (0.05 mg/kg s.c.) and carprofen (Rimadyl, 5 mg/kg s.c.). For 

telemetric monitoring of hemodynamics, rats were instrumented with a catheter in 
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the left carotid artery coupled with a sensor and transmitter (TA11PA-C40; Data 

Sciences, St. Paul, MN, USA) implanted under the skin (Lako-Futo et al. 2003, 

Suo et al. 2002). After the operation, the anaesthesia was partially antagonized 

and the rats were given buprenorphine hydrochloride for analgesia. Twelve days 

after implantion, adenovirus–mediated local intramyocardial hBNP gene transfer 

into the LV was performed. Mean arterial pressure and heart rate were 

continuously measured through out the experiment. Hemodynamics were 

recorded every 3 min and averaged for every hour. Results represent 24 h average 

every day, except on day 0 due to the intramyocardial gene transfer. 

4.5 Protein analysis (I, II and III) 

4.5.1 Extraction of cytoplasmic protein (I, II and III) 

In order to extract the cytoplasmic protein, the LV tissue was broken and reduced 

to a powder in liquid nitrogen. The thawed powder was homogenized in a lysis 

buffer (20 mmol/l Tris-HCl [pH 7.5], 10 mmol/l NaCl, 0.1 mmol/l EDTA, 0.1 

mmol/l EGTA, 1 mmol/l β-glycerophosphate, 1 mmol/l Na3VO4, 2 mmol/l 

benzamidine, 1 mmol/l phenylmethylsulfoxide, 50 mmol/l NaF, 1 mmol/l 

dithiothreitol and 10 µg/ml each of leupeptin, pepstatin and aprotinin). The 

cytosolic fraction was separated out by centrifugation at 2000 revolutions per 

minute (rpm) in +4˚C for 1 min. To separate the cytoplasmic 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) were added to the tissue homogenate 

followed by centrifugation at 12500 rpm in +4 ˚C for 20 min. The supernatant 

was frozen in liquid nitrogen and stored in –70 °C until assayed. Protein 

concentrations were determined by Bio-Rad Laboratories Protein Assay.  

4.5.2 Western blot analyses (I, II and III) 

In the western blot analysis, 30 µg total protein was subjected to SDS-PAGE and 

the separated proteins were electrically transferred to Optitran BA-S 85 

nitrocellulose membranes (Scleicher & Schuell BioScience, Dassel, Germany). 

After blocking the nonspecific background in 5% non-fat milk or a mixture (1:1) 

of Odyssey Blocking Buffer – Tris–buffered saline (TBS), nitrocellulose 
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membranes were incubated with appropriate primary antibody in 0.5–1% milk in 

a solution of TBS-0.05% Tween-20 or in Odyssey Blocking Buffer– TBS 

overnight at +4 °C. The antibody dilution varied from 1:200 to 1:2000, depending 

on the signal strength. After washing, antibody binding was detected with specific 

secondary antibodies. HRP-conjugated antibodies (dilution 1:2000) used with 

enhanced chemiluminescence (ECL) PlusTM Western Blotting Detection System 

and fluorescent (Alexa Fluor) antibodies (1:3000–1:5000) used with Odyssey 

Infrared Imaging System. The antibodies used in western blot analyses are 

presented in Table 6.  

For a second western blot, the membranes were stripped in buffer containing 

62.5 mmol/l tris (pH 6.8), 2% sodium dodecyl sulfate, and 100 mmol/l 

mercapthoethanol. The protein amounts were detected by enhanced 

chemiluminescence by a Fujifilm LAS-3000 Imager (Fujifilm, Tokyo, Japan) 

when blots were incubated with ECL Plustm-reagents, and the detection was based 

on fluorescence measured by the Odyssey Infrared Imaging System. The bands 

were scanned and analyzed with Quantity One software (Bio-Rad Laboratories, 

Hercules, CA, USA). 

Table 6. Summary of the primary and secondary antibodies used for Western blot 

analyses. 

Manufacturer Antibody Type of antibody 

Cell Signalling Technology ERK1/2, phospho-ERK1/2 (Thr202/Tyr204) Primary antibody 

 p38 Primary antibody 

 phospho-HSP27 (Ser82) Primary antibody 

 Akt, phospho-Akt (Ser473) Primary antibody 

 HRP- linked anti rabbit IgG, Secondary antibody 

 HRP- linked anti-mouse IgG Secondary antibody 

Millipore Phospho-p38 (Thr180/Tyr182)  Primary antibody 

 GAPDH Primary antibody 

 HSP27 Primary antibody 

Santa Cruz Biotechnology SERCA2 Primary antibody 

 CTGF Primary antibody 

 Wnt-3 Primary antibody 

 Frizzled-8 Primary antibody 

 V-ATPase A1 Primary antibody 

 PLZF Primary antibody 

 PLB-Ser16 Primary antibody 

Novus Biologicals (P)RR Primary antibody 

Badrilla Ltd. PLB, PLB-Thr17 Primary antibody 
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Manufacturer Antibody Type of antibody 

BD Transduction Laboratories β-catenin Primary antibody 

Ala-Kopsala et al. 2004 human NT-proBNP10–29 Primary antibody 

Invitrogen Alexa Fluor 680 goat anti-mouse Secondary antibody 

 Alexa Fluor 680 goat anti-rabbit Secondary antibody 

CTGF, connective tissue growth factor; ERK1/2, extracellular signal regulated kinase; GAPDH, 

glyceraldehyde 3-phosphate dehydrogenase; HRP, horseradish peroxidase; HSP27, heat shock protein 

27; NT-proBNP, N-terminal profragment of B-type natriuretic peptide; PLB, phospholamban; PLZF, 

promyelocytic zinc finger protein; (P)RR, (pro)renin receptor; Ser, serine; SERCA2, sarcoplasmic 

reticulum Ca2+-ATPase 2; Thr, threonine 

4.5.3 Immunoprecipitation (III) 

Samples with 300 μg of total protein of (P)RR or LacZ-treated animals were 

incubated with 10 μl of PLZF antibody (Santa Cruz Biotechnology, Santa Cruz, 

CA, USA) overnight with continuous rocking at +4 °C and conjugated with 

protein G-agarose beads (30 μl/sample) (Santa Cruz Biotechnology, Santa Cruz, 

CA, USA) for 3 h with continuous rocking at +4 °C. The absence of primary 

antibody in a parallel reaction mix served as a negative control. The beads were 

collected by centrifugation, washed 5 times in the lysis buffer, and boiled for 5 

min in sodium dodecyl sulphate, resolved by SDS-PAGE and transferred to 

Optitran BAS 85 nitrocellulose membranes. The membranes were blocked in 

Odyssey Blocking Buffer– TBS (1:1) and then incubated with specific polyclonal 

anti-(P)RR antibody (Novus Biologicals, Littleton, CO, USA) at a concentration 

of 1:100 in Odyssey Blocking Buffer – TBS solution overnight at +4 °C. On the 

following day, (P)RR antibody binding was detected with Alexa Fluor goat anti-

mouse IgG (Invitrogen, Carlsbad, CA, USA) at a 1:3000 dilution. The 

chemiluminescence was detected using Odyssey Infrared Detection. The bands 

were quantified with Quantity One software. 

4.5.4 cGMP assay (I) 

LV tissue samples were homogenized in 10 volumes of 5% trichloroacetic acid at 

4 °C. Samples were centrifuged and trichloroacetic acid was extracted from the 

supernatant by adding 5 volumes of water-saturated ether for 3 times. Residual 

ether was removed from the aqueous layer by heating at +70 °C. cGMP was 

detected in non-acetylated samples using a cGMP enzyme immunoassay (EIA) 
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Kit (Cayman Chemical Company, Ann Arbor, MI, USA) according to the 

manufacturer's directions.  

4.5.5 Gelatin zymography (III) 

Gelatin zymography was used to detect the gelatinases (MMP-2 and MMP-9) in 

total protein samples. Zymography was performed as previously described 

(Nyberg et al. 2003). 17 µg total proteins were separated on 10% SDS-PAGE 

containing fluorescently labeled gelatin. After electrophoresis, the gelatinases 

were renatured by removing sodium dodecyl sulphate with Triton X-100. Gels 

were then incubated in Tris-HCl activation buffer overnight at +37 °C to allow the 

MMPs to digest the substrate. The degradation of gelatin was visualized under 

long wave UV light and the proteins were stained with 0.5% Coomassie Blue R-

250. The films were analyzed with Quantity One software (Bio-Rad Laboratories, 

Hercules, CA, USA). 

4.5.6 Immunohistochemistry (I and III) 

In the histological analysis, the LVs were fixed in 10% buffered formalin solution. 

Transversal sections of the LV were embedded in paraffin, and 5 μm sections 

were cut. Sections were cut from the mid-section of the heart at the level of the 

papillary muscles. Samples from different animals were obtained in an identical 

way and from the corresponding sites in order to make the samples fully 

comparable. All measurements were performed blinded by persons who were not 

aware of the treatments. 

Efficiency and localization of gene deliveries (I and III) 

To examine the efficiency and localization of the hBNP and (P)RR gene 

deliveries, the sections were incubated with specific polyclonal anti-human NT-

proBNP antibody (Ala-Kopsala et al. 2004) at the dilution of 1:2000 or with 

specific polyclonal anti-(P)RR antibody (Novus Biological, Littleton, CO, USA) 

at the dilution 1:200 3 days after gene transfer. In (P)RR-treated hearts, a red 

color was produced by chromogen, amino-9-ethylcarbazole (Zymed, South San 

Francisco, CA, USA). Specific polyclonal anti-(P)RR antibody was raised against 

a peptide mapping with an extracellular domain of (P)RR.  
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Immunofluorescence staining was performed to analyse the expression of 

(P)RR in cardiac cells. The antibodies used were NB100-1318 (Novus 

Biologicals, Littleton, CO, USA) for (P)RR and anti-prolyl 4-hydroxylase β 

(MAB2073, Millipore, Temecula, CA, USA) for fibroblasts. Nuclei were stained 

blue with diamidinophenylindole dihydrochloride (DAPI) (Sigma, St Louis, MO, 

USA). 

Stem cells (I) 

Primary antibody for c-kit (sc-168, Santa Cruz Biotechnology, CA, USA) was 

used to stain stem cells. The number of c-kit–positive cells in the anterior wall of 

LV was counted. The area of counted section was examined by computerized 

methods and the number of positively staining cells was related to the area 

(cells/35 mm2).  

Cells undergoing division (I and III)  

To identify cells undergoing division, immunohistochemical labelling of nuclear 

Ki-67 antigen was performed by using monoclonal mouse anti-rat Ki-67 antigen 

antibody (DakoCytomation, Glostrup, Denmark). The whole LV was scanned and 

stained cells were counted from high power fields (40×) choosing 5 hot spot areas 

in each sample.  

Inflammatory cells (I) 

Primary antibody for CD43 (ab22351, Abcam, UK) was used to detect 

inflammatory cells in the LV. The number of positively stained cells was counted 

from the whole LV of all samples and related to area (cells/35 mm2) in order to 

make the samples comparable. The primary antibodies were detected by 

peroxidase conjugated EnVision Detection Kit system (DakoCytomation, 

Glostrup, Denmark) and the samples were counterstained with haematoxylin. 
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4.6 RNA analysis (I and III) 

4.6.1 Isolation and analysis of RNA (I and III) 

The RNA was extracted from the LV tissue by using the guanidine-thiocyanate–

CsCl method (Tenhunen et al. 2006b)  

Real time RT-qPCR (I and III) 

mRNA levels were analyzed by the reverse transcriptase quantitative polymerase 

chain reaction (RT-qPCR) using TaqMan chemistry on an ABI 7300 Sequence 

Detection System (Applied Biosystems) as previously described (Tenhunen et al. 
2004). The cDNA first strand was synthesized from total RNA with a First-Strand 

cDNA Synthesis Kit for RT-qPCR (GE Healthcare/GE Life Sciences). The 

sequences of the forward and reverse primers and for fluorogenic probes for RNA 

used in RT-qPCR are presented in Table 7. The results were normalized to 

ribosomal 18S (18S) RNA quantified from the same samples. 

Table 7. Forward and reverse primer and fluorogenic probe sequences used for real 

time quantitative RT-qPCR–analysis.  

Gene Forward primer Reverse primer Fluorogenic probe 

hBNP AAGATGGTGCAAGGGTCT

GG 

GGCCACTGGAGGAGCTGA TGCTTTGGGAGGAAGATGGA

CCGG 

rBNP TGGGCAGAAGATAGACCG

GA 

ACAACCTCAGCCCGTCACAG CGGCGCAGTCAGTCGCTTG

G 

ANP GAAAAGCAAACTGAGGGC

TCTG 

CCTACCCCCGAAGCAGCT TCGCTGGCCCTCGGAGCCT 

Skα TCCTCCGCCGTTGGCT AATCTATGTACACGTCAAAA

ACAGGC 

CATCGCCGCCACTGCAGCC 

β-MHC GCTACCCAACCCTAAGGAT

GC 

TCTGCCTAAGGTGCTGTTTC

AA 

TGTGAAGCCCTGAGACCTG

GAGCC 

Col Iα1 CCCCTTGGTCTTGGAGGA

A 

GCACGGAAACTCCAGCTGAT CTTTGCTTCCCAGATGTCCT

ATGGCTATGATG 

Col IIIα1 AGCTGGCCTTCCTCAGACT

TC 

GCTGTTTTTGCAGTGGTATG

TAATG 

TTCCAGCCGGGCCTCCCAG 

ET-1 ATGGACAAGGAGTGTGTCT

ACTTCTG 

GGGACGACGCGCTCG CACCTGGACATCATCTGGGT

CAACACTC 

FGF-2 CCCGGCCACTTCAAGGAT GATGCGCAGGAAGAAGCC CCAAGCGGCTCTACTGCAAG

AACGG 
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Gene Forward primer Reverse primer Fluorogenic probe 

TNF-α GACAAGGCTGCCCCGACT

A 

CTCCTGGTATGAAGTGGCAA

ATC 

TGCTCCTCACCCACACCGTC

AGC 

Fn-1 GCGAGGCAGGATCAGCTG CCAATCTTGTAGGACTGACC

CC 

ACCATTGCAAATCGCTGCCA

TGAA 

TGFβ1 CATCGACATGGAGCTGGT

GA 

TTGGACAGGATCTGGCCAC ACGGAAGCGCATCGAAGCC

ATC 

TGFβ2 ACCTTTTTGCTCCTGCATC

TG 

GTCGAGGGTGCTGCAGGTA TCCCGGTGGCGCTCAGTCT

GT 

Caα-A GGGCCCTCCATTGTCCA GCACAATACTGTCGTCCTGA

GTG 

CGCAAGTGCTTCTGAGGCG

GCTAC 

PAI-1 GCTGACCACAGCAGGGAA

A 

GTGCCCCTCTCACTGATATT

GAA 

CCCGGCAGCAGATCCAAGA

TGCTAT 

(P)RR CTTGCTGTGGGCAACCTAT

TC 

CTACCCCCTTCACTGTCACC

AT 

ACCGGCCCCGGGCTACCAT 

 

Serca2a CAGCCATGGAGAACGCTC

A 

CGTTGACGCCGAAGTGG ACAAAGACCGTGGAGGAGG

TGCTGG 

VEGF-A GATCCGCAGACGTGTAAAT

GTTC 

TTAACTCAAGCTGCCTCGCC TGCAAAAACACAGACTCGCG

TTGCA 

18S TGGTTGCAAAGCTGAAACT

TAAAG 

AGTCAAATTAAGCCGCAGGC CCTGGTGGTGCCCTTCCGTC

A 

ANP, atrial natriuretic peptide; Caα-A, cardiac α-actin; ColIα1, collagen Iα1; ColIIIα1, collagen IIIα1; FGF-

2, fibroblast growth factor-2; Fn-1, fibronectin-1; hBNP, human B-type natriuretic peptide; PAI-1, 

plasminogen activator inhibitor-1; (P)RR, (pro)renin receptor; rBNP, rat BNP; SERCA2a, sarcoplasmic 

reticulum Ca2+-ATPase 2a; Skα, skeletal α-actin; TGFβ, transforming growth factor-β; TNF-α, tumor 

necrosis factor-α; VEGF-A, vascular endothelial growth factor-A; 18S, ribosomal 18S; β-MHC, β-myosin 

heavy chain 

4.7 Immunoassays (I and II) 

4.7.1 Radioimmunoassay and HPLC (I and II) 

Rat BNP, rat ANP and hBNP peptide levels from plasma and tissue samples were 

measured by radioimmunoassay (RIA). The plasma and tissue samples for human 

immunoreactive amino-terminal-proBNP10‒29 (ir-NT-proBNP10‒29), human ir-

BNP-32, rat ir-BNP22‒42 and rat ir-NT-proANP79‒98 were extracted with SepPak 

C18 cartridges before the measurements. The cardiac tissue peptide levels were 

measured from diluted aliquots of the guanidine thiocyanate extracts prepared for 

RNA determination. The extraction buffer did not interfere with assay at the 

dilutions used. It is known that hBNP assays do not cross-react (<0.01%) with 
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peptides derived from rat proANP (Ala-Kopsala et al. 2004, Ala-Kopsala et al. 
2005). 

Analysis of the molecular form of hBNP peptides in plasma and in LV 

samples was performed by gel filtration high–pressure liquid chromatography 

(HPLC). Synthetic hBNP77-108 and recombinant human NT-proBNP1‒76 peptides 

were used as calibrators. The samples were applied to a Biosuite 125 HR column 

[7.8 (i.d.) x 300 mm; Waters] and eluted with 10% acetonitrile in aqueous 

trifluoroacetic acid (1ml/l trifluoroacetic acid in water). The flow rate was 

1ml/min, and 0.5 ml fractions were collected.  

4.7.2 Determination of BNP antibodies 

The presence of BNP antibodies in the circulation was determined using methods 

described previously (Ala-Kopsala et al. 2004) with the following modifications: 

HPLC-purified recombinant 125I-Tyrosine0-proBNP77–108 was incubated with 1:100 

dilution of the serum samples in a volume of 200 µl overnight at +4 °C. The 

bound and free fractions were then separated by the addition of 0.5 mg bovine 

gammaglobulin in 1 ml 20% polyethylene glycol 6000 followed by 

centrifugation. The supernatants were discarded and the pellets were counted for 

radioactivity in a Wallac CliniGamma counter. Specific rabbit antiserum against 

hBNP (Ala-Kopsala et al. 2004) was used the positive control. The results are 

expressed as the percentage of radioiodinated Tyrosine0-BNP bound. 

4.8 Histology and image analysis (I and III) 

The hearts were treated as described in chapter 4.5.6. 

Analysis of fibrotic area (I and III) 

Sections were stained with hematoxylin and eosin or Massons's trichrome to 

examine the fibrotic area of the LV. In the study of the local response to 

adenovirus–mediated gene transfer, fibrotic area in the LV was measured at 2 

weeks after intramyocardial injection of adenoviral construct expressing LacZ 

and PBS-based buffer (3% iodixanol-PBS) as well as from the hearts with needle-

prick (no injection of fluid) and non-injected hearts. 
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Infarct size (I) 

The infarcted area was measured from LV circumference in the Masson’s 

trichrome–stained sections using a digital image analysis system (Nikon 

NIS_Elements BR 2.30 software). One block and section per heart was taken 

from the same site in all samples and used for staining.  

Size of cardiomyocytes (I and III) 

To assess cardiomyocyte hypertrophy, the cross-sectional area of cardiomyocytes 

was calculated from five correspondingly located fields per sample (3 from 

epicardial and 2 from endocardial side of the LV). The-cross sectional area of 10 

cells per field was measured using Nikon NIS_Elements BR 2.30 software. 

Angiogenesis (I and III) 

Biotinylated Griffonia simplicifolia lectin-1 (GSL-1) (B-1205, Vector 

laboratories, Burlingame, CA, USA) or Pecam-1 (sc-1506-R, Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) was used to stain endothelial cells. The 

number of capillaries was calculated from 5 representative high power fields 

(40×) from the LV of each section; 3 from the epicardial and 2 from the 

endocardial side of the LV were selected.  

Apoptotic cells (I and III) 

Apoptotic cells were detected by in situ labeling of the 3'-ends of the DNA 

fragments generated by apoptosis‒associated endonucleases (TUNEL staining) 

performed using the ApopTag in situ apoptosis detection kit (Oncor, Gaithersburg, 

MD, USA), as previously described (Soini et al. 1996). DNA fragmentation was 

identified by applying terminal transferase enzyme with digoxigenin-labeled 

nucleotides. Anti-digoxigenin antibody was used to recognize the digoxigenin-

labeled nucleotide chains attached to the 3'-ends of sample DNA. A colour 

reaction was produced with diaminobenzidine and the sections were 

counterstained with hematoxylin. The apoptotic cells and bodies were counted in 

5 high power fields (40× objective) choosing hot spot areas in each sample in 

order to make the results comparable.  
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X-gal-staining (III) 

To confirm the efficiency of adenovirus–mediated gene transfer, X-gal staining of 

the LacZ-treated hearts was performed. Hearts were rinsed in PBS and fixed in 

PBS containing 4% paraformaldehyde for 1 h at 4 °C, washed 3 times in rinsing 

buffer (100 mM sodium phosphate pH 7.3, 2 mM MgCl2, 0.01% sodium 

deoxycholate, 0.02% NP-40) for 30 min, and incubated with 1 mg/ml X-gal (5-

bromo-4-chloro-3-indolyl-β-D-galactopyranoside) in reaction buffer (5 mM 

K3Fe(CN)6, 5 mM K4Fe(CN)6xH2O, 100 mM sodium phosphate pH 7.3, 2 mM 

MgCl2, 0.01% sodium deoxycholate, 0.02% NP-40) at +37 °C for 5 h, and post-

fixed overnight in 10% formalin. The hearts were photographed, and for frozen 

sections, hearts were embedded in OCT compound, frozen and sectioned. 

Sections were counterstained with hematoxylin-eosin. 

4.9 Statistical analysis 

The results are expressed as means ± standard error of the mean (SEM). 

Statistical analyses were performed using SPSS version 16.0.1 (SPSS Inc., 

Chicago, IL, USA). Statistical significance was evaluated by one-way analysis of 

variance (ANOVA) followed by a least significant difference (LSD) post hoc test 

for multiple comparisons. The hemodynamic variables were analysed with two-

way repeated-measures ANOVA. Student's t-test was used for comparison 

between two groups. A P value of < 0.05 was considered statistically significant.  
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5 Results 

5.1 Augmentation of left ventricular gene expression by adenoviral 

gene delivery (I, II and III) 

hBNP and (P)RR gene transfers protocols were established to locally increase 

their protein levels in the normal adult rat LV and in hearts during the remodelling 

process after MI and in Ang II–induced hypertension. 

5.1.1 Human BNP gene delivery (I and II) 

Increased hBNP gene expression was noted when hBNP expressing adenoviral 

constructs were injected into the LV free wall at 1x109 ifu. hBNP mRNA and 

peptide levels were highest at day 3 after the injections and declined significantly 

thereafter during the follow-up period. 

A 22–fold hBNP mRNA increase was observed at 3 days (P < 0.001) and 12–

fold increase at 1 week (P < 0.001) after hBNP gene transfer when normalized to 

hBNP levels at 2 weeks. hBNP mRNA levels in the LV at 1 and 2 weeks’ post-

infarction were quantitatively equal to the hBNP levels in normal adult rat hearts 

at 1 and 2 weeks after hBNP gene transfer.  

LV human NT-proBNP peptide levels increased to 78 fmol/mg (P < 0.001 vs. 

human NT-proBNP at 2 weeks) at day 3 by gene transfer and decreased during 

the follow-up period, so that at 1 week, the human NT-pro-BNP peptide level was 

47.7 fmol/mg (P < 0.05 vs. human NT-proBNP at 2 weeks). In LacZ-treated 

hearts, human NT-proBNP was not detectable. 

The efficiency and localization of the hBNP gene delivery was further 

confirmed by immunohistochemistry. Immunohistochemical analysis showed 

local and segmental hBNP staining in the anterior wall of the LV of hBNP-treated 

hearts whereas LacZ-treated hearts were virtually negative. BNP localized 

subcellularly to granules, nearly all of it being in the perinuclear zone (Fig. 7). 
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Fig. 7. Immunohistochemical staining against human NT-proBNP at day 3 after gene 

transfer. Representative images from left ventricular anterior wall are shown. 

Left ventricular cGMP and endothelin-1 levels after intramyocardial gene 

transfer (I) 

The natriuretic, diuretic, blood-pressure lowering effects of BNP is primarily 

mediated by the second messenger cGMP (Silberbach & Roberts 2001). cGMP 

levels were significantly increased at day 3 and 1 week after intramyocardial 

hBNP gene delivery in normal rats hearts (Fig. 8A).  

Endothelins are reported to stimulate the nitric oxide-dependent cGMP 

formation. This nitric oxide/cGMP signalling has been shown to play an 

important role in regulating contractile properties of cardiac muscle (Paulus & 

Bronzwaer 2004). Endothelin-1 mRNA levels were slightly increased (P < 0.05) 3 

days and 1 week after hBNP gene transfer compared to LacZ-treated hearts (Fig. 

8B). However, endothelin-1 mRNA levels remained unchanged in hBNP-treated 

hearts after MI. 
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Fig. 8. Cardiac specific activation of hBNP increased left ventricular cGMP and 

endothelin-1 levels in normal rat hearts. A, cGMP levels measured by enzyme 

immunoassay method and B, endothelin-1 mRNA levels measured by RT-qPCR-

method after hBNP gene transfer. Results are expressed as mean±SEM (n = 5) 

*P < 0.05, **P < 0.01 versus LacZ (Student’s t-test). 

Analyses of molecular forms of BNP after intramyocardial gene transfer (I 

and II) 

Human BNP gene delivery into rat hearts provided the opportunity to separate the 

exogenous BNP from the endogenous rat BNP and thus, to quantify the elevation 

of BNP peptide levels in the LV achieved by gene transfer.  

In LV tissue, hBNP gene delivery increased active hBNP peptide levels so 

that exogenous hBNP and endogenous rat BNP peptide concentrations were 

together 22 fmol/mg and about 9–fold higher than the endogenous rat BNP 

peptide concentration (Fig. 9A). These BNP levels were quantitatively similar to 

the BNP levels (17.6 fmol/mg) observed in an experimental model of Ang II–

induced hypertension in rats on day 3 (Suo et al. 2002). 

In plasma, human NT-proBNP levels were highest on day 3 of the experiment 

(NT-proBNP 867±14 pmol/l at 3 days vs. 52±9 at 2 weeks hBNP-treated hearts, 

P < 0.001). Plasma levels of active rat BNP and hBNP peptides were comparable 

after BNP gene delivery (Fig. 9B).  

The molecular forms of BNP produced by gene transfer were characterized 

by HPLC analyses. The gel filtration HPLC fractions of myocardial cell lysates 

contained high-molecular weight hBNP and human NT-proBNP immunoreactive 

material (human NT-proBNP1‒22, NT-proBNP10‒29 and NT-proBNP57‒76) with a 
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size consistent with human proBNP1‒108 (Fig. 9C). In plasma samples of hBNP-

treated rats, the immunoreactive material corresponded the size of the native 

circulating form hBNP-32, indicating that human proBNP can be processed 

correctly in rat cardiomyocytes (Fig. 9D). 

Locally increased hBNP also influenced on endogenous rat BNP and ANP. 

LV rat BNP peptide levels were significantly lower at 1 week (P < 0.05) and 2 

weeks (P < 0.05) after hBNP gene transfer compared to LacZ-injected hearts. 

ANP mRNA levels decreased significantly at 3 days (P < 0.05) even though the 

LV rat NT-proANP concentration did not differ between groups. Moreover, 

plasma levels of rat BNP and rat NT-proANP were similar in the LacZ- and 

hBNP-injected rats.  

Fig. 9. Molecular forms of BNP after human (hBNP) gene delivery. A, Rat endogenous 

BNP and exogenous hBNP peptide levels 3 days after hBNP gene delivery in LV and B, 

in plasma measured by radioimmunoassays. The results are expressed as mean±SEM 

(n = 3–4). ***P < 0.001 vs. rat BNP (Student’s t-test). C, The gel filtration (GF) HPLC of 

LV cell lysates and D, plasma samples (human NT-proBNP1‒22 ●; NT-proBNP10‒29, ○ and 

NT-proBNP57‒76▲; human BNP-32, cross and dashed line). 
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Immune response and infiltration of inflammatory cells following hBNP 
gene transfer (I) 

Earlier studies demonstrated that the short-term expression of adenoviral–

mediated gene transfers was associated with the intense immune reaction (Dai et 
al. 1995, Schagen 2004). Therefore, antibody formation against hBNP was 

examined in plasma samples at the 2‒weeks’ follow-up period. hBNP antibody 

formation expression was noted when hBNP expressing adenoviral constructs 

were injected into the LV free wall at 1x109 ifu. hBNP gene transfer increased 

significantly the production of neutralizing antibodies against the transferred 

hBNP. The antibody formation against hBNP was highest at 2 weeks after 

injections (Fig. 10A). This immune response probably attenuated the effect of 

hBNP gene delivery on cardiac function. 

In order to study the cardiac infiltration of inflammatory cells after adenoviral 

hBNP gene transfer histological section were stained against CD43. As shown in 

fig. 10B, the number of infiltrating cells in hBNP injected hearts was similar to 

that in LacZ-injected hearts. After MI CD43 positive cells were increased, 

compared to noninfarcted groups. No differences were noted between hBNP and 

LacZ post-infarction (Fig. 10B). These findings support the concept that it is 

direct and not possible proinflammatory effects, that play a role in angiogenesis 

and antifibrosis of NPs. 
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Fig. 10. Local hBNP gene delivery increased circulating neutralizing BNP antibodies, 

but did not affect the number of inflammatory cells. A, Radioiodinated Tyrosine 
125I(Tyr)0-BNP specific binding in plasma after hBNP gene transfer. The results are 

expressed as mean±SEM (n = 5). ND indicates not detectable. ***P < 0.001 versus at 3 

days; †††P < 0.001 versus at 1 week. B, The number of inflammatory cells at 2 weeks 

after hBNP gene delivery into normal heart and after acute myocardial infarction (AMI). 

The results are expressed as mean±SEM (n = 7–8). *P < 0.05 versus LacZ-group (1-way 

ANOVA followed by LSD post hoc test). 

5.1.2 (Pro)renin receptor gene delivery (III) 

Activation of gene expression was evaluated by RT-qPCR and western blot 

analysis, when rat (P)RR expressing adenoviral constructs were injected into the 

LV free wall at 1x109 ifu in a 100 μl injection volume. 

A 17–fold (P)RR mRNA increase was observed at 3 days (P < 0.001), 14–

fold increase at 1 week (P < 0.01) and 4–fold (P < 0.05) increase at 2 weeks after 

(P)RR gene transfer as compared to the levels in the LacZ-treated hearts. (P)RR 

mRNA levels at 2 weeks were closely to those observed in experimental models 

of stroke-prone spontaneously hypertensive rat hearts (Ichihara et al. 2006a) and 

with congestive heart failure due to coronary ligation (Hirose et al. 2009). 

(P)RR western blot analyses revealed a 7.4–fold (P < 0.001) increase at 3 

days, 6.7–fold (P < 0.001) increase at 1 week and 2.3–fold (P < 0.01) increase of 

(P)RR protein levels at 2 weeks when compared to LacZ-treated hearts. (P)RR 

protein levels at 2 weeks were quantitatively equal to the (P)RR protein levels 

observed post-infarction in rat hearts, in patients with dilated cardiomyopathy 

(Mahmud et al. 2011) and in the hearts of diabetic rats (Connelly et al. 2011). 
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Immunohistochemical analysis of (P)RR gene transfer animals showed local 

and augmented segmental granular staining in the cardiomyocytes of the LV 

anterior wall compared to LacZ-treated hearts (Fig. 11A). Immunofluorescence 

staining further confirmed that (P)RR was localized predominantly into the 

cardiac myocytes in the adult rat heart (Fig. 11B).  

 

Fig. 11. Efficiency of (P)RR gene transfer was confirmed by immunohistochemical and 

immunofluorescence staining against (P)RR. A, Immunohistochemical and B, 

Immunofluorescence staining (DAPI, blue; prolyl 4-hydroxylase β-staining, red; [P]RR, 

green) of LV anterior wall 3 days after (P)RR gene transfer showing (P)RR 

predominantly in cardiomyocytes. Representative images from left ventricular anterior 

wall are shown. 

5.1.3 LacZ gene delivery (I and III) 

LacZ encodes the β-galactosidase protein which is also used to standardize virus 

production. Earlier studies have indicated that LacZ gene transfer does not affect 

myocardial function as assessed by systolic wall thickening using ultrasonic 

crystals (French et al. 1994).  

LacZ mRNA levels were highest at day 3 after 1x109 ifu LacZ-injection and 

decreased significantly thereafter during the follow-up period. A 17–fold LacZ 

mRNA increase was observed at 3 days (P < 0.001) and 14–fold increase at 1 

week (P < 0.001) after LacZ gene transfer when normalized to LacZ levels at 2 

weeks. LacZ was not detectable by RT-qPCR in the hearts of animals injected 

with adenovirus expressing hBNP or (P)RR. X-gal staining demonstrated a large 

segmental staining area in the anterior wall of the LV of LacZ-injected hearts at 

day 3 after gene transfer (Fig. 12A and 12B). 
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Fig. 12. X-gal-staining demonstrated localization and efficiency of cardiac specific 

activation of LacZ control virus by adenoviral gene delivery into the left ventricle at 

day 3 after gene transfer. A, Whole mount x-gal staining showed a large segmental 

staining area in anterior wall of left ventricle of LacZ injected hearts. B, Microscopic 

image of x-gal–stained LV anterior wall. 

Quantification of left ventricular fibrosis in LacZ-control hearts after 
adenovirus–mediated gene transfer 

Quantification of fibrosis in LVs with no injections, needle-prick (no injection of 

fluid), injected with PBS based buffer alone (dilution of adenoviruses for 

injection) and injected with LacZ-adenovirus were examined in paraffin-

embedded histological sections stained with Masson’s trichrome. The degree of 

fibrosis did not significantly differ between PBS based buffer (fibrotic area of LV 

8.5%) and LacZ-adenovirus (fibrotic area of LV 9%) injected hearts, but tended to 

be higher in these groups than needle-prick (fibrotic area of LV 5%) and 

particularly with the no injection group (fibrotic area of LV 3%). 

5.2 Cardiac effects of intramyocardial BNP gene delivery (I) 

The effects of hBNP gene delivery on myocardial fibrosis, angiogenesis and 

hemodynamic parameters were studied in normal rat hearts and in hearts during 

the remodelling process after infarction and in an experimental model of Ang II–

mediated hypertension. In an attempt to evaluate the potential mechanisms 

triggering the effects of local hBNP gene delivery, changes in the SERCA2 

protein, MAPK signalling pathways and Akt signalling were evaluated. 
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5.2.1 BNP as a regulator of cardiac fibrosis 

Cardiac fibrosis in normal adult rat heart 

Fibrosis decreased significantly by hBNP gene delivery at 2 weeks (Fig. 13A and 

13B). Consistent with this, hBNP overexpression decreased collagen IIIα1 mRNA 

levels at 2 weeks (Fig. 13C). Moreover, collagen Iα1 gene expression was 

slightly, but nonsignificantly reduced (Fig. 13E). No significant changes were 

detected in other fibrosis-related genes such as collagen Iα1, TGFβ1 and TGFβ2, 

fibronectin-1, MMP-2 and MMP-9 gene expressions.  

 

Fig. 13. Human BNP (hBNP) gene delivery decreased myocardial fibrosis in normal rat 

heart at 2 weeks after gene delivery. A, Fibrotic area of left ventricle (LV) were defined 

with Masson’s trichrome–stained sections B, Representative images are shown, C, 

Collagen IIIα1 (ColIIIα1) and E, Collagen Iα1 (ColIα1) mRNA levels. Results are 

expressed as mean±SEM (n = 7–8). **P < 0.01 versus LacZ (Student’s t-test). 



 100

Cardiac fibrosis after myocardial infarction  

The percentage of fibrotic area measured from infarct border zone was 3.1–fold 

higher in the infarcted animals than in sham-operated animals (P < 0.001). The 

size of the infarcted area remained unchanged by BNP gene delivery when hBNP 

treated hearts were compared to LacZ-treated heart at 2 weeks’ post-infarction. 

The fibrotic area of infarcted area (Fig. 14A and 14B) or border zone (Fig. 

14C and 14D) did not differ between the infarcted hBNP- and LacZ-treated hearts 

at 2 weeks’ post-infarction. Collagen gene expressions were similarly up-

regulated in the hBNP- and LacZ-treated hearts post-infarction (Fig. 14E and 

14F). Furthermore, there was no significant difference between TNF-α and 

endothelin-1 mRNA levels between groups, together indicating that hBNP gene 

delivery had no effect of myocardial fibrosis post-infarction. 
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Fig. 14. Local hBNP gene delivery did not affect myocardial fibrosis after acute 

myocardial infarction (AMI). A and B, Fibrotic area of infarcted area of left ventricle 

(LV), C and D, Fibrotic area of border zone was quantified at 2 weeks’ post-infarction, 

E, Collagen IIIα1 (ColIIIα1) and F, Collagen Iα1 (ColIα1) mRNA levels. Results are 

expressed as mean±SEM (n = 7–8). **P < 0.01, ***P < 0.001 versus Sham (1-way ANOVA 

followed by LSD post hoc test). 
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Cardiac fibrosis in angiotensin II–induced hypertension 

Ang II–induced fibrosis was significantly attenuated by hBNP gene transfer at 2 

weeks (Fig. 15A and 15B). Furthermore, a significant decrease in collagen IIIα1 

(Fig. 15C) and collagen Iα1 (Fig. 15D) mRNA levels, up-regulated by Ang II, was 

observed by hBNP gene transfer. 

 

Fig. 15. Human BNP (hBNP) gene delivery decreased myocardial fibrosis in 

angiotensin II (Ang II)–induced hypertension at 2 weeks. A, Fibrotic area of left 

ventricle (LV), B, Representative images. C, Collagen IIIα1 (ColIIIα1) mRNA and E, 

Collagen Iα1 (ColIα1) mRNA levels. Results are expressed as mean±SEM (n = 6–11). 

*P < 0.05 versus LacZ; ††P < 0.01, †††P < 0.001 versus LacZ; ‡P < 0.05, ‡‡P < 0.01 

versus LacZ with Ang II (1-way ANOVA followed by LSD post hoc test). 
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5.2.2 Coronary angiogenesis after BNP gene transfer 

Histological sections were immunohistochemically stained against lectin in order 

to investigate the effect of hBNP gene delivery on coronary angiogenesis. Local 

BNP gene delivery resulted in a statistically significant increase in capillary 

density (94.7±1.8 capillaries/field hBNP-treated hearts vs. 86.3±5.1 

capillaries/field LacZ-treated hearts, P < 0.05), whereas BNP gene transfer had no 

effect on capillary area (767±54 capillary area μm2/field hBNP-treated hearts vs. 

735±74 capillary area μm2/field LacZ-treated hearts). FGF-2 is cardioprotective 

and angiogenic mediator (Virag et al. 2007), and the enhanced angiogenesis by 

BNP gene transfer was associated with the increased gene expression of FGF-2 at 

3 days (P < 0.05) and 1 week (P < 0.05).  

Angiogenesis contributes to the LV remodelling post-infarction. However, no 

differences in the capillary density and the capillary area in the anterior wall of 

the LV between hBNP- and LacZ-treated groups at 2 weeks’ post-infarction were 

detected. Furthermore, hBNP gene delivery had no effect on coronary 

angiogenesis in Ang II–mediated hypertension. 

5.2.3 Hemodynamics in rats overexpressing BNP in the heart 

The functional consequences of hBNP gene transfer were studied by 

echocardiography. Ejection fraction, fractional shortening and LV dimensions of 

the hBNP-treated animals were similar to those of LacZ-treated group, indicating 

that hBNP overexpression had no apparent effect on cardiac function in normal 

rats during the 2‒weeks’ follow-up period (Table 8). 

Table 8. Echocardiographic parameters 2 weeks after intramyocardial hBNP gene 

delivery. 

Variable LacZ hBNP 

LV diastole (mm) 7.6±0.1 7.7±0.1 

LV systole (mm) 5.5±0.3 5.2±0.1 

Ejection fraction (%) 60±3 66±2 

Fractional shortening (%) 28±2 33±1 

hBNP, human B-type natriuretic peptide; LV, left ventricle 

Ligation of LAD caused a marked decrease in ejection fraction and fractional 

shortening within 2 weeks. hBNP gene delivery significantly improved LV 

ejection fraction (Fig. 16A) and fractional shortening (Fig. 16B) at 2 weeks’ post-
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infarction, while LV dimensions did not differ between BNP- and LacZ-treated 

hearts. The LV weight to body weight ratio decreased slightly as compared to 

infarcted LacZ-treated hearts (Fig. 16C). 

Like post-infarction, hBNP gene delivery improved ejection fraction (Fig. 

16D) and fractional shortening (Fig. 16E) also in Ang II–mediated hypertension, 

while no significant differences were noted in LV dimensions between hBNP- and 

LacZ-treated groups. On the other hand, the LV weight to body weight ratio 

remained unchanged (Fig. 16F). 

 

Fig. 16. Intramyocardial human BNP (hBNP) gene delivery enhanced cardiac function 

after acute myocardial infarction (AMI) and in angiotensin II (Ang II)–induced 

hypertension at 2 weeks. A, Ejection fraction, B, fractional shortening, C, left 

ventricular (LV) weight-to-body weight ratio. The results are expressed as mean±SEM 

(n = 6–7) ***P < 0.001 versus sham; †P < 0.05 versus LacZ with AMI. D, Ejection 

fraction, E, fractional shortening, F, LV weight-to-body weight ratio. Results are 

expressed as mean±SEM (n = 6–11) *P < 0.05 versus LacZ with Ang II; ††P < 0.001 

versus LacZ (1-way ANOVA followed by LSD post hoc test). 

Telemetric monitoring 

Since hBNP was released into the circulation, mean arterial pressure and heart 

rate after gene transfer were measured by telemetric monitoring in conscious 
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animals. Intramyocardial hBNP gene delivery had no statistically significant 

effect on hemodynamics, although there was a trend for mean arterial pressure to 

decrease at 2 day after gene delivery (106.6±3.4 mmHg hBNP treated hearts vs. 

122.1±6.6 mmHg LacZ treated hearts). Mean arterial pressure and heart rate were 

similar in LacZ- and hBNP-injected rats prior gene transfer. 

5.2.4 Activation of cardiac gene expressions and signalling 
pathways by BNP gene 

Changes in the SERCA2 mRNA and protein levels, PLB phosphorylations and 

MAPK and Akt signalling pathways were analysed to investigate the potential 

mechanisms triggering the improvement of systolic function post-infarction by 

local hBNP gene delivery. Moreover, gene expression of β-MHC and skeletal α-

actin were analyzed. 

BNP gene transfer resulted normalization of SERCA2 and PLB levels after 
myocardial infarction 

BNP gene delivery normalized SERCA2 mRNA and protein levels (Fig. 17A) at 1 

week post-infarction. Since, SERCA activity is regulated in the heart by 

interaction with PLB (Bers et al. 2002) Ser16 and Thr17 specific antibodies were 

used to determine the phosphorylated residues. hBNP gene transfer increased 

PLB phosphorylation at Thr17 (Fig. 17B), but not at Ser16. In agreement with 

changes in contractile function, β-MHC (Fig. 17C) mRNA levels increased 

significantly at 1 weeks’ post-infarction and skeletal α-actin (Fig. 17D) mRNA 

levels increased significantly at 2 weeks’ post-infarction by hBNP gene transfer. 

SERCA2 and PLB levels remained unchanged in Ang II–induced hypertrophy by 

BNP gene transfer. 
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Fig. 17. Human BNP (hBNP) increases SERCA2 expression, phospholamban (PLB) 

phosphorylation at Thr17, β-MHC and skeletal α-actin expressions after acute 

myocardial infarction (AMI). A, SERCA2 protein levels, B, PLB phosphorylation of 

Thr17, C, β-MHC and, D, skeletal α-actin mRNA levels. Results are expressed as 

mean±SEM (n = 5–7) *P < 0.05, **P < 0.01 versus sham; †P < 0.05, ††P < 0.01 versus 

LacZ with AMI (1-way ANOVA followed by LSD post hoc test). 

MAPK signalling pathways 

Earlier studies have revealed that BNP can inhibit fibrotic response via ERK1/2 

signalling (Kapoun et al. 2004) and p38 MAPK may limit increases in 

contractility via dephosphorylation of PLB in the myocardium (Szokodi et al. 
2008). The protein levels of p38 MAPK and ERK1/2 remained unchanged in 

hBNP-treated hearts post-infarction and in Ang II–induced hypertension, 

suggesting that hBNP gene transfer did not affect cardiac function via MAPK 

pathways.  
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Akt signalling 

In cardiomyocytes, Akt-dependent signalling pathways are involved in the 

regulation of cardiac growth, contractile function and coronary angiogenesis 

(Rota et al. 2005, Shiojima et al. 2005, Shiojima & Walsh 2006), and Akt has 

cardiac hypertrophic (Oh et al. 1998) and antiapoptotic effects (Zhu et al. 2001). 

hBNP gene transfer increased phosphorylation of Akt at 2 weeks’ post-infarction 

(Fig. 18A). Moreover, hBNP gene transfer increased slightly, but nonsignificantly 

Akt phosphorylation in Ang II–induced hypertension at 2 weeks (Fig. 18B).  

Fig. 18. Effect of intramyocardial hBNP gene delivery on Akt phosphorylation. A, Akt 

phosphorylation after acute myocardial infarction (AMI) in the LV at 1 week and 2 

weeks. The results are expressed as mean±SEM (n = 6–7) *P < 0.05 versus sham; †P < 

0.05 versus LacZ with AMI and B, In angiotensin II (Ang II)–induced hypertension. 

Results are expressed as mean±SEM (n = 6–11) *P < 0.05 versus LacZ (1-way ANOVA 

followed by LSD post hoc test). 

5.3 Cardiac effects of direct (P)RR gene delivery (III) 

5.3.1 Cardiac function in rats overexpressing (P)RR in the heart 

Cardiac function in normal adult rats 

The effects of (P)RR gene delivery on cardiac function were evaluated by 

echocardiography. LV ejection fraction (Fig. 19A) and fractional shortening (Fig. 

19B) deteriorated at 2 weeks and the interventricular septum diastolic (Fig. 19C) 
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and systolic thickness (Fig. 19D) were significantly reduced at 1 week in response 

to (P)RR gene transfer. 

In an attempt to test whether the worsening of cardiac function and structure 

by (P)RR gene overexpression was mediated by Ang II, an AT1-R blocker, 

losartan, was infused via osmotic minipumps. LV ejection fraction (Fig. 19A) and 

fractional shortening (Fig. 19B) declined, and the interventricular septum 

diastolic (Fig. 19C) and systolic thickness (Fig. 19D) decreased significantly by 

(P)RR gene transfer also in losartan-treated animals. Losartan treatment alone did 

not affect cardiac function.  

Expression of genes involved in the regulation of cardiac contractility, such 

as α-MHC, cardiac α-actin and SERCA2 (Frey & Olson 2003, Lompre et al. 
2010) were significantly augmented by (P)RR gene delivery. However, treatment 

with losartan alone did not prevent the activation of these genes in (P)RR 

overexpressing LVs. 

Fig. 19. Echocardiographic parameters after (P)RR gene delivery and losartan (Los) 

treatment. A, Ejection fraction and, B, fractional shortening at 2 weeks, and, C, 

interventricular septum diastolic and E, systolic thicknesses at 1 week. Results are 

expressed as mean±SEM (n = 6–7) *P < 0.05, **P < 0.01 versus LacZ; †P < 0.05, ††P < 

0.01 versus LacZ with Los (1-way ANOVA followed by LSD post hoc test). 
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Cardiac function in post-infarction and in angiotensin II–induced 
hypertension in rats 

Ligation of LAD caused a marked decrease in the ejection fraction (Fig. 20A) and 

fractional shortening (Fig. 20B) within 2 weeks. (P)RR gene delivery had no 

significant effect on LV ejection fraction and fractional shortening at 2 weeks’ 

post-infarction (Fig. 20A and 20B), and also LV versus body weight ratio did not 

differ between (P)RR- and LacZ-treated hearts (Fig. 20C). 

As post-infarction, (P)RR gene delivery had no effect on ejection fraction 

(Fig. 20D) and fractional shortening (Fig. 20E) in Ang II–mediated hypertension, 

and no significant differences in LV vs. body weight ratio between (P)RR- and 

LacZ-treated groups were noted (Fig. 20F). 

 

Fig. 20. Echocardiographic measurements were performed at 2 weeks’ post-infarction 

and in angiotensin II (Ang II)‒induced hypertension in (P)RR‒treated hearts A, Ejection 

fraction, B, fractional shortening and C, left ventricular (LV) weight-to-body weight 

ratio. The results are expressed as mean±SEM (n = 5–7) **P < 0.01, ***P < 0.001 versus 

sham. D, Ejection fraction, E, fractional shortening, F, LV weight-to-body weight ratio 

in Ang II–induced hypertension. Results are expressed as mean±SEM (n = 7–9) 

**P < 0.01, ***P < 0.001 versus LacZ (1-way ANOVA followed by LSD post hoc test). 
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5.3.2  Angiotensin II-independent and dependent effects triggered by 
(P)RR 

Extracellular matrix remodelling in normal adult rat heart 

Myocardial fibrosis increased significantly by (P)RR gene delivery at 1 week 

(P < 0.05) and 2 weeks (P < 0.001) (Fig. 21A). Furthermore, (P)RR 

overexpression significantly increased local LV expression of TGFβ1 (Fig. 21B) 

and connective tissue growth factor (CTGF) (Fig. 21C). (P)RR gene transfer also 

augmented the expression of other genes related to extracellular matrix 

remodelling such as plasminogen inhibitor activator-1, collagen Iα1, fibronectin-

1, MMP-2 and MMP-9. Gelatin zymography analysis showed that MMP-2 

protein levels (pro and active form) (Fig. 21D and 21F) were significantly 

increased and MMP-9 (pro form) (Fig. 21E and 21F) slightly, but nonsignificantly 

increased by (P)RR. Losartan treatment on its own did not prevent fibrosis or the 

activation of pro-fibrotic and fibrosis–related genes in (P)RR overexpressing 

hearts. However, the increased MMP-2 protein levels in losartan-treated (P)RR 

overexpressing hearts were noted. In addition to pathological fibrosis, cell 

proliferation and the size of cardiomyocytes were determined, but no differences 

in the number of Ki-67+ cells and cardiomyocyte cross sectional area between 

(P)RR and LacZ-treated groups were observed.  
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Fig. 21. Extracellular matrix remodelling after (P)RR gene transfer. A, Cardiac fibrosis 

2 weeks after (P)RR gene delivery and losartan (Los) treatment. B, TGFβ1 protein at 1 

week, C, CTGF, D, MMP-2 (active-MMP-2, aMMP-2; pro-MMP-2, pMMP-2) and E, MMP-9 

(pMMP-9) protein levels at 2 weeks. F, Representative images for MMP protein levels 

are shown. The results are expressed as mean±SEM (n = 5–10). *P < P0.05, **P < 0.01 

***P < 0.001 versus LacZ; †P < 0.05, ††P < 0.01 versus LacZ with Los (1-way ANOVA 

followed by LSD post hoc test). 

Coronary angiogenesis 

To investigate the effect of (P)RR gene delivery on coronary angiogenesis, 

histological sections were immunohistochemically stained against Pecam-1. Local 

(P)RR gene delivery resulted in a statistically significant increase in capillary 

density (Fig. 22A), and there was also a non-significant increase in capillary 

density in the losartan-treated (P)RR overexpressing hearts, whereas (P)RR gene 

transfer had no effect on mean capillary area (Fig. 22B). Furthermore, local 

(P)RR gene transfer resulted in a statistically significant increase in mRNA levels 

of angiogenic factors VEGF (Zhao et al. 2010) and FGF-2 (Detillieux et al. 
2003), these increases not being prevented by losartan administration (Fig. 22C 

and 22D).  
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Fig. 22. Coronary angiogenesis after (P)RR gene delivery. A, Number of capillaries per 

field, B, mean capillary area, C, VEGF mRNA levels at 2 weeks and D, FGF-2 mRNA 

levels at 1 week with and without losartan (Los) treatment. The results are expressed 

as mean±SEM (n = 5–10). *P < P0.05 versus LacZ; †P < 0.05, ††P < 0.01 versus LacZ 

with Los (1-way ANOVA followed by LSD post hoc test). 

5.3.3 Activation of cardiac hypertrophic marker genes by (P)RR 

To further investigate the role of (P)RR in the hypertrophic response of the heart, 

gene expressions of cardiac hypertrophic marker genes, such as ANP, β-MHC and 

skeletal α-actin were analyzed (Frey & Olson 2003, Ruskoaho 1992). 

Overexpression of (P)RR produced a significant increase in the LV gene 

expression of ANP (P < 0.05), β-MHC (P < 0.05) and skeletal α-actin (P < 0.05) 

and losartan treatment significantly reduced the activation of all these genes.  
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5.3.4 Activation of ERK1/2 and p38 MAPK/HSP27 pathways by (P)RR 

Phosphorylation of ERK1/2 and p38 MAPK/HSP27 in normal adult rat 

heart 

In mesangial and vascular smooth muscle cells, the binding of prorenin to (P)RR 

induced the phosphorylation of the ERK1/2 (Nguyen et al. 2002). (P)RR gene 

delivery significantly increased ERK1/2 phosphorylation at 1 week (P < 0.05) and 

at 2 weeks (P < 0.05). Infusion of losartan had no effect on the (P)RR gene 

delivery–induced increase in ERK1/2 phosphorylation. (P)RR gene transfer also 

increased p38 MAPK (P < 0.05) and HSP27 (P < 0.05) phosphorylation, the latter 

being significantly attenuated by losartan treatment. (P)RR gene transfer 

increased apoptotic cell death at 2 weeks (P < 0.01), which was significantly 

reduced by losartan in (P)RR-overexpressing hearts. 

Phosphorylation of ERK1/2 and p38 MAPK/HSP27 post-infarction and in 
angiotensin II–induced hypertension 

The extents of phosphorylation of p38 MAPK, HSP27 and ERK1/2 were 

significantly increased in (P)RR-treated hearts post-infarction (Fig. 23A through 

23C). In contrast, in Ang II–induced hypertension, the phosphorylation levels of 

p38 MAPK, HSP27 and ERK1/2 remained unchanged in (P)RR-treated hearts 

(Fig. 23D through 23F).   
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Fig. 23. Regulation of p38 MAPK/HSP27 and ERK1/2 phosphorylation after myocardial 

infarction and in angiotensin II (Ang II)–induced hypertension. Phosphorylation of A, 

p38 MAPK, B, HSP27 and C, ERK1/2 2 weeks after acute myocardial infarction (AMI) 

and (P)RR gene transfer. *P < 0.05, versus sham; †P < 0.05 versus LacZ with AMI. 

Phosphorylation of D, p38, E, HSP27, and F, ERK1/2 in Ang II–induced hypertension at 

2 weeks. Results are expressed as mean±SEM (n = 7–9) *P < 0.05, **P < 0.01 versus 

LacZ (1-way ANOVA followed by LSD post hoc test). 

5.3.5  (P)RR interaction with PLZF  

Earlier studies have reported that PLZF can act as a direct protein interaction 

partner of the (P)RR (Schefe et al. 2006). Immunoprecipitation analysis revealed 

that (P)RR overexpression significantly increased the direct protein–protein 

interaction between (P)RR and PLZF at 2 weeks (P < 0.01), whereas protein 

levels of PLZF increased at day 3 (P < 0.01). Infusion of losartan did not 

significantly decrease the interaction between (P)RR and PLZF. 
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5.3.6 Wnt signalling and V-ATPase pathway after (P)RR gene transfer 

(P)RR has been linked to Wnt signalling and V-ATPase (Advani et al. 2009, 

Cruciat et al. 2010). However myocardial (P)RR gene delivery had no effects on 

the protein levels of Wnt-3, β-catenin, Frizzled-8 and V-ATPase A1 in (P)RR-

treated hearts suggesting that (P)RR gene transfer did not influence Wnt 

signalling or the V-ATPase pathways. 
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6 Discussion  

6.1 Characterization of the efficiency of adenoviral–mediated gene 

delivery (I and III) 

Control genes can be used to assess the efficiency of gene delivery and to 

standardize virus production. Commonly used controls for cardiac gene transfer 

studies are an empty adenovirus, PBS-solution, or adenovirus carrying cDNA for 

eGFP, LacZ or scrambled cDNA (O'Donnell 2012). eGFP has not been generally 

used as a control for studies of gene transfer into the heart, because it is difficult 

to distinguish authentic eGFP fluorescence from the endogenous background 

fluorescence (O'Donnell 2012, Prasad et al. 2011). Moreover, Izumo & Shioi 

(1998) showed that eGFP can evoke a contractile dysfunction in transgenic mouse 

hearts in which eGFP has been expressed.  

LacZ is the most commonly used control vector although some organs have a 

low level of endogenous LacZ expression. Therefore it is important to separate 

the endogenous signal in animals without viral gene transfer. In the heart, the 

endogenous LacZ signal is insignificant. Hence, O’Donnell et al. (2008) observed 

no signs of LacZ expression in the PBS-treated control rats. 

Earlier studies have reported that adenoviral controls can affect cardiac 

function. Weisser-Thomas et al. (2005) showed a significant reduction in 

contraction amplitude in human cardiomyocytes after adenovirus–mediated LacZ 

gene transfer when compared to the noninfarcted myocytes. Similarly Lafont et 
al. (1997) observed vasomotor dysfunction after adenoviral LacZ gene delivery in 

rabbit arteries. On the other hand, others have reported that the LacZ vector does 

not affect myocardial function such as systolic wall thickening assessed using 

ultrasonic crystals (French et al. 1994). 

In the present study, the efficiency of direct cardiac gene transfer was 

confirmed by following the delivery and expression of the recombinant 

adenovirus construct expressing LacZ gene under the control of the CMV 

promoter. Infection with the adenovirus construct expressing LacZ resulted in a 

highly efficient and homogenous expression of β-galactosidase throughout the LV. 

Importantly, an earlier study had demonstrated that infarcted rat hearts showed the 

same relative levels of expression as normal rat hearts (Tenhunen et al. 2006b). 

Moreover, intramyocardial injection of the adenoviral LacZ construct resulted in a 

nonsignificant local response with increased myocardial fibrosis. Although 
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intramyocardial LacZ injection was associated with fibrosis close to the injection 

site, the present results indicate that the effects of LacZ transfection did not differ 

from injection of PBS-based buffer, suggesting that the mechanical distension 

caused by fluid is mainly responsible for the fibrotic effect seen at the injection 

site.  

6.1.1 Immune reaction and inflammatory response following 
adenovirus–mediated gene delivery (I) 

Adenoviral vectors are highly immunogenic and these immune reactions pose a 

significant obstacle to the use of adenoviral vectors in cardiovascular gene 

therapy (Tilemann et al. 2012). The immunogenity of adenoviral vectors limits 

the effective period of adenoviral based gene delivery techniques (Schagen et al. 
2004). Approximately 97% of the population forms neutralizing antibodies 

against type C adenoviruses, which include the commonly used adenovirus 

serotype 2 and serotype 5 (Nayak & Herzog 2010). AAV-delivery vectors have 

less cytotoxic effects (Tilemann et al. 2012). However, a less cytotoxic effects 

also implies that the infection efficiency remains lower and higher doses of AAVs 

are required for gene delivery, which increases the possibility of toxic effects 

(Weisser-Thomas et al. 2005). 

Adenovirus infection leads to a dose-dependent inflammatory reaction 

followed by cell death. The inflammatory response is dependent on species and 

the development stage of the myocyte (Schagen et al. 2004). In the present study, 

adenoviral gene transfer resulted a notable inflammatory response within the 

normal heart. This indicates that for functional and cytotoxic reasons, the virus 

dose needs to be optimized to maintain normal cell function and survival. MI also 

evokes a significant inflammatory response and neurohumoral activation (Sutton 

& Sharpe 2000). However, in the present study, the number of infiltrating cells in 

hBNP injected hearts was similar to that in LacZ treated normal hearts and in 

hearts after MI.  

In addition to adenovirus specific antibodies, neutralizing antibodies might be 

generated against the transgene product. Transgene specific antibodies neutralize 

the transgene product when it enters the circulation and thus the effects of gene 

transfer are attenuated (Schagen et al. 2004). Several studies have reported that 

the immunogenicity of transgene proteins is a primary determinant of the 

temporal transgene expression (Connelly et al. 1996, Fields et al. 2000, Tripathy 

et al. 1996). In the present study, local myocardial BNP gene transfer increased 
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the levels of neutralizing BNP antibodies by about 17–fold at 2 weeks. This 

increase probably attenuated the effect and persistence of BNP expression. The 

strong immune response could, at least partly, be a consequence of differences in 

the molecular structure of BNP between species. It has been postulated that the 

immune response against the transgene product is dependent on the nature of the 

mutation that affects the endogenous state (Goodeve & Peake 2003, Schagen et 
al. 2004). Thus, although the human BNP gene transfer into the rat hearts made it 

possible to separate the exogenous BNP from endogenous rat BNP, it is possible 

that structural differences between hBNP and rat BNP were responsible for the 

immune response and this attenuated the effect of BNP gene delivery. An earlier 

study has also demonstrated that persistent expression of a foreign antigen may 

even induce tolerance to the therapeutic antigen (Mingozzi et al. 2003), which is a 

major potential problem, particularly in human gene therapy studies and clinical 

trials. 

Although hBNP gene transfer resulted in a significant immune response 

against the transgene product, it is interesting to note that in plasma of hBNP 

treated rats, immunoreactive material corresponding exactly to the size of native 

circulating form human BNP-32 was observed, indicating that human proBNP 

can be processed correctly in the rat cardiomyocytes. A recent study in rats has 

also demonstrated that injected human proBNP was effectively processed in the 

circulation into BNP-32 (Semenov et al. 2011). Mature hBNP consists of 32 

amino acids (Sudoh et al. 1988) whereas rat BNP has 45 amino acids (Aburaya et 
al. 1989, Kambayashi et al. 1989). Nevertheless, the sites of proBNP processing 

are rather similar in humans and rats. In both cases, arginine residues are located 

in the same positions and these arginines are considered to be essential for 

substrate recognition by subtilisin-like proprotein convertases. Human proBNP is 

cleaved in rats at the site which is recognized by furin, pointing to the 

involvement of subtilisin-like proprotein convertases (Remacle et al. 2008, 

Semenov et al. 2011). Hence, the data from study I indicate that in rats BNP-

specific receptors are able to recognize exogenous human BNP, mainly because of 

the high homology between human and rat BNPs.  

6.2 BNP as a therapeutic target for the treatment of heart failure (I) 

BNP has been used as a marker of ventricular loading, which results from volume 

overload and stretch of myocytes. BNP levels are elevated during heart failure 
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and a reduction of these levels in patients with decompensated heart failure is 

considered as a marker of clinical improvement (Boerrigter & Burnett 2004).  

Synthetic natriuretic peptides have been developed for use in HF. Human 

recombinant ANP was first approved for the clinical management of acute 

decompensated congestive HF in Japan in the year 1995. Exogenous natriuretic 

peptide in the form of recombinant human BNP, nesiritide, has been approved for 

the treatment of decompensated heart failure since 2001. Exogenous BNP 

improves hemodynamic properties in patients with HF, although its effect on 

clinical outcomes is still unknown. The use of nesiritide has also been limited by 

the appearance of hypotension and its tendency to worse renal function (Chen & 

Burnett 2006, Moe 2006). Thus, a meta-analysis of the clinical trials suggested 

that nesiritide might be detrimental to renal function in patients with acute 

decompensated HF (Sackner-Bernstein et al. 2005). Earlier studies have reported 

that nesiritide could decrease levels of some endogenous hormones, such as 

noradrenaline, renin, aldosterone and endothelin-1, which are abnormally 

elevated in cases of heart failure (Abraham et al. 1998, Yoshimura et al. 1991). 

NPs elicit their biological effects by activation of the cGMP-cGMP‒

dependent protein kinase pathway. The effects of NPs are mediated through their 

GC-A receptor (Lee & Burnett 2007, Potter et al. 2009). The major target receptor 

for BNP is GC-A, the rank order of GC-A activation by NPs being 

ANP≥BNP>>CNP (Koller et al. 1991, Suga et al. 1992) in homologous assay 

systems with endogenous ligands and receptors of the same species. In the heart, 

GC-A is expressed in cardiac myocytes, fibroblast and endothelial cells (Cao & 

Gardner 1995, Lin et al. 1995), and the potency of BNPs for cGMP production 

varies from cell to cell. Marked species differences exist in the potencies of the 

BNP to activate for cGMP production e.g. the potency of BNP to stimulate cGMP 

production via the biologically active receptor depends not only on subtypes of 

the biologically activated receptor, but also on a species difference in the 

molecular structure of the receptors (Potter et al. 2009, Suga et al. 1992). 

Importantly, cGMP production can be activated by hBNP in rat cells; for 

example, hBNP-32 added to purified rat ventricular myocytes resulted in a 

marked accumulation of cGMP, similar to rat ANP (Lin et al. 1995). In contrast, 

in rat aortic smooth muscle cells (where the majority of the receptors are GC-B), 

hBNP was 6–fold less potent than rat BNP in evoking cGMP production (Suga et 
al. 1992). In view of the fact that in frozen cardiac sections, BNP binding sites are 

localized to the endothelium of the endomural channels and endocardium 

(Oehlenschlager et al. 1989), it is noteworthy that in bovine endothelial cells, 
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hBNP is an even more potent activator of cGMP production than rat BNP (Suga et 
al. 1992). In primary cultures of neonatal rat cardiac fibroblasts, in which both 

GG-A and GC-B are expressed, porcine BNP-32 (a structure very similar to 

hBNP-32) inhibited growth factor dependent [3H]thymidine incorporation, this 

effect being enhanced by phosphodiesterase inhibition (Cao & Gardner 1995). 

The ability of hBNP to stimulate cGMP production in rat cells has been explained 

by the presence of a minimum bioactive unit homologous to hBNP-32 at the 

carboxy-terminus of rat BNP (Aburaya et al. 1989, Kambayashi et al. 1989).  

In the present study, increased cGMP production and decreased synthesis of 

endogenous NPs in the LV of rat heart demonstrated that BNP was acting locally 

within the heart. Although, hBNP levels were significantly upregulated for up to 2 

weeks, both hBNP mRNA and peptide levels were highest at day 3 after 

injections and declined thereafter during the 2‒week follow-up period. Thus, it is 

possible that the upregulation of hBNP expression preceded the decreased 

endogenous rat BNP peptide levels, reflecting the local action of BNP gene 

transfer. As discussed above, this could be mediated via GC-A–induced cGMP 

production. 

Transgenic models have suggested that, in part, the cardiac effects of BNP are 

mediated through its systemic hemodynamic actions (Kawakami et al. 2004, 

Lopez et al. 1995, Oliver et al. 1997, Tamura et al. 2000). In the present study, 

plasma levels of BNP doubled following BNP gene delivery and exogenous 

human proBNP was processed correctly in rat cardiomyocytes. Nevertheless, 

BNP gene delivery did not affect blood pressure.  

Study I detected the presence of numerous BNP granula–like structures after 

BNP gene delivery as compared to control hearts. In contrast to ANP, cardiac 

BNP does not appear to be stored to the same extent and ventricular myocytes 

secrete BNP mainly in a constitutive fashion. However, the presence of BNP 

containing granules has been described in surgical and autoptic tissue specimens 

of human heart examined with a double immunogold technique (Nakamura et al. 
1991). In the atrial myocytes, ANP was localized in almost all of the secretory 

granules, whereas BNP was colocalized with ANP in some of the granules. 

Although, very few secretory granules were observed in ventricular myocytes, the 

colocalization of ANP and BNP was basically the same as in atrial myocytes 

(Nakamura et al. 1991). Tanaka et al. (1994) also reported that ANP-positive 

myocytes in the LV also showed BNP immunoreactivity and the distributions of 

ANP- and BNP-positive myocytes were almost identical in all dilated 

cardiomyopathy cases. The number of ANP- and BNP-positive myocytes was 
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smaller in the LV than in the right atria, and the positively stained granules in the 

LV were scattered throughout the myocyte cytosol. Interestingly, neither ANP nor 

BNP immunoreactivity was found in the LV myocytes of control hearts. These 

results suggest that BNP is stored in some of the granules with ANP both in atrial 

and ventricular tissues, particularly when peptide levels are high (Tanaka et al. 
1994). In agreement with this hypothesis, in the present study, BNP containing 

granules were detected in ventricles after overexpression of hBNP, while staining 

was diffuse in LacZ-injected hearts, suggesting that because of the high BNP 

concentration following BNP gene delivery, hBNP was stored to some extent in 

granules. 

Endothelin-1 is a well-characterized vasoactive peptide, which has inotropic 

and chronotropic effects in the heart (Yamada & Yoshida 1991). Endothelin-1 has 

been reported to stimulate the production of VEGF and FGF-2 and to be involved 

in the effects of TGFβ and platelet-derived growth factor (Luscher & Barton 

2000). In the current study, the level of endothelin-1 gene expression was 

increased, reflecting its neurohumoral activation following BNP gene delivery. 

6.2.1 Antifibrotic and angiogenic effects of BNP gene delivery in 

normal heart 

Myocardial fibrosis is of crucial importance in HF, because it results in decreased 

capillary density and an increased oxygen diffusion distance which in turn causes 

hypoxia and dysfunction of the myocytes surrounded by collagen (Petrovic 2004). 

In the present study, the local increase in LV BNP peptide levels resulted in a 

reduction in myocardial fibrosis in the healthy heart. Earlier studies have revealed 

that BNP can influence the regulation of myocardial fibrosis. In cultured 

fibroblasts, BNP decreased collagen synthesis and increased MMPs (Tsuruda et 
al. 2002). Transgenic mice overexpressing BNP targeted to the liver increased 

MMP-9 expression in the infarcted area after MI. Moreover, targeted deletion of 

the GC-A gene resulted in cardiac hypertrophy and fibrosis (Lopez et al. 1995, 

Oliver et al. 1997), whereas BNP knockout mice had a normal heart size, but 

increased amounts of ventricular fibrosis (Tamura et al. 2000).  

Previous studies have also associated the NP/GC-A system to the stimulation 

of angiogenesis. BNP/GC-A stimulates the proliferation and migration of cultured 

microvascular endothelial cells by activating cGMP-dependent protein kinase I 

(Kuhn et al. 2009). Yamahara et al. (2003) demonstrated that in transgenic mice 

overexpressing BNP in response to hindlimb ischemia, neovascularization with 
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the appropriate mural cell coating was accelerated. Moreover, a selective 

disruption of the endothelial GC-A evoked diminished angiogenesis in a model of 

pressure overload–induced hypertrophy (Kuhn et al. 2009). The present study 

identified BNP as a coronary angiogenic factor. BNP gene delivery resulted in an 

increase in capillary density, but the capillary area remained unchanged. BNP is 

induced in response to hemodynamic load (Ruskoaho 2003) and this stretch–

induced activation of BNP expression is mediated by GATA (Pikkarainen et al. 
2003). GATA-4 has also been identified as a regulator of coronary angiogenesis 

(Heineke et al. 2007, Rysa et al. 2010). One can hypothesize that BNP is acting 

locally as a major mechanical load–activated and GATA-4–activated regulator of 

angiogenesis.  

The angiogenesis induced by BNP was associated with increased FGF-2 gene 

expression. FGF-2 is activated by inflammation, but has long been known also to 

stimulate proliferation of cultured mesenchymal cells such as fibroblasts, 

endothelial cells, smooth muscle cells, and skeletal myoblasts. This growth factor 

is also involved in the regulation of cell survival, migration, and matrix 

production and degradation (Detillieux et al. 2003). Furthermore, FGF-2 has been 

studied extensively for its ability to promote angiogenesis in models of chronic 

ischemia. Virag et al. 2007 used FGF-2 knockout and overexpressing transgenic 

FGF-2 mice to determine the role of FGF-2 in myocardial infarct repair. Vascular 

density declined significantly after infarction in the hearts of both wild type and 

FGF-2 knockout animals, but this decline was more dramatic in the FGF-2 

knockout group. In the hearts of mice overexpressing FGF-2, there was 

significantly increased endothelial proliferation detected at 2 days and 4 days 

after MI. Thus, FGF-2 is also a strong cardioprotective and angiogenic mediator. 

As discussed in chapter 6.1.2, in the present study the number of infiltrating cells 

in hBNP injected hearts was similar to that found in LacZ-injected hearts. This 

finding supports the concept that it is direct effects of NPs, and not secondary 

proinflammatory effects, that are involved in the angiogenesis.  

6.2.2 Functional role of BNP after myocardial infarction 

Study I demonstrated that BNP gene delivery improved LV systolic function after 

MI. The loss of functional capillaries and microvessels is a critical determinant of 

myocardial remodelling (Walsh & Shiojima 2007). However, in the present study, 

the capillary density and capillary area remained unchanged. Furthermore, several 

other factors such as cardiac fibrosis, apoptotic cell death, cell proliferation and 
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cardiac stem cell recruitment contributing to the structural and functional 

remodelling of infarcted myocardium (Dorn 2009, Yi et al. 2010) remained 

unchanged in BNP treated hearts. Therefore, a number of potential mechanisms 

triggering the improvement of LV function by BNP gene transfer after MI were 

studied. It has been proposed that the members of MAPK family are involved in 

several pathophysiological processes, such as hypertrophy, heart failure, 

ischemia/reperfusion and cardioprotective responses in the heart (Ravingerova et 
al. 2003). Earlier studies have reported that BNP inhibits fibrotic response 

through ERK signalling (Kapoun et al. 2004) and that p38 MAPK is the limiting 

factor to increase contractility through phosphorylation of PLB in the 

myocardium (Szokodi et al. 2008). In the present study, BNP overexpression did 

not influence p38 MAPK and ERK1/2 phosphorylations suggesting that BNP 

gene transfer did not influence cardiac function via MAPK pathways.  

SERCA2 plays a crucial and central role by being the core of Ca2+ cycling in 

the cardiomyocyte (Chaanine et al. 2010). Decreased SERCA2 expression is 

observed consistently in HF (Hasenfuss 1998). SERCA2 enzymatic activity is 

controlled by the inhibitory peptide, PLB (Rapti et al. 2011). In failing hearts, the 

levels of phosphorylation of PLB at Ser16 and Thr17 are reduced (Dash et al. 
2001, Schwinger et al. 1999). Data from study I demonstrated that the 

improvement of cardiac function may be related to the normalization of SERCA2 

levels. As a consequence, BNP increased PLB phosphorylation of Thr17 but not 

Ser16. Earlier studies have revealed that SERCA2 overexpression restores cardiac 

contractile function in the rat ischemic HF model (del Monte et al. 2004). 

Furthermore, a previous study has shown that in intact cardiac myocytes Thr17 

phosphorylation by CamKII occurs in the absence of Ser16 phosphorylation 

(Hagemann et al. 2000) and inhibition of PLB resulted in improved contractility, 

reversal of adverse remodelling and decrease in fibrosis in HF model (Suckau et 
al. 2009). The effect of hBNP gene delivery on phosphorylation of Thr17 residue 

of PLB may be indirect, because phosphorylation of PLB by cGMP-dependent 

protein kinase occurs at Ser16 (Lompre et al. 2010). There is no evidence that 

BNP can activate CaMKII directly in cardiac myocytes. The upstream signalling 

pathways which ultimately activate CaMKII remain an important question for 

future studies.  

In the heart, Akt activity regulates cardiac growth, contractile function and 

coronary angiogenesis. A recent study of Akt-/- knockout mice revealed defective 

exercise–induced hypertrophy but Akt2-/- knockout mice did not show this 

phenotype (Hers et al. 2011). Transgenic animal models using cardiac specific 
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inducible Akt, demonstrated that short-term expression of Akt1 led to 

physiological hypertrophy and longer term Akt activation resulted in hypertrophy 

with contractile dysfunction (Hers et al. 2011, Shiojima et al. 2005). In the 

present study, BNP overexpression normalized Akt phosphorylation after MI. 

Moreover, β-MHC and skeletal α-actin gene expressions were increased by BNP 

gene delivery after MI supporting the improvement of contractile function. 

To summarize the data of study I, the favourable effects of BNP 

overexpression on cardiac function after MI appears to be mediated through 

normalization of SERCA2 expression and phosphorylation of PLB restoring 

cardiomyocyte function by improving Ca2+ uptake into the SR. Moreover, 

normalization of Akt signalling may also have favourable effects on cardiac 

function after MI. 

6.2.3 Effects of BNP gene delivery in an experimental model of 
angiotensin II–mediated hypertension 

The RAA system, through the production Ang II and activation of its AT1-R 

triggers collagen production and cardiac fibroblast proliferation, thus enhancing 

fibrotic myocardial remodelling in the failing heart (Brown et al. 2005). In an 

experimental model of Ang II–mediated hypertension, BNP gene transfer 

significantly improved systolic function. Moreover, myocardial fibrosis as well as 

collagen gene expression were decreased, whereas no differences in angiogenesis 

were observed between BNP-treated hearts and control hearts. Furthermore, 

SERCA2, PLB, MAPKs or Akt signalling were not changed by BNP gene 

delivery, suggesting that antifibrosis is the main factor that mediates its 

favourable effects in Ang II–mediated hypertension. 

6.2.4 Context-dependent effects of BNP in the heart 

The finding that BNP exerts unique, context-dependent (i.e. differences between 

experimental models) favourable actions in the heart is very interesting. For 

example, because overexpression of BNP improved LV fractional shortening and 

ejection fraction post-infarction, then one can postulate that numerous potential 

mechanisms could contribute to the structural and functional remodelling of 

infarcted myocardium. However, myocardial angiogenesis, cardiac fibrosis, 

apoptotic cell death, cell proliferation and cardiac stem cell recruitment remained 

unchanged after BNP gene delivery, whereas in healthy heart and Ang II–induced 
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hypertension the local increase in LV BNP peptide levels by gene delivery caused 

antifibrotic effects (Fig. 24).  

The context-dependent effects might be dependent on distinct 

pathophysiological processes in MI and hypertension–induced heart disease. In 

agreement with this hypothesis, an earlier study reported that in the normal adult 

rat heart, the physiological consequences of p38 MAPK overexpression were 

cardiac cell proliferation and myocardial inflammation associated with fibrosis 

(Tenhunen et al. 2006a), while normalization of the reduced p38 MAPK activity 

prevented the adverse post-infarction remodelling through a distinct angiogenic 

and antiapoptotic mechanism (Tenhunen et al. 2006b). Accordingly, the activation 

or inhibition of cGMP-dependent protein kinase substrates by BNP gene transfer 

may be context-dependent. Further studies, perhaps involving systematic 

silencing of BNP-activated signalling molecules via lentiviral vectors, antibodies 

or small molecule inhibitors in rats and conditional, doxycyline-inducible 

transgenic mice in combination with intramyocardial BNP gene transfer, will be 

needed to clarify this possibility and to reveal other potential mechanisms. 

The aim of study I was to examine the effect of BNP gene delivery during the 

early LV remodelling period (0‒2 weeks) after MI and in Ang II–induced 

hypertension. The major structural and functional changes encpuntered in the 

remodelling process occurred between day 0 and 14. Moreover, measurements of 

fibrosis, angiogenesis, cell proliferation and c-kit+ cells as well as gene 

expression and protein analyses revealed significant changes within 2 weeks. 

Therefore, the functional and structural consequences of BNP gene delivery were 

only studied up to 2 weeks. Although the effects at 2 weeks may represent long-

term functional and structural effects, no longer-term effects were evaluated. 

Therefore, it is not known if survival after infarction can be improved by 

intramyocardial BNP gene delivery.  

 



 127

Fig. 24.  A schematic presentation of effects of BNP gene transfer. Ang II, angiotensin 

II; BNP, B-type natriuretic peptide; cGMP, 3’, 5’-cyclic guanosine monophosphate; 

FGF-2, fibroblast growth factor-2; PLB, phospholamban; SERCA2a, sarcoplasmic 

reticulum Ca2+-ATPase 2a; Sk α-actin, skeletal α-actin; Thr, threonine; β-MHC, β-myosin 

heavy chain. 

6.3 (P)RR as a therapeutic target for the treatment of heart failure 
(III) 

(P)RR has a potential role in organ damage in diseases associated with activation 

of the RAA system. Binding of renin and prorenin to (P)RR leads to activation of 

the ERK1/2 and p38 MAPK pathways, thus triggering fibrosis and 

cyclooxygenase-2 gene upregulation in a manner independent of Ang II formation 

(Nguyen & Muller 2010). The early embryonic lethality in (P)RR-/- mice suggests 

that (P)RR has also an unknown but essential role in cellular function (Nguyen & 

Muller 2010). Recent studies have reported that (P)RR is functionally linked to 

the vacuolar proton ATPase and that (P)RR is necessary for Wnt signalling 

pathways that are associated with adult and embryonic stem cells signalling and 

embryonic development (Cruciat et al. 2010, Nguyen 2011). 
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6.3.1 Functional effects in normal heart triggered by (P)RR 

Data from study III revealed a deterioration of cardiac function and a reduction in 

the interventricular septum diastolic and systolic thicknesses triggered by (P)RR 

gene delivery. Infusion of an AT1-R blocker, losartan, did not prevent the 

deterioration in cardiac function or the decrease in interventricular septum 

systolic and diastolic thicknesses indicating that (P)RR induced an impairment of 

LV function independent of Ang II generation. Cardiac contractility markers (Frey 

& Olson 2003, Lompre et al. 2010) α-MHC, cardiac α-actin and SERCA2 gene 

expressions were augmented by (P)RR treatment. 

6.3.2 Activation of extracellular matrix remodelling 

The cardiac remodelling process can be considered to consist of several 

molecular, cellular and extracellular responses that lead to changes in LV size, 

shape, dilatation and function. The major constituents of the extracellular matrix 

are the fibrillar collagens I and III with lesser amounts of other compounds e.g. 

collagens IV, V, VI, elastin, laminin, proteoglycans and glycosaminoglycans. 

Collagens are degraded by specific collagenases, MMPs, which are activated by 

extracellular Ser proteinases (Brown et al. 2005). 

In study III, (P)RR gene delivery in the normal adult rat heart induced 

myocardial fibrosis associated with increased TGFβ1 and CTGF expression. 

Furthermore, collagen I, PAI-1 and fibronectin-1 and collagenolytic enzymes, 

such as MMP-2 and MMP-9 gene expressions were increased indicating that the 

hearts were undergoing a fibrotic remodelling process. Activation of MMPs is 

associated with the appearance LV dilatation (Brown et al. 2005), which possibly 

explains the reduced interventricular septum diastolic and systolic thicknesses. 

Myocardial fibrosis and increased fibrotic and MMP gene expression were not 

prevented by an infusion of losartan indicating that PRR is stimulating the 

myocardial extracellular matrix remodelling independent of Ang II generation. In 

summary, study III suggested that Ang II-independent alteration in the 

extracellular matrix and contractile genes are mainly responsible for the 

deterioration of cardiac function by (P)RR gene delivery. 



 129

6.3.3 Angiogenetic and apoptotic responses 

Prorenin and the (P)RR may be involved in the development of some serious 

ocular diseases, since nonproteolytic activation of protein mediated (P)RR is 

associated with retinal neovascularization in animal models (Satofuka et al. 
2007). In the current study, coronary angiogenesis was increased after (P)RR gene 

delivery. The myocardial capillary density was increased and a slight but 

statistically nonsignificant increase was observed also in the presence of losartan 

treatment. (P)RR–induced angiogenesis was associated with an increase in the 

expressions of angiogenic factors, FGF-2 and VEGF genes, which were also 

independent of Ang II generation. 

The primary substrate of p38 MAPK is MAPK activated protein kinase, 

which phosphorylates HSP27. HSP27 promotes the polymerization of actin 

filaments and maintains the integrity of the cytoskeleton, and thus it influences 

cell growth, motility, survival and death (Ravingerova et al. 2003, Whelan et al. 
2010). In the present study, (P)RR gene transfer increased apoptotic cell death, an 

effect which could be reduced by losartan treatment. Consistent with this 

observation, HSP27 phosphorylation was activated by (P)RR and losartan 

significantly attenuated the phosphorylation of HSP27, indicating that the 

HSP27–mediated apoptosis triggered by (P)RR is at least partly dependent on 

Ang II. 

6.3.4 Hypertrophic stimuli activated by (P)RR gene transfer 

Several genes for transcriptional factors, NPs (ANP and BNP), sarcomeric 

proteins (β-MHC, smooth muscle and skeletal α-actins and myosin light chains 1a 

and 2a) and growth factors are induced and regulated by hypertrophic stimuli 

(Sutton & Sharpe 2000). In the present study, (P)RR gene delivery induced a 

distinct activation of the downstream genes involved in cardiomyocyte 

hypertrophy. Ang II-dependent activation was demonstrated in several 

pathological hypertrophy associated genes: ANP, β-MHC and skeletal α-actin. 

6.3.5 ERK1/2 pathway activation by (P)RR 

Activation of the ERK subfamily occurs in response to mitogenic and growth 

factors acting through receptor protein kinases or GPCR. Moreover, this 

activation process is associated with physical stress (Ravingerova et al. 2003). In 
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most cell types (P)RR activates ERK1/2 phosphorylation. Earlier studies reported 

that ERK1/2 phosphorylation can be observed in the presence of AT1-R and AT2-

R antagonist, indicating that the ERK activation is independent of Ang II 

generation (Huang et al. 2006, Huang et al. 2007, Nguyen & Contrepas 2008). In 

the present study, infusion of losartan had no effect on the (P)RR gene delivery 

induced increase in ERK1/2 phosphorylation supporting the findings that 

activation of the ERK1/2 pathway by (P)RR is independent of Ang II generation. 

6.3.6 PLZF interaction with (P)RR 

The (P)RR signal transduction pathway involves a direct protein–protein 

interaction between (P)RR and the transcription factor PLZF and the nuclear 

translocation of PLZF upon renin stimulation. This interaction is believed to exert 

cellular effects, because renin stimulation induced an increase in proliferation and 

a decrease in apoptotic activity in rat cardiomyocytes. PLZF is also described as 

an adaptor protein of AT2-R, mediating the antifibrotic and antiproliferative 

effects of Ang II (Schefe et al. 2006, Schefe et al. 2008). In the present study, 

PLZF protein levels were increased by (P)RR gene delivery and the interaction 

between (P)RR and PLZF was accentuated, suggesting stronger repression of 

(P)RR transcription. The interaction between (P)RR and PLZF was not attenuated 

by losartan infusion, indicating that this interaction is independent of Ang II 

generation. 

6.3.7 Effects of (P)RR gene delivery to Wnt signalling 

(P)RR is a component of the Wnt receptor complex. Cruciat et al. (2010) reported 

that (P)RR acts in a renin-independent manner as an adaptor between Wnt-

receptors and the V-ATPase complex. The present study demonstrated that local 

(P)RR gene transfer did not affect Wnt-3, β-catenin, Frizzled-8 and V-ATPase A1 

protein levels, evidence that the (P)RR induced myocardial effects are not 

mediated via the Wnt/β-catenin signalling pathway. 

6.3.8 Role of (P)RR gene delivery in experimental models of MI and 

angiotensin II–mediated hypertension 

Increased (P)RR expression has been reported in rodent models of HF and in the 

failing human heart (Mahmud et al. 2011). In the present study (P)RR gene 
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delivery did not affect cardiac function after MI, even though the level of 

phosphorylation of p38 MAPK/HSP27 as well as ERK1/2 pathways was 

increased. In Ang II–induced hypertension, there were no differences in the 

hemodynamic parameters between (P)RR-treated and LacZ-treated hearts. 

Moreover, phosphorylation of p38 MAPK/HSP27 and ERK1/2 pathways did not 

change after (P)RR gene transfer. 

It has been suggested that different degrees of (P)RR transgene expression 

might account for distinct phenotypes (Nguyen & Muller 2010). It is possible that 

the dose of (P)RR used in the present experiments was not sufficiently large to 

trigger functional changes after MI or in Ang II–induced hypertension, although 

significant changes in phosphorylation of MAPKs were observed. In a transgenic 

model overexpressing human (P)RR gene in smooth muscle cells, it was 

demonstrated that the vascular expression of the transgene was barely elevated in 

the kidney and thus, proteinuria and glomerulosclerosis were not induced 

(Burckle et al. 2006). Moreover, significant Ang II generation resulting from 

(pro)renin-(P)RR interaction occurred at lower (pro)renin levels than direct 

ERK1/2 activation suggesting that signalling derived from (pro)renin–(P)RR 

interaction may be concentration-dependent (Batenburg et al. 2011). 

6.3.9  (P)RR as a multifunctional protein 

Recent studies of (P)RR have allowed a better understanding of the complex 

biochemical mechanisms of (P)RR, although the role of (P)RR in diseases is 

unclear because of the absence of specific (P)RR antagonist and (P)RR knockout 

mice. Moreover, the unexpected properties of (P)RR have hinted that some (P)RR 

functions might not be mediated via the RAA system. For instance, it has been 

revealed that (P)RR gene expression starts very early in development, whereas the 

expression of renin is detected in large intrarenal arteries only at 15.5 days of 

gestation (Cousin et al. 2010). Study III revealed that (P)RR gene delivery caused 

deleterious effects on cardiac function. Local cardiac (P)RR gene delivery 

resulted in Ang II-independent activation of ERK1/2 phosphorylation and 

myocardial fibrosis. In contrast, apoptotic cell death seen in that experiment was 

Ang II-dependent (Fig. 25). These results implicate that (P)RR blockers may 

possess significant cardiac effects in addition to effective RAA system blockade, 

because activation of (P)RR induced a distinct Ang II-independent extracellular 

matrix remodelling and evoked a deterioration of cardiac function. It is notable 

that (P)RR triggered activations could also be mediated through AT2-R, which is 
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expressed at low levels in the normal heart and thus the importance of this 

receptor in mediating (P)RR related actions remains to be clarified. 

 

Fig. 25. A schematic presentation of angiotensin II (Ang II) dependent and Ang II-

independent (P)RR pathways. ANP, atrial natriuretic peptide; Caα-A, cardiac α-actin; 

Col I, Collagen Iα1; CTGF, connective tissue growth factor; ERK1/2, extracellular 

signal regulated kinase; FGF, fibroblast growth factor; Fn-1, fibronectin-1; HSP27, heat 

shock protein 27; MHC, myosin heavy chain; MMP, matrix metalloproteinase; p, 

phosphorylated; PAI-1, plasminogen activator inhibitor-1; SERCA2, sarcoplasmic 

reticulum Ca2+-ATPase 2; Sk α-actin, skeletal α-actin; TGFβ1, transforming growth 

factor β1; VEGF, vascular endothelial growth factor. 
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7  Summary and conclusions 

The present results indicate that adenoviral gene transfer is an efficient method to 

identify novel targets for the treatment of heart failure and can help to elucidate 

the molecular basis of cardiac diseases. Direct myocardial effects of BNP and 

(P)RR on cardiac function were examined by using adenovirus–mediated gene 

delivery in normal heart, during increased blood pressure and post-infarction 

remodelling. In addition, the mechanisms underlying the actions of BNP and 

(P)RR delivery were evaluated and the downstream targets of these genes 

investigated. The main findings of the study can be summarized as follows: 

1. Local hBNP gene delivery into the rat adult heart improved LV contractility 

during the remodelling process both after infarction and in a model of 

pressure overload. The favourable effect of BNP on cardiac function after 

infarction was associated with normalization of SERCA2 expression and 

Thr17 phosphorylation of PLB, and Akt signalling. 

2. In normal heart, the local increase in LV hBNP peptide levels after gene 

delivery was antifibrotic and angiogenic without affecting systolic function. 

Moreover, Ang II–induced fibrosis was attenuated by hBNP overexpression. 

Consistent with this proposal, collagen expression was decreased by hBNP 

gene transfer. 

3. Analyses of molecular forms of BNP after intramyocardial gene transfer 

revealed that there was immunoreactive material in the circulation 

corresponding to the size of the native circulating form of human BNP-32. 

LV tissue contained high-molecular-weight hBNP and human NT-proBNP 

immunoreactive material showing that human proBNP can be processed 

correctly in rat cardiomyocytes. 

4. Local (P)RR gene delivery caused a deterioration in cardiac function and 

administration of an AT1-R blocker, losartan, did not prevent the attenuation 

of cardiac function, indicating that (P)RR–induced worsening of LV function 

was independent of Ang II generation. Moreover, the expressions of cardiac 

contractility genes, such as α-MHC, cardiac α-actin and SERCA2, were 

increased in a manner independent of Ang II generation.  

5. (P)RR overexpression triggered Ang II-independent extracellular matrix 

remodelling in normal adult rat heart. Myocardial fibrosis was increased by 

(P)RR gene delivery and was accompanied by increased LV expression of 
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TGFβ1 and CTGF, plasminogen activator inhibitor-1, collagen Iα1, 

fibronectin-1, MMP-2 and MMP-9. 

6. Local (P)RR gene transfer increased capillary density, which was slightly, but 

nonsignificantly increased in losartan-treated (P)RR overexpressing hearts. In 

agreement with this hypothesis, (P)RR resulted in augmentation of VEGF 

and FGF-2 gene expressions also in losartan-treated animals, suggesting that 

the (P)RR–mediated angiogenesis was an Ang II-independent process. 

7. (P)RR gene delivery increased ERK1/2 phosphorylation and losartan 

treatment had no effect on the (P)RR gene delivery induced increase in 

ERK1/2 phosphorylation, indicating that activation of the ERK1/2 pathway 

by (P)RR was Ang II-independent. (P)RR gene transfer increased apoptotic 

cell death, this being reduced by losartan-treatment. Furthermore, the extent 

of HSP27 phosphorylation was increased by (P)RR and this was attenuated 

by losartan indicating that HSP27 activation by (P)RR was partly dependent 

on Ang II.  

8. (P)RR increased the expression of the pathological hypertrophy associated 

genes (ANP, β-MHC and skeletal α-actin), all these being attenuated by 

losartan administration, suggesting that the hypertrophic process mediated by 

(P)RR activation is an Ang II-dependent mechanism. 
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