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Abstract

Heart failure (HF) and aortic valve stenosis (AS) are complex disorders affected by functional
alterations and actively regulated remodelling of the heart and the aortic valve, respectively. In
addition to structural proteins, such as collagens and elastin, the extracellular matrix (ECM) in the
heart and the aortic valve comprises non-collagenous factors that are not strictly involved in the
architecture but may modulate cardiac and valvular remodelling. In the present study the
expression of non-collagenous fibrosis- and calcification-related ECM proteins was investigated
in HF-associated cardiac remodelling from different origins as well as in fibrocalcific aortic valve
disease leading to AS. 

The experimental models of pressure overload, myocardial infarction (MI) and chronic renal
failure were used to study the cardiac expression of bone morphogenetic protein (BMP)-2, BMP-
4, bone sialoprotein, matrix Gla protein (MGP), osteoactivin, osteopontin, periostin and/or
pleiotrophin in vivo in cardiac remodelling. Human aortic valves, obtained from patients
undergoing valve replacement, were studied to characterize the valvular expression of BMP-2,
BMP-4, bone sialoprotein, MGP, osteoactivin, osteopontin, osteoprotegerin, periostin,
pleiotrophin, and thrombospondins (TSPs) 1-4 in the different stages of fibrocalcific aortic valve
disease. 

Left ventricular (LV) MGP expression was upregulated in vivo in non-uremic cardiac
remodelling. In vitro results indicate that angiotensin II elevates MGP expression in
cardiomyocytes and fibroblasts. Periostin gene expression was induced in cardiac but not in aortic
valve remodelling and the cardiac induction in chronic renal insufficiency was associated with LV
hypertrophy and blood pressure as well as the cardiac gene expression of other fibrosis-related
genes. Bone sialoprotein and osteopontin were expressed in the aortic valves in parallel with
calcification, and also in distinct models of cardiac remodelling. Osteoprotegerin protein
expression in stenotic valves was weak regardless of a simultaneous increase in gene expression.
BMPs were downregulated in AS and no change in LV gene expression was detected in uremic
cardiac remodelling. All the studied TSPs were expressed in human aortic valves, and especially
the expression of TSP-2 was shown to increase in fibrocalcific aortic valves simultaneously with
decreased activation of the Akt/nuclear factor (NF)-κB-pathway. 

This study delineates distinct expression patterns of non-collagenous ECM proteins in
pathological tissue remodelling in the heart and in the aortic valve, and thus emphasizes the role
of ECM proteins as an important modulator of cardiac and aortic valve remodelling. 

Keywords: aortic valve stenosis, bone morphogenetic protein, bone sialoprotein, cardiac
remodelling, matrix Gla protein, osteoactivin, osteopontin, osteoprotegerin, periostin,
pleiotrophin, thrombospondin
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Tiivistelmä

Sydämen vajaatoiminnan ja aorttastenoosin taudinkuvaan kuuluvat toiminnallisten muutosten
ohella aktiivisesti säädellyt soluväliaineen muutokset sydämen ja aorttaläpän rakenteessa. Solu-
väliaineen rakenteen muodostavien kollageenien ja elastiinin lisäksi soluväliaineessa on raken-
teeseen kuulumattomia proteiineja. Tässä väitöskirjassa tutkittiin sidekudoksen kertymiseen ja
kudosten kalkkiutumiseen osallistuvia soluväliaineen proteiineja sydämen vajaatoiminnassa sekä
aorttastenoosiin johtavassa kalkkiuttavassa aorttaläppäviassa. 

Tutkimuksessa selvitettiin sydämen soluväliaineen proteiinien ilmentymistä painekuormituk-
sen, sydäninfarktin ja pitkäaikaisen munuaisten vajaatoiminnan koemalleissa rotalla. Tutkittavia
proteiineja olivat luun morfogeneettiset proteiinit 2 ja 4, luun sialoproteiini, matriksin Gla prote-
iini (MGP), osteoaktiviini, osteopontiini, periostiini ja pleiotropiini. Edellä mainittujen proteiini-
en lisäksi osteoprotegeriinin ja trombospondiinien 1-4 ilmentymistä tutkittiin kalkkiuttavan aort-
taläppävian eri kehitysvaiheissa. Aorttaläpät oli kerätty tekoläppäleikkauspotilailta. 

Sydämessä MGP:n ilmentyminen lisääntyi kaikissa muissa paitsi munuaisten vajaatoimin-
nan koemallissa. Angiotensiini II nosti MGP:n ilmentymistä sydänlihassoluissa ja sidekudos-
soluissa. Periostiinin ilmentyminen lisääntyi sydämen uudelleenmuovautumisessa, muttei aortta-
läppäviassa. Lisäksi munuaisten vajaatoiminnan aiheuttama periostiinin ilmentymisen muutos
sydämessä liittyi sekä sydämen kasvuun, verenpaineen nousuun että muiden sidekudosta muok-
kaavien proteiinien ilmentymiseen. Luun sialoproteiinin ja osteopontiinin ilmentymiset erosivat
toisistaan erilaisissa sydämen vajaatoiminnan malleissa, mutta aorttaläpissä niiden molempien
ilmentyminen oli suhteessa läpän kalkkiutumiseen. Osteoprotegeriinin geenin ilmentyminen
lisääntyi kalkkiutuneissa aorttaläpissä vaikkakin proteiinin määrä pysyi vähäisenä. Luun morfo-
geneettisten proteiinien ilmentyminen oli alentunut sairaissa läpissä, muttei sydämessä munuais-
ten vajaatoiminnan aikana. Aorttaläpissä ilmennettiin kaikkia trombospondiineita, joista trombo-
spondiini-2:n ilmentyminen kasvoi sairaissa aorttaläpissä. Kalkkiutuneissa läpissä solunsisäinen
Akt/NF-κB–signaalinvälitysjärjestelmä oli vaimentunut. 

Tutkimus osoittaa, että soluväliaineen proteiinien ilmentymistä säädellään eri tavoin sydämen
vajaatoiminnassa ja aorttastenoosissa kudoksen uudelleenmuovautumisprosessin aikana. 

Asiasanat: aorttastenoosi, soluväliaineen proteiinit, sydämen uudelleenmuovautu-
minen, sydämen vajaatoiminta
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1 Introduction 

The prognosis of heart failure (HF) is poor as approximately 50% of HF patients 

die within five years after clinical diagnosis of the disease (Mosterd & Hoes 

2007). Although the end result is the same, HF has a variety of aetiologies which 

all generate individual characteristics during the course of the disease. The main 

causes of HF are ischaemic heart disease and hypertension (Mosterd & Hoes 

2007). In addition, aortic valve stenosis (AS) increases the cardiac pressure load 

and chronic renal failure produces unique stress on the heart, both subsequently 

leading to HF (Freeman & Otto 2005, House 2012). Typically HF progression is 

also influenced by co-morbidities and precipitating factors such as hypertension, 

further emphasizing the complexity of the disease. 

Clinically the most distinct evidence of HF diversity is the function of the 

heart. About half of the HF patients have preserved systolic function and the rest 

are found to have decreased left ventricular ejection fraction (LVEF) (Udelson 

2011). The physiological alterations result from distinct pathological mechanisms 

in cardiac remodelling. Indeed, there is substantial heterogeneity in myocardial 

structural remodelling in different cardiac diseases. Common features of 

pathological cardiac remodelling in HF from different causes are inflammation, 

fibrosis, microvascular inadequacy, and alterations in cardiomyocyte size and 

survival, but in those there is a considerable quantitative as well as qualitative 

diversity of patterns (Gonzalez et al. 2011). 

Active tissue remodelling also takes place in the pathology of AS. At an early 

phase of the disease, inflammation and lipid accumulation are evident, which is 

similar to the progression of better known atherosclerotic lesions (Helske et al. 
2007b). Subsequently neoangiogenesis as well as prominent fibrosis and 

calcification dominate the picture of the disease, which is thus designated 

fibrocalcific aortic valve disease (Miller et al. 2011). Both cardiac and aortic 

valve remodelling are regulated by multifaceted mechanisms. Activation of 

neurohumoral pathways is the most validated component of this complex system, 

which, however, is not comprehensively determined. 

Conventional strategies for the treatment of cardiac remodelling and 

fibrocalcific aortic valve disease are insufficient to prevent or reverse disease 

progression when clinically evident HF or AS is present. Therefore, new insights 

are needed to develop assays for the early phase diagnostics of the diseases and 

medical therapies to arrest the ongoing pathological processes. Conceivable 

targets are non-collagenous extracellular matrix (ECM) proteins, which do not 
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provide structural support to the tissue like the abundant ECM protein collagen, 

but which are shown to have the capacity to regulate inflammation, fibrosis, 

calcification and angiogenesis in cardiovascular pathology (Chen & Simmons 

2011, Jourdan-Lesaux et al. 2010, Mustonen et al. In press). 

Previous DNA microarray studies have indicated that calcification- and 

fibrosis-related ECM proteins may have a role in modulating hypertrophic and 

failing hearts (Rysa et al. 2005, Tenhunen et al. 2006a). The aim of this study was 

to characterize non-collagenous ECM proteins in cardiac remodelling subsequent 

to pressure overload, myocardial infarction (MI) and chronic renal failure as well 

as in fibrocalcific aortic valve disease. The expression of fibrosis-related 

osteoactivin, osteopontin, periostin, pleiotrophin and thrombospondin (TSP)-2 as 

well as calcification-related bone morphogenetic protein (BMP)-2, BMP-4, bone 

sialoprotein, matrix Gla protein (MGP) and osteoprotegerin was analysed in 

pathological ECM remodelling in the heart and/or the aortic valve. 
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2 Review of the literature 

2.1 Definition and aetiology of heart failure 

HF is a deadly syndrome comprised of complex pathological events from the 

genetic level to physiological alterations. An abnormality of cardiac structure or 

function leads to failure of the heart to adequately deliver oxygen to the 

metabolizing tissues (McMurray et al. 2012). Whereas insufficient blood flow in 

critical organs, such as the central nervous system, lungs and kidneys, is 

determinant to morbidity and mortality in HF, the vast majority of HF patients die 

from cardiovascular causes, i.e. sudden death and progressive HF (Mosterd & 

Hoes 2007). Indeed, HF should be regarded as a progressive morbidity of the 

heart tissue, in which cardiac structural and functional alterations typically 

advance gradually without distinct stages of development. 

In western countries the prevalence of HF is 1–2% and increases 

progressively with age being over 7% in people 75 and older (Mosterd & Hoes 

2007). The ageing of the population and improved prognosis over the last two 

decades maintain the HF epidemic (Mosterd & Hoes 2007). Still, the prognosis is 

poor and mortality high. One-year and five-year mortality following the 

occurrence of HF is 17–28% and 45–59%, respectively (Mosterd & Hoes 2007). 

The recent follow-up study of newly-onset HF patients showed the overall 10-

year mortality is 99% (Chun et al. 2012). 

The clinical diagnosis of HF is established by the presence of typical 

symptoms (e.g. breathlessness and fatigue), physical signs of fluid retention, and 

objective evidence of the structural or functional abnormality of the heart at rest 

(Dickstein et al. 2008). Cardiac function is measured by echocardiography or 

other imaging modalities. Determining the LVEF is the standard instrument for 

assessing systolic function, although it is strongly dependent on volumes, preload, 

afterload, heart rate, and valvular function. Diastolic dysfunction is evident when 

an abnormal left ventricular (LV) relaxation or diastolic stiffness is detected. 

Cardiac structural alterations and attenuated function without characteristic 

symptoms are considered as a pre-stage of HF. Nonetheless, the mortality is high 

even in asymptomatic individuals with only mild impairment of LV systolic 

function (Wang et al. 2003). 

The present consensus classifies HF into two main entities: HF with impaired 

LV systolic function (LVEF ≤ 40–45%) and HF with preserved LV systolic 
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function (LVEF ≥ 45–50%). The commonly used terms systolic HF and diastolic 

HF are not appropriate to apply for categorizing the disease as most of the HF 

patients have impairment in both systolic and diastolic function (Dickstein et al. 
2008). Traditionally, in “systolic HF”, also referred to as congestive HF, the left 

ventricle is dilated and LVEF impaired. In “diastolic HF” the left ventricle is 

often hypertrophied and higher filling pressures are needed to obtain a normal 

end-diastolic volume of the left ventricle. 

Predominant causes of HF are ischaemic heart disease and hypertension 

(Mosterd & Hoes 2007). Other causes include valvular heart diseases, 

arrhythmias, genetic and non-genetic cardiomyopathies, cardiotoxic substances 

(e.g. alcohol) and diseases affecting heart muscle such as diabetes and chronic 

renal insufficiency (CRI) (Dickstein et al. 2008). 

2.1.1 Myocardial infarction 

The prevalence of MI is 3–10% in the 40–89 year-old population (the 

Framingham study) (Kannel 2000) and 11% in people aged 55–94 years (the 

Rotterdam study) (Mosterd et al. 1999). After MI, up to 36% of patients will 

experience HF in 5 years (Hellermann et al. 2003). More than half of all HF cases 

are caused by ischaemic heart disease, the most common pathogenesis leading to 

HF (Lee et al. 2009, Mosterd & Hoes 2007). Coronary heart disease is considered 

to be the aetiological factor in 63% of HF patients with decreased LVEF and in  

37% of those with preserved systolic function (Lee et al. 2009).  

Decreased LV systolic function in patients with coronary artery disease may 

be the consequence of irreversible scarring after MI, or reversible hibernating 

myocardium (i.e. chronically dysfunctional, but viable myocardium with 

preserved integrity of the myocyte membrane and contractile fibres) that results 

from reduced coronary flow reserve (Ammirati et al. 2010, Wijns et al. 1998). In 

MI, the deterioration of oxygen supply distal to the occlusion of the coronary 

artery leads to myocyte necrosis and formation of a collagen scar, subsequent 

regional loss in contractile function, and an alteration in loading conditions of the 

non-infarcted myocardium (Sutton & Sharpe 2000). Post-infarction cardiac 

remodelling may continue for weeks or months (Sutton & Sharpe 2000). The size 

and mechanical properties of the healing infarct determine the degree of 

impairment of LV function (Holmes et al. 2005). For example, compliant infarcts 

impair the work of the remaining healthy myocardium by stretching the infarct 

area, whereas overly non-compliant infarcts impair diastolic function by 
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increasing overall chamber stiffness and limiting the ability of the remaining 

myocardium to utilize the Frank-Starling mechanism to adjust ventricular output 

(Holmes et al. 2005). Infarct expansion, with thinning and LV dilatation, and 

hypertrophy of the surviving myocardium also increase the wall stress throughout 

the left ventricle. This places non-infarcted myocardium at a mechanical 

disadvantage and may lead to HF with impaired systolic function (Fig. 1) 

(Holmes et al. 2005). Over the long term, however, the changes in cardiac 

structure can limitedly improve LV systolic performance, and LV diastolic 

function is primarily impaired (Holmes et al. 2005). Progressively depressing 

LVEF is seen with very large infarcts, when cavity dilatation dominates and leads 

to increased wall stresses (Holmes et al. 2005).  

 

Fig. 1. The development of heart failure after acute myocardial infarction. 

Studies on the influence of ischaemic heart disease as an aetiological factor of HF 

on patient survival have produced conflicting results (Frazier et al. 2007, Lee et al. 
2003). In an epidemiological study coronary heart disease conferred a greater risk 

of death than pathogenesis of hypertension or valvular heart disease in the 

patients with impaired systolic function, whereas no difference in survival 

between different causes of HF was seen in patients with preserved LVEF (Lee et 
al. 2009). In that study, the five-year mortality of HF patients with pathogenesis 

of ischaemic heart disease and decreased LVEF was over 70%. A recent lifetime 

analysis of survival of patients newly admitted with HF also indicated greater 

mortality among HF patients with ischaemic aetiology (Chun et al. 2012). 

Acute
myocardial
infarction

Left ventricular myocardial remodeling
and infarct expansion

Left ventricular dysfunction
and myocyte loss

Heart
failure



 24

2.1.2 Hypertension 

Hypertension commonly precedes both HF with impaired and with preserved LV 

systolic function. However, it is more often found to be the main aetiological 

factor in the latter group (Hogg et al. 2004). Almost half of the patients with HF 

have preserved LV systolic function, 36% of which is due to hypertension (Hogg 
et al. 2004, Lee et al. 2009). Moreover, hypertension is a common co-morbidity 

in HF primarily resulting from other causes, e.g. ischaemic or valvular heart 

disease (Hogg et al. 2004). It is also a risk factor for MI, an important cause of 

LV dysfunction (Vasan & Levy 1996). Since the frequency of hypertension in the 

population is high, the prevalence in adults being 26% globally and 37% in 

economically developed countries (Kearney et al. 2005), the importance of 

elevated blood pressure in the pathogenesis of HF is evident. 

Prolonged hypertension over years to decades leads to concentric LV 

hypertrophy (LVH) in which ventricular wall thickness is increased without 

significant LV lumen dilatation (Lips et al. 2003). In hypertensive patients the 

prevalence of LVH, assessed by echocardiography, is 12 to 96% depending on 

study methods and the severity of hypertension (Coca et al. 1999). Abnormalities 

in both LV myocardial relaxation and diastolic filling ensue (Lorell & Carabello 

2000). LVH and myocardial fibrosis impair LV relaxation so that early diastolic 

inflow velocity from the left atrium to the ventricle is reduced, and thus more 

importance is laid on late diastolic filling due to atrial systole (Vasan & Levy 

1996). As hypertension is also associated with left atrial enlargement, depression 

of atrial contractile function, as well as elevated risk for atrial fibrillation, 

subsequent disruption in late diastolic LV filling may result in overt HF (Lorell & 

Carabello 2000, Vasan & Levy 1996). Systolic performance in hypertensive 

patients may be altered by subendocardial ischaemia due to elevated LV end-

diastolic pressure and subsequent reduction in coronary flow reserve, or afterload 

excess due to inadequate hypertrophy (Lorell & Carabello 2000). Interstitial 

fibrosis also facilitates arrhythmogenesis. Apoptosis of cardiomyocytes may 

influence LV function by reducing contractile mass and interfering with the 

energetics of viable cardiomyocytes (Diez & Frohlich 2010). However, LVEF is 

usually preserved well in hypertensive patients, but in some patients systolic 

dysfunction can still be assessed by detecting depressed midwall shortening 

(Schussheim et al. 1998). 

In a recent study, which compared HF outcomes according to LV functional 

status and disease aetiology, survival of hypertension-induced HF patients tended 
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to be better in those with impaired LV systolic function than those with preserved 

LVEF. However, the difference was not statistically significant. Five-year 

mortality was approximately 60% and 75%, respectively. (Lee et al. 2009)  

2.1.3 Chronic renal insufficiency 

The interaction between the heart and kidney is complicated. The concept of a 

cardio-renal syndrome (CRS) has recently received more profound interest. 

Although a relationship between renal dysfunction and HF is recognized, the use 

of the term CRS has not been unequivocal and it has even been applied 

simplistically to describe the deterioration of kidney function as a consequence of 

HF medical treatment. Rather, the pathophysiological interaction between the 

heart and kidney is bidirectional involving haemodynamic, neurohormonal and 

immunologic/biochemical feedback pathways, and it has been suggested that this 

should be incorporated into the definition of CRS. Chronic reno-cardiac 

syndrome is one of five types of CRS as presented in Table 1. (Bock & Gottlieb 

2010, Kshatriya et al. In press, Ronco et al. 2010) 

Table 1. Classification, definition and primary events of cardio-renal syndromes. 

Modified from Ronco et al. 2010. 

Cardio-renal syndromes Organ failure 

sequence 

Definition Primary events 

Acute cardio-renal 

(type 1) 

Heart → Kidney Acute worsening of heart 

function leading to kidney injury 

and/or dysfunction 

Acute heart failure, acute 

coronary syndrome or 

cardiogenic shock 

Chronic cardio-renal 

(type 2) 

Heart → Kidney Chronic abnormalities in heart 

function leading to kidney injury 

or dysfunction 

Chronic heart disease 

Acute reno-cardiac 

(type 3) 

Kidney → Heart Acute worsening of kidney 

function leading to heart injury 

and/or dysfunction 

Acute kidney injury 

Chronic reno-cardiac 

(type 4) 

Kidney → Heart Chronic kidney disease leading 

to heart injury, disease and/or 

dysfunction 

Chronic kidney disease 

Secondary cardio-renal 

syndrome 

(type 5) 

Heart ↔ Kidney Systemic conditions leading to 

simultaneous injury and/or 

dysfunction of heart and kidney 

Systemic disease (sepsis, 

amyloidosis, etc.) 
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Patients with chronic kidney disease are at high risk to develop atherosclerotic 

cardiovascular disease and HF with preserved or impaired systolic function 

(Foley et al. 2005, Fried et al. 2003, Manjunath et al. 2003). The prevalence of 

HF increases as renal impairment progresses and is about 20% in patients with 

severe renal impairment (glomerular filtration rate, GFR, < 30 ml/min/1.73 m2) 

(Mosterd & Hoes 2007). Remarkably, in elderly patients with kidney dysfunction 

the risk of cardiovascular death is substantially higher than the risk of developing 

end-stage renal disease (ESRD), i.e. the stage when dialysis or kidney 

transplantation is required (Foley et al. 2005). In the Olmsted County study of 

new HF onsets, renal dysfunction (serum creatinine ≥ 115 µmol/l) occurred in  

37% and 51% of HF patients with preserved and impaired systolic function, 

respectively (Senni et al. 1998). A meta-analysis by Smith et al. indicated that  

63% of HF patients have renal impairment of any degree (Smith et al. 2006). 

Therefore the impact of chronic renal dysfunction on cardiac function is overt. 

HF in patients with impaired kidney function may result from coronary heart 

disease, chronic hypertension, distinctive LVH, valvular disease, or volume 

overload due to anaemia, fluid overload and arteriovenous fistulas (Gross & Ritz 

2008, Mosterd & Hoes 2007). The mechanisms of the cardiac injury in CRI are 

not yet established, but the altered function of the renin-angiotensin-aldosterone–

axis, increased renal sympathetic activation, oxidative stress and deficiency in 

erythropoietin production may explain in part the progressive dysfunction of the 

heart secondary to renal failure (Bock & Gottlieb 2010). Observations that LV 

remodelling occurs in patients with mild renal dysfunction as well as in those 

with IgA glomerulonephritis but still normal glomerular filtration rate, further 

support the influence of kidney disease on HF (Martin et al. 2012, Stefanski et al. 
1996). LV remodelling in ESRD patients is characterized by increased LV mass 

with a moderately enlarged LV end-diastolic diameter and a thickened LV wall 

(Demuth et al. 1998, London et al. 1996). The study of Silberberg et al. 
established that both LVH and LV dilatation are equally important, independent 

predictors of mortality in ESRD patients (Silberberg et al. 1989). The prevalence 

of LVH increases with the severity of renal impairment, being 27% in mild 

(creatinine clearance, Ccr, > 50 ml/min), 45% in severe (Ccr < 25 ml/min), and  

74% in dialysis requiring renal insufficiency (Cerasola et al. 2011, Levin et al. 
1996). 

Cardiac remodelling in chronic kidney disease includes extensive cardiac 

fibrosis. Fibrotic remodelling has important functional consequences by 

interfering with electrical conduction and enhancing tissue rigidity. Increased LV 
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stiffness and a subsequent deterioration in diastolic filling are frequently seen in 

chronic kidney disease, but systolic function is usually normal or even improved 

in ESRD patients without a history of cardiac disease (Gross & Ritz 2008). 

However, already in asymptomatic individuals without clinical evidence of heart 

disease but with early chronic kidney disease, subclinical deterioration of systolic 

function, i.e. an abnormal longitudinal systolic deformation, is shown to be 

present in Doppler myocardial imaging analysis (Edwards et al. 2008). 

Cardiovascular conditions, especially HF and sudden death, account for a 

major part of all deaths in renal dysfunction (Foley et al. 2005, Tonelli et al. 
2006). About half of the patients receiving renal replacement therapy die of 

cardiovascular causes (Suomen munuaistautirekisteri 2008). Cardiac-specific 

mortality rates in CRI are 10–20-fold higher compared with age- and sex-matched 

populations without chronic kidney disease (Ronco et al. 2010). In addition, a 

meta-analysis of 16 studies comprising 80,098 HF patients in total showed that 

the mortality of HF patients deteriorates incrementally across the range of renal 

function (Smith et al. 2006). A study, comparing the effect of chronic renal 

dysfunction (GFR < 60 ml/min/1.73 m2) on mortality in HF patients with 

impaired (LVEF ≤ 45%) and preserved (LVEF > 45%) systolic function, 

demonstrated that renal disease-associated mortality is higher in the latter group 

(Ahmed et al. 2007). In that study, 4.5-year all-cause mortality was approximately 

60% and 50% in chronic kidney disease patients having HF with decreased or 

preserved LVEF, respectively (Ahmed et al. 2007). 

2.1.4 Aortic valve stenosis 

HF results from valvular heart disease in about 8% of all cases (Lee et al. 2009). 

Valvular pathology is a slightly more common aetiology in HF with preserved 

than impaired systolic function: 11% and 5% of patients, respectively (Lee et al. 
2009). These figures include both aortic and mitral valve disease. However, the 

most common valvular heart disease is calcific aortic valve disease, which is 

found about in a quarter of people over 65, half of those over 75, and up to 75% 

of those over 85 years of age (Lindroos et al. 1993, Stewart et al. 1997). 

Clinically overt obstruction of aortic flow, AS, is present in 2 to 4% of adults over 

age 65 (Otto et al. 1999, Stewart et al. 1997). 

Calcific aortic valve disease develops progressively, eventually causing a 

reduction in leaflet motion and effective valve area (Freeman & Otto 2005). 

Alterations in aortic jet velocity, mean pressure gradient, and valve area impose 
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an increased haemodynamic load on the heart (Bonow et al. 2008). In 

consequence of increased resistance to LV afterload, concentric hypertrophic 

adaptation of the left ventricle occurs (Lips et al. 2003). Diastolic dysfunction 

results from subsequent impairment of LV relaxation, diastolic filling, and passive 

elastic properties (Hess et al. 1993). At first, increased LV wall thickness is 

usually enough to counter the high intracavitary systolic pressure and LVEF is 

preserved. However, as LV wall stress increases, excessive afterload causes a 

decrease in LVEF (Lorell & Carabello 2000). As in hypertension-induced LVH, 

systolic performance may also be altered by depressed contractility of the LV 

myocardium, e.g. due to subendocardial ischaemia or abnormal midwall 

shortening (Bonow et al. 2008, Lorell & Carabello 2000). Moreover, pressure-

overloaded, hypertrophied, hearts may evolve MI as they exhibit an increased 

sensitivity to ischaemic injury (Bonow et al. 2008). 

There is no significant difference in the mortality rate between valvular heart 

disease -induced HF patients with impaired systolic function and those with 

preserved LVEF (Lee et al. 2009). In addition to being the most common valvular 

heart disease, calcific aortic valve disease is also the most serious as the prognosis 

is poor. The 5-year mortality of severe AS, without the existence of diagnostic HF, 

is between 50–82% (Iivanainen et al. 1996). After the first occurrence of HF, the 

average survival of AS patients is reported to be about one year (Horstkotte & 

Loogen 1988). 

2.2 Cardiac remodelling 

Cardiac remodelling is an adaptive restructuring and reshaping response of the 

heart aimed at alleviating an unfavourable situation (Cokkinos & Pantos 2011), 

such as increased cardiac mechanical stress. In response to increased cardiac load 

in exercise and during pregnancy, functionally adaptive physiological cardiac 

remodelling is evident. Physiological hypertrophy is mainly a harmless and 

completely reversible increase in cardiac muscle mass, whereas pathological 

remodelling is detrimental, predisposes the heart to regional ischaemia and 

dysrhythmias, and leads finally to HF (Dorn 2007). Pathological cardiac 

remodelling results from sustained extrinsic or intrinsic stimuli. Acquired disease 

conditions (e.g. chronic hypertension, MI, and valvular heart diseases) serve as 

extrinsic stimuli, and genetic abnormalities function as intrinsic stimuli (Lips et al. 
2003). Together with mechanical stress, the progression of cardiac remodelling is 

influenced by neurohormones, growth factors, cytokines and other pro-
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inflammatory molecules acting on the cardiomyocytes and other cellular and non-

cellular myocardial components (Diez & Frohlich 2010). The imbalance between 

pro- and anti-remodelling factors favours myocardial remodelling (Diez & 

Frohlich 2010). There is considerable interindividual variability in the 

development and pattern of cardiac remodelling, which implies the presence of 

genetic risk factors that modulate cardiac response to the stimuli (Drazner 2011). 

2.2.1 Characteristics of pathological cardiac remodelling 

Pathological cardiac remodelling consists of LVH, prominent ECM deposition 

with cardiac fibrotic stiffening, and reduced capillary density in relation to cardiac 

mass (Cokkinos & Pantos 2011). Morphologically, LVH is classified into 

concentric and eccentric hypertrophy (Fig. 2). In concentric hypertrophy 

myocardial wall thickness and cardiac mass are increased without a significant 

change in LV chamber volume. Concentric LVH ensues from increased resistance 

to LV afterload, such as in hypertension and AS (Lips et al. 2003). Eccentric 

hypertrophy is characterized by increased cardiac mass and enlarged LV chamber 

volume, while the ratio of LV wall thickness to ventricular diastolic diameter is 

usually decreased (Hill & Olson 2008). Eccentric LVH occurs post-infarction and 

in situations with volume-overload and increased cardiac output at normotensive 

pressures, as it is in aortic or mitral valve regurgitation (Lips et al. 2003). 

Fig. 2. Varieties of left ventricular (LV) hypertrophy. In concentric hypertrophy the 

myocardial wall is distinctly thickened and the relative wall thickness is increased. In 

eccentric hypertrophy LV chamber volume is augmented, while the ventricular wall is 

usually thinner in proportion to chamber volume. 1concentric hypertrophy; 2eccentric 

hypertrophy. Modified from Dorn 2007 and Lips et al. 2003. 
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Initially, concentric hypertrophy relieves myocardial wall stress and eccentric 

LVH normalizes cardiac stroke volume (Lips et al. 2003). However, these 

myocardial adaptations, at least in pressure overload -induced remodelling, are 

not indispensable for cardiac haemodynamic function, as attenuation or 

elimination of hypertrophy does not lead to decompensation of the heart (Drazner 

2011, Hill & Olson 2008). Moreover, the presence of pathological LVH is an 

independent predictor of poor survival, especially in patients with hypertension 

(Vasan & Levy 1996) and ESRD (Silberberg et al. 1989). 

Pathological cardiac remodelling can be distinctly differentiated from 

physiological remodelling by its biochemical and molecular mechanisms, 

metabolism and histology (Dorn 2007, Lips et al. 2003). Characteristic for 

pathological remodelling is activation of neurohormonal signalling pathways 

through G protein coupled receptors, whereas in physiological remodelling 

peptide growth factors, such as insulin-like growth factor, regulate the 

phosphatidylinositol 3-kinase (PI3K)/Akt-pathway (Dorn 2007). The 

hypertrophic response of cardiac myocytes is characterized by an increase in cell 

size and protein synthesis, accumulation of sarcomeric proteins, alterations in the 

architecture of sarcomeres, cytoskeleton and myofibrils, and by complex changes 

in cardiac gene expression (Dorn 2007, Fedak et al. 2005b). Pathological 

remodelling is characterized by re-induction of genes expressed in the developing 

heart including atrial natriuretic peptide (ANP), B-type natriuretic peptide (BNP), 

α-skeletal actin, and β-myosin heavy chain. A similar fetal gene program 

activation and a contractile protein isoform shift are not seen in physiologically 

hypertrophied hearts. Generally, pathological hypertrophy is associated with 

altered expression of genes from inflammation and stress-response clusters (Dorn 

2007, Rysa et al. 2005). In contrast to physiological cardiac remodelling 

abnormal intracellular calcium handling, a shift to glycolytic metabolism, 

increased apoptosis of cardiomyocytes and increased cardiac fibrosis are also 

evident in pathological remodelling (Dorn 2007, Lips et al. 2003). Figure 3 shows 

a flowchart of HF pathogenesis. 
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Fig. 3. The pathogenesis of heart failure. The lesions responsible for myocardial 

remodelling are critically involved in the deterioration of left ventricular (LV) 

morphology and function that leads to clinical cardiac decompensation. Modified from 

González et al. 2011. 

2.2.2 Neurohumoral activation 

Both systemic and local neurohumoral alterations occur in pathological cardiac 

remodelling and HF. Moreover, activated neurohumoral systems interact with 

each other and with peptides affecting cardiac remodelling. Increased activation 

of the renin-angiotensin system (RAS), adrenergic system, endothelin-1 (ET-1) 

and natriuretic peptides has especially been observed. Arginine vasopressin (AVP) 

production is also upregulated in HF. 

The renin-angiotensin system 

The RAS is a complex multilevel regulation system, which has been identified to 

function in the circulation, locally at the tissue level in most organs and 

intracellularly (Fyhrquist & Saijonmaa 2008). In the classical cascade of RAS, 

renin is secreted by the kidney into the circulation and it cleaves angiotensinogen 

to angiotensin I (Ang I). Angiotensin converting enzyme (ACE) in endothelial 

cells further converts Ang I to angiotensin II (Ang II), which exerts its effects by 

binding to its receptors, Ang II type 1 receptor (AT1-R) and type 2 receptor (AT2-

R). AT1-R is implicated in most of the deleterious effects of Ang II in 

cardiovascular pathology, for example aldosterone release and vasoconstriction, 

whereas AT2-R mediated actions often antagonize those of AT1-R (Lemarie & 

Schiffrin 2010). In the heart, activation of RAS promotes cardiac fibroblast 
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proliferation, collagen production, as well as hypertrophy and apoptosis of 

cardiomyocytes (Lemarie & Schiffrin 2010, Lips et al. 2003). Ang II also locally 

stimulates the cardiac production and release of aldosterone, which probably 

affects fibroblast proliferation and collagen turnover (Fedak et al. 2005b). An 

increased aldosterone-to-renin ratio is shown to be associated with LVH (Drazner 

2011). The importance of RAS in cardiac remodelling and HF has been 

demonstrated by the clinical benefits of ACE inhibitors and AT1-R blockers 

(ARBs) (Fedak et al. 2005b).  

Adrenergic pathway 

Similarly to RAS, the importance of the sympathetic nervous system in LV 

remodelling and progression of HF has been demonstrated by the benefits of 

adrenergic system inhibition with β-receptor blocker therapy (Fedak et al. 2005b). 

Sympathetic hyperactivity in response to cardiac overload is evidenced by 

increased plasma noradrenaline levels, central sympathetic outflow and 

noradrenaline plasma spillover from activated sympathetic nerve fibres 

(Triposkiadis et al. 2009). Hyperactivity mainly results from suppression of 

sympathoinhibitory cardiovascular reflexes and augmentation of 

sympathoexcitatory reflexes (Triposkiadis et al. 2009). The sympathetic 

transmitters, i.e. adrenaline and noradrenaline, mediate their effect via α- and β-

receptors. Particularly β1-receptors are expressed in cardiomyocytes and their role 

in pathological remodelling and HF is evident (Triposkiadis et al. 2009). 

Increased activation of the sympathetic nervous system induces LVH and fibrosis 

(Osadchii 2007, Triposkiadis et al. 2009), and results in β-adrenergic 

desensitisation, which is especially characteristic in failing myocardium (Lips et 
al. 2003). 

Endothelin-1 

Hypertrophy of cardiomyocytes and ECM remodelling are also influenced by ET-

1 (Brunner et al. 2006). ET-1 acts in an autocrine and paracrine fashion as a key 

local player of end-organ damage, which in addition to its vasoconstrictive effect 

promotes inflammation, angiogenesis, fibrosis and hyperplasia (Iglarz & Clozel 

2010). It exerts its function via ETA and ETB receptors. Although ET-1 is 

normally produced by endothelial cells, it can also be expressed by epithelial cells, 

bone marrow mast cells, macrophages, poly-morphonuclear leukocytes, 
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cardiomyocytes and fibroblasts (Leask 2010). In the heart, the hypertrophic effect 

on myocytes is mediated through the ETA receptor (Iglarz & Clozel 2010). 

Moreover, it has a chronotropic, arrythmogenic, and inotropic effect on the heart 

(Shreenivas & Oparil 2007). 

Natriuretic peptides 

Together with increased wall stress, neurohumoral systems stimulate the release 

and expression of the cardioprotective natriuretic peptides ANP and BNP. ANP is 

primarily secreted by atrial myocytes, but in cardiac pathological remodelling the 

ventricular expression of ANP is increased (Ruskoaho 2003). BNP is produced by 

both atria and ventricles. BNP expression in ventricles elevates in response to 

haemodynamic overload and cardiac hypertrophy, and as most of the circulating 

BNP comes from the ventricles, it is a sensitive marker of cardiac increased 

workload and HF (Ruskoaho 2003). Both ANP and BNP act as circulating 

hormones having diuretic, natriuretic, vasodilative and neurohumoral systems 

inhibiting effects, but they act also as local paracrine and autocrine factors 

(Nishikimi et al. 2006). In the heart ANP and BNP inhibit hypertrophy of 

cardiomyocytes and cardiac fibrosis through natriuretic peptide receptors (NPR)-

A and NPR-B (Clerico et al. 2006, Nishikimi et al. 2006). However, these 

protective effects of natriuretic peptides seem to be blunted in HF (Barry et al. 
2008, Clerico et al. 2006). 

Arginine vasopressin 

AVP is a circulating vasoactive hormone that is released from the hypothalamus 

and is stimulated by alterations in plasma osmolality and hypovolemia, as well as 

by Ang II, ET-1 and sympathetic transmitters (Chatterjee 2005). Especially, 

excessive AVP release is evident in HF patients with hyponatremia, the condition 

that is associated with severe HF and greater mortality (Mohammed et al. 2010, 

van Kimmenade & Januzzi 2012). AVP functions as an antidiuretic and 

vasoconstrictive factor, which also regulates cell proliferation and 

adrenocorticotropin secretion (Chatterjee 2005). In rats, infusion of AVP induces a 

rapid increase in arterial pressure (Magga et al. 1994, Romppanen et al. 2001, 

Rysa et al. 2006). AVP may be involved in the LV remodelling response through 

myocardial V1a receptors, as in animal models antagonism of V1a receptors has 
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been shown to reduce AVP-induced protein synthesis of cardiomyocytes 

(Chatterjee 2005).  

2.2.3 Pressure overload -induced cardiac hypertrophy 

Systemic hypertension and an increased afterload in AS expose the heart to 

chronic pressure overload, which typically results in concentric LV remodelling 

and LVH. However, some hypertensive patients develop eccentric hypertrophy 

for reasons that are as yet unknown (Drazner 2011). This alternative progression 

may be the consequence of a defect in the ability to develop LV wall thickening 

or an ECM abnormality -induced predisposition to develop LV dilatation (Drazner 

2011). Table 2 represents potential factors influencing the LV hypertrophic 

response. 

Characteristic of pressure overload -induced concentric LVH is an increase in 

the size and in the apoptotic rate of cardiomyocytes, ECM remodelling with 

disproportionate accumulation of interstitial and perivascular fibrosis (i.e. reactive 

fibrosis), and abnormalities of the intramyocardial coronary vasculature (Table 3) 

(Diez & Frohlich 2010, Drazner 2011, Gonzalez et al. 2011). Increased cross-

sectional area and diameter of cardiomyocytes ensues from the parallel 

organization of sarcomeres, the force-generating units of muscle cells, enhancing 

the contractile force per cell and reducing stress on the myocardium (Wakatsuki et 
al. 2004). Although mechanical and electrical connections among cardiomyocytes 

are enhanced during the initial stages of pressure overload -induced LVH, in HF 

redistribution and reduction in the expression of connective molecules, consistent 

with myocyte reorganization and decreased mechanical and electrical connectivity, 

is observed (Wakatsuki et al. 2004). 

Loss of cardiomyocytes, resulting from an elevated degree of apoptosis in 

hypertension-induced cardiac remodelling, is associated with the transition to HF 

(Fedak et al. 2005b). Cell death facilitates the rearrangement of the remaining 

living myocytes within the myocardial matrix (i.e. cell slippage) because the 

number of viable cell–cell connections in the ECM is reduced (Gajarsa & Kloner 

2011). Increased cardiac fibrosis (up to 30%) seen in concentric LVH is not 

related to the augmented rates of apoptotic cell death, but it is a consequence of 

the combination of several alterations, e.g. augmentation of procollagen synthesis, 

increased fibril assembly and cross-linking and decreased degradation of collagen 

fibres (Diez & Frohlich 2010, Lips et al. 2003, Lorell & Carabello 2000). There 

are also changes in myocardial collagen architecture in patients with severe 
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chronic pressure overload (Lorell & Carabello 2000). Of note, although reactive 

fibrosis characterizes the fibrotic response, scattered dense scar-like fibrotic foci 

replacing lost myocytes, have also been found in the moderately and severely 

hypertrophied hearts of non-ischaemic hypertensive patients (Rossi 1998). 

Alterations in the small intramyocardial vessels include medial hypertrophy 

and decreased LV vascular density subsequent to impaired angiogenesis and 

temporarily non-perfused capillaries (Diez & Frohlich 2010). Capillary density 

decrease in pressure overload -induced LVH is greater in subendocardial than in 

subepicardial layers (Hudlicka et al. 1992). 

Table 2. Factors influencing left ventricular geometry in hypertensive patients and the 

examples of possible effects on the hypertrophic response. Modified from Drazner 

2011. 

Factor Quality Hypertrophic response 

Pressure load   

Severity High systolic blood pressure1 Concentric 

Duration Persistent Concentric 

Volume load Increased Eccentric 

Demographic factors   

Age Old age Concentric 

Race Blacks Concentric 

Gender Women / Men Concentric / Eccentric 

Co-morbidities   

Chronic renal disease End-stage disease Concentric and eccentric 

Coronary artery disease Evident Eccentric 

Diabetes mellitus Evident Concentric2 or eccentric3 

Obesity Increased body mass index Eccentric4,5 or concentric6 

Valvular heart disease Aortic stenosis / Aortic regurgitation Concentric / Eccentric 

Neurohormonal milieu   

Plasma renin activity High / Low Concentric / Eccentric 

Alterations of the extracellular matrix   

Localization of collagen Perivascular, scar-related and 

decreased around cardiomyocytes 

Eccentric 

MMP-1/TIMP-1 ratio Incresed Eccentric 

Genetic factors  Considerable variability 

MMP-1, matrix metalloproteinase-1; TIMP-1, tissue inhibitor of MMP-1. 1 170 versus 157 mm Hg, Ganau 

et al. 1992; 2 Palmieri et al. 2001; 3 Markus et al. 2011; 4 Body mass index (BMI) > 30 kg/m2, Gottdiener et 

al. 1994; 5 BMI > 27.8 (men) or > 27.3 kg/m2 (women), De Simone et al. 1994; 6 BMI 35 to 92 kg/m2, 

Avelar et al. 2007. 
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2.2.4 Chronic reno-cardiac syndrome 

Cardiac remodelling in chronic renal disease is thought to ensue from 

neurohumoral system activation, anaemia, volume overload (e.g. due to sodium 

and water retention), and pressure overload (e.g. increased afterload subsequent to 

arteriosclerosis of the aorta and large central arteries) (Gross & Ritz 2008). All 

these factors are also connected to oxidative stress and induction of inflammation 

(Cerasola et al. 2011). Figure 4 presents a flowchart of possible inflammation 

linked pathways involved in chronic reno-cardiac syndrome. 

Fig. 4. Pathophysiology of chronic reno-cardiac syndrome from the perspective of 

increased oxidative stress and activation of inflammation. RAS, the renin-angiotensin 

system. Modified from Cerasola et al. 2011. 

Activation of RAS, adrenergic system, ET-1 and natriuretic peptides has been 

observed in ESRD patients in association with LVH (Demuth et al. 1998, Gross & 

Ritz 2008, Zoccali et al. 2001). In part, anaemia is responsible for neurohumoral 

activation, but haemodynamic alterations are also important. There is 

considerable evidence that chronic kidney disease -induced cardiac remodelling is 

stabilized or even partly reversed by treatment of haemodynamic overload (Gross 
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& Ritz 2008). This would suggest that haemodynamic alterations play a 

determinant role in chronic reno-cardiac syndrome. However, as LV remodelling 

in CRI patients is usually accompanied by right ventricle hypertrophy, 

haemodynamic factors are hardly the only explanation for cardiac remodelling 

(Gross & Ritz 2008). A recent experimental study of mild renal insufficiency in 

rats also demonstrated early cardiac remodelling and diastolic dysfunction only 

four weeks after unilateral nephrectomy; at the time when no significant change 

in blood pressure, plasma BNP, aldosterone, GFR or proteinuria was observed 

(Martin et al. 2012). The hypothesis that chronic reno-cardiac syndrome is 

associated with other factors besides haemodynamics, is strengthen by another 

recent study of a sensitive renal function biomarker cystatin C in chronic kidney 

disease. Increased cystatin C levels even in early renal disease are shown to be 

independently associated with LV concentric hypertrophy (Patel et al. 2009). 

In ESRD the features of both concentric and eccentric hypertrophic cardiac 

remodelling are often combined, as LVH is characterized by moderately enlarged 

LV end-diastolic diameter and a thickened LV wall (Demuth et al. 1998, London 
et al. 1996). As seen in hypertension-induced concentric LVH, the apoptotic rate 

of cardiomyocytes is elevated also in the hearts of ESRD patients. In 

experimental mild kidney insufficiency, increased apoptosis of cardiomyocytes 

was observed already at four weeks after disease induction (Martin et al. 2012). 

The increased mass of the left ventricle derives from an increased volume of 

thickened cardiomyocytes and diffuse reactive fibrosis (Table 3). Cardiomyocyte 

hypertrophy has been shown to be more substantial in haemodialysis patients with 

dilated cardiomyopathy than patients with hypertension or LVH due to other 

causes, confirmed by endomyocardial biopsies (Aoki et al. 2005). Interstitial 

cardiac fibrosis in chronic reno-cardiac syndrome is also more extensive than the 

fibrosis in non-uremic hypertension, and it progressively gets worse with time 

(Gross & Ritz 2008, Mall et al. 1988). An experimental study of uremic rats 

demonstrated that characteristics of cardiac fibrosis in chronic renal disease are 

increased volume density of the ECM, deposition of collagen I and selective 

swelling of both cytoplasm and nuclei of interstitial cells, but not endothelial cells 

(Mall et al. 1988). This reactive fibrosis is cardiac specific in uremia, and not 

detected in other organs (Mall et al. 1988). The above mentioned abnormalities in 

cardiac interstitial cells, associated with interstitial cell activation, are not seen in 

experimental models of non-uremic hypertension or in hypertensive patients 

(Tyralla & Amann 2002).  
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Distinctive features of uremic cardiac remodelling are also a spectacular 

reduction in capillary density and substantial structural alterations of arterial 

vessels (Table 3). It has been shown that the length and the surface densities of 

capillaries were decreased more in the hearts of uremic rats than in the LV mass 

and blood pressure matched hypertensive rats (Gross & Ritz 2008). In addition, 

wall thickening of intramyocardial arteries, evident in uremic patients as well as 

in experimental renal failure, has been demonstrated to be blood pressure -

independent in experimental uremia (Amann et al. 1995). This increase in the 

wall thickness ensues from hypertrophy of arteriolar smooth muscle cells and is 

proposed to be in part a consequence of elevated levels of parathyroid hormone 

(PTH) (Tyralla & Amann 2002). Taken together, microvascular alterations in 

chronic renal disease are not non-specific consequences of hypertension or 

concentric LVH. Further, not only myocardial microvessels are affected in ESRD 

patients, but also larger arteries undergo non-occlusive structural remodelling (i.e. 

dilatation and wall hypertrophy), and often, occlusive atherosclerotic lesions 

occur with concomitant excessive valvular and vascular calcifications (Gross & 

Ritz 2008, London 2003). 

Table 3. Comparison of cardiac remodelling characteristics in pressure overload -

induced concentric left ventricular hypertrophy (LVH), in chronic reno-cardiac 

syndrome and after myocardial infarction. 

Variable Pressure overload Reno-cardiac 

syndrome 

Myocardial infarction 

Cardiomyocyte apoptosis ↑↑ / ↑↑↑ ↑↑ ↑ 

Cardiomyocyte necrosis - - ↑↑↑ 

Cardiomyocyte hypertrophy Increase in size Increase in size Elongation 

Reactive fibrosis ↑↑ ↑↑↑ ↑ 

Reparative fibrosis - - ↑↑↑ 

Collagen cross-linking ↑ ↑↑ ↓ 

Collagen scaffold disruption ↑ ↑↑ ↑↑ 

Inflammation ↑ ↑ ↑ / ↑↑ 

Capillary density ↓ ↓↓ ↓ 

Medial hypertrophy of 

intramyocardial vessels 

↑ ↑↑ - 

A direction of change in different LVH characteristics is indicated as follows: ↑, increase; ↓, decrease; -, 

no change. Semiquantitative score of the severity of the lesions: ↑ = low; ↑↑ = moderate; ↑↑↑ = high. 
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2.2.5 Post-infarction remodelling 

The healing process after MI attempts to actively repair the damaged site with a 

firm scar over weeks or months. Cardiomyocyte necrosis in the infarcted area 

triggers an intense inflammatory reaction, matrix degradation, myofibroblast 

accumulation, reparative fibrosis and finally formation of mature scar 

(Dobaczewski et al. 2010). Further, acute loss of myocardium and subsequent 

alterations of cardiac loading conditions induce remodelling of the remote non-

infarcted myocardium. Remodelling continues until the distending forces are 

counterbalanced by the tensile strength of the collagen scar. The size, location, 

and transmurality of the infarct, the extent of myocardial stunning, the patency of 

the infarct-related artery, and local trophic factors like Ang II and ET-1, influence 

ventricular remodelling (Sutton & Sharpe 2000). It is notable that post-infarction 

cardiac remodelling still occurs despite successful primary coronary angioplasty, 

i.e. recovered blood supply to the infarcted area (Bolognese et al. 2002). 

Acute MI typically results in eccentric LVH, which is distinguished by 

longitudinal cardiomyocyte growth, both reparative and reactive fibrosis and 

changes in collagen cross-linking and the collagen weave (Table 3) (Gonzalez et 
al. 2011, Lorell & Carabello 2000). Elongation of cardiomyocytes causes up to a 

70% increase in cell volume and is associated with the addition of sarcomeres in 

series (Sutton & Sharpe 2000). Capillary density in post-infarction cardiac 

remodelling has been shown to decrease in parallel with the size of the infarction 

and subsequent increase in ventricular hypertrophy (Hudlicka et al. 1992). 

Apoptosis occurs in the remote myocardium, but also in the infarction and peri-

infarction areas (Gajarsa & Kloner 2011). 

In cardiomyopathic heart of ischaemic origin, accumulation of fibrosis is 

evident and two thirds of cardiac fibrosis tissue is detected remote from the 

infarct scar area and consists of multiple foci of reparative fibrosis in combination 

with reactive interstitial fibrosis in both right and LV myocardium (Beltrami et al. 
1994). Similarly, eccentric LVH in chronic LV volume overload, resulting for 

instance from mitral or aortic valve regurgitation, is associated with increased 

myocardial ECM deposition, collagen cross-linking and the production of 

fibronectin, an essential factor in myofibroblast transdifferentiation (Dobaczewski 
et al. 2010, Jugdutt 2003). However, controversial data about post-infarction 

myocardial fibrosis exist, as it has been demonstrated that total collagen and the 

type I/III ratio are increased in the infarct scar and border zone but not in the non-

infarcted myocardium (Marijianowski et al. 1997). 
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There are abnormalities in the architecture of the myocardial collagen 

scaffold. Collagen cross-linking has been shown to be decreased in severely 

dysfunctioning hearts resulting from chronic ischaemic heart disease (Jugdutt 

2003, Lorell & Carabello 2000). Moreover, degradation of the physiologic cardiac 

collagen weave (i.e. endomysial and perimysial collagen) by matrix 

metalloproteinases (MMPs) has been demonstrated to be constitutive in both 

volume-overload and MI-induced eccentric cardiac remodelling leading to 

myocyte slippage, LV cavity dilatation, increased sphericity of the ventricle and 

progression of HF (Gajarsa & Kloner 2011, Jugdutt 2003, Lorell & Carabello 

2000). 

2.3 Calcific aortic valve disease 

Healthy aortic valve leaflets are thin, flexible and avascular. Actively regulated 

calcific disorder of the aortic valves develops progressively leading via valvular 

sclerotic stiffening to clinically significant AS (Otto et al. 1994). Aortic sclerosis 

is defined by increased echogenicity and leaflet thickening without restriction of 

leaflet motion, whereas AS impedes LV outflow. Characteristic for calcific aortic 

valve disease is fibrotic thickening and neovascularization of the valve leaflets as 

well as the formation of calcium nodules. Extensive fibro-calcification is the most 

prominent feature of AS pathogenesis and has a deleterious effect on valve 

function by increasing structural stiffness and resistance to deformation in 

response to haemodynamic forces (Chen & Simmons 2011). Thus the name 

fibrocalcific aortic valve disease would better describe the nature of the disease. 

The presence and progression of fibrocalcific aortic valve disease is 

influenced by many factors. The influence of atherosclerotic cardiovascular risk 

factors and increased mechanical stress on aortic valves are the likely causes of 

early aortic lesions (Fig. 5) (Akat et al. 2009). The most intensive mechanical 

stress hits the aortic side of the leaflet. End-diastolic pressure in the aorta 

stretches the tissue of the closed aortic valve in the diastolic phase of the heart 

cycle. During disease progression, accumulation of extensively calcified lesions is 

observed specifically in the aortic side of the leaflet protruding along the aortic 

surface, and thus disrupting aortic valve opening (Rajamannan et al. 2011). 

Congenital anatomical variation of aortic valve cusp number renders the valve 

more vulnerable to mechanical stress. Normally an aortic valve consists of three 

leaflets, but up to two percent of the population has a congenitally bicuspid aortic 

valve (Siu & Silversides 2010). A rare abnormality is a unicuspid aortic valve 
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(Novaro et al. 2003). Genetic factors may also predispose the aortic valve to 

calcification beyond anatomical variation. Increased AS prevalence is observed to 

be associated with distinct genotypes (e.g. genetic variants in apolipoprotein E 

and vitamin D receptor genes), gene mutations (e.g. the NOTCH1 gene) and 

polymorphisms (e.g. oestrogen receptor-α and transforming growth factor-β1 

(TGF-β1)) (Bosse et al. 2008). 

 

Fig. 5. Atherosclerotic risk factors and mechanical forces induce calcific aortic valve 

disease progression from a normally functioning valve to the severe valvular 

dysfunction with calcific nodules extending through the outflow surfaces and thus 

causing a measurable obstruction to outflow. The disease progression is also 

influenced by genetic and anatomic factors. 

2.3.1 Pathogenesis of aortic valve stenosis 

Fibrocalcific aortic valve disease is a complex disease process with molecular 

mechanisms that are still largely unknown. However, there is evidence for the 

activation of various pathological changes in the diseased valves. Inflammation, 

lipid deposition and oxidative stress are potential central mechanisms in the 

induction of fibrosis and calcification in AS. Abundant accumulation of activated 

inflammatory cells, i.e. macrophages, T lymphocytes and mast cells, and the 

presence of pro-inflammatory cytokines in valve lesions indicate an activated 

inflammatory process in calcified aortic valves (Helske et al. 2007b, Kaden et al. 
2005). Similar to atherosclerotic lesions, retention of low-density lipoprotein 
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(LDL) in the valve leaflet and subsequent modification to oxidized-LDL has been 

proposed to account in part for initiating the calcification process in the valvular 

tissue. Indeed, lipid accumulation has been observed already in the early valve 

lesions, and in stenotic valves, oxidized lipids are suggested to form a local 

inflammation nidus (Helske et al. 2007b). 

Oxidative stress may also stimulate inflammation, osteoblastic phenotype and 

ECM remodelling. In calcified aortic valves, oxidative stress is confirmed by 

increased superoxide and hydrogen peroxide levels, reduced expression and 

activation of antioxidant enzymes, and an abnormal function of endothelial nitric 

oxide synthase (eNOS), but, in contrast to atherosclerotic plaques, nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase activity is not changed (Miller 
et al. 2008).  

In calcific aortic valve disease, dense fibrosis is characterized by increased 

synthesis and disorganized deposition of collagen fibres, elastin degradation and 

physical disruption attributable to calcified nodules (Chen & Simmons 2011). The 

fibrotic and calcific aortic valve phenotype is regulated by myofibroblasts and 

osteoblasts, which are present and activated in calcified aortic valves (Helske et al. 
2007b). Myofibroblasts are involved in elevated collagen production and in ECM 

remodelling in response to valve injury, whereas osteoblasts express bone 

remodelling factors, spontaneously form calcific nodules and regulate 

calcification, chondrogenesis and osteogenesis (Helske et al. 2007b, Rajamannan 
et al. 2011). Indeed, in addition to miscellaneous non-bone mineralization, active 

metaplastic bone formation and remodelling is evidenced by histological and gene 

expression analyses from heavily calcified aortic valves (Mohler et al. 2001, 

Rajamannan et al. 2003).  

Neovascularization is a significant hallmark in stenotic aortic valves. 

Thickening of the valve cusps and subsequent excretion of vascular endothelial 

growth factor (VEGF) and other angiogenic factors lead to neoangiogenesis 

(Soini et al. 2003). Neoangiogenesis has been suggested to facilitate the 

inflammatory cell infiltration, lipid accumulation and endochondral bone 

formation in the valve leaflets (Helske et al. 2007b). 

2.3.2 Neurohumoral activation 

In comparison with the well-established role of neurohumoral activation in 

cardiac remodelling, there is very little data concerning fibrocalcific aortic valve 

disease. The most studied neurohumoral system in AS is RAS, whereas 
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examination of endothelin and natriuretic peptide systems is only just beginning. 

No studies on the sympathetic nervous system in aortic valvular remodelling exist. 

Local RAS is activated in diseased aortic valves. In healthy valves ACE is not 

found, but from both fibrosclerotic and heavily calcified valve lesions the 

presence of ACE and Ang II has been detected extracellularly and in valvular 

macrophages (Helske et al. 2004, O'Brien et al. 2002). The gene expression of 

ACE is increased in diseased valves, but the association of ACE with 

apolipoprotein B in valvular lesions and with plasma LDL may indicate that a 

subset of valvular ACE is carried to the leaflets by LDL-particles (Helske et al. 
2004, O'Brien et al. 2002). In addition to ACE, two other Ang II-generating 

enzymes, chymase and cathepsin G, are significantly upregulated in AS (Helske 
et al. 2006). AT1-R expression is elevated in stenotic aortic valves and these 

receptors are typically distributed on myofibroblasts (O'Brien et al. 2002). 

Recently, AS was shown to be characterized also by downregulation of AT2-R as 

well as other RAS components including (pro)renin receptor, Mas receptor and 

ACE2 (Peltonen et al. 2011). In fibrocalcific aortic valve disease the altered 

balance of RAS components potentially promotes fibrosis and inflammation. 

Another potent regulator of fibrocalcific aortic valve disease is the endothelin 

system. Indeed, ET-1 peptide as well as ETA receptor levels have been observed 

to be elevated in stenotic aortic valves (Peltonen et al. 2009). The role of ET-1 in 

fibrocalcific aortic valve disease is not known, but it is shown to be involved in 

several AS-associated pathological processes elsewhere in the cardiovascular 

system, including uptake of oxidized LDL, inflammation, calcification and RAS 

activation (Peltonen et al. 2009). 

The ability of natriuretic peptides to inhibit fibroblast proliferation and ECM 

deposition (D'Souza et al. 2004) suggest that these cardioprotective factors could 

also participate in the regulation of AS progression. In normal aortic valves all 

components of the natriuretic peptide system are expressed, and in stenotic valves 

C-type natriuretic peptide (CNP) gene expression is decreased (Peltonen et al. 
2007). Valvular gene expression of the CNP processing enzyme furin and 

receptors NPR-A and NPR-B are also downregulated in AS (Peltonen et al. 2007). 

In the cardiovascular system CNP is proposed to be primarily an endothelium 

derived autocrine/paracrine regulator of vascular tone and cellular growth, which 

exerts its function through NPR-B (D'Souza et al. 2004). In aortic valves CNP is 

localized in the endothelial cells and myofibroblasts (Peltonen et al. 2007). Some 

functions of CNP in vascular pathology suggest its role as an antiatherogenic 

factor (Qian et al. 2002, Scotland et al. 2005). 
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2.4 Treatment of heart failure and aortic valve stenosis 

With current medical therapy the progression of HF cannot be consistently 

arrested and the reversal of ECM remodelling is not possible. As no curative 

therapy exists, prevention of HF by efficient treatment of aetiological factors and 

treatment of the neurohumoral activation secondary to deterioration of cardiac 

function are the most essential parts of present management. For example in acute 

MI, thrombolysis limits infarct size and salvages ischaemic myocardium and thus 

has a beneficial effect on LV remodelling (Sutton & Sharpe 2000). Co-morbidities 

and precipitating factors (e.g. anaemia, cardiac arrhythmias, diabetes, 

hypertension and pulmonary disease) also should be adequately treated. The 

consistent effect of lowering elevated blood pressure on reduction of risk for HF 

has been shown in clinical trials (Vasan & Levy 1996, Veterans Administrative 

Cooperative Study Group on Antihypertensive Agents 1967, Veterans 

Administrative Cooperative Study Group on Antihypertensive Agents 1970). 

When HF is evident, focused medical therapy and, case-specifically, devices and 

surgical therapy are needed to prevent the progression of HF and thus improve 

prognosis and survival. However, the prognosis is still poor. (Dickstein et al. 2008) 

For the treatment of AS no specific medical therapy exists to slow 

progression of the disease, and thus the treatment guidelines for AS emphasize the 

management of cardiovascular risk factors. Only effective treatment is valve 

replacement surgery. (Bonow et al. 2008) 

2.4.1 Pharmacotherapy 

Most of the clinical trials have studied HF patients with impaired LV systolic 

function, and therefore, the efficacy of interventions in HF patients with 

preserved LVEF is not well known (Dickstein et al. 2008). However, current 

medical therapy recommendations are applied equally for both disease categories. 

Medical agents interfering the RAS have been reported to have a repairing, blood 

pressure-independent, effect on myocardial remodelling. For instance ACE 

inhibitors and ARBs retard myocardial fibrosis in hypertensive patients 

irrespective of antihypertensive efficacy (Brilla et al. 2000, Diez et al. 2002). In 

post-infarction remodelling and chronic HF, aldosterone antagonists have been 

shown to have a beneficial impact on ECM turnover (Zannad & Radauceanu 

2005). ACE inhibitors and β-blockers are the first-line medications for HF, while 

ARBs are used in ACE inhibitor intolerant patients and an aldosterone antagonist 
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is added to ACE inhibitor/ARB + β-blocker -treatment in HF patients with severe 

symptoms. The contraindications of specific medications should be considered 

especially in patients with AS or chronic kidney insufficiency. Notably, ACE 

inhibitors, ARBs and aldosterone antagonists should be used with caution in 

kidney failure patients, as these drugs may reduce renal function and elevate 

serum potassium concentration. (Dickstein et al. 2008) 

Survival enhancing pharmacotherapy in heart failure 

ACE inhibitors, ARBs and β-blockers improve ventricular performance and 

reduce hospitalization and mortality of HF patients with impaired systolic 

function (LVEF ≤ 40%) (Dickstein et al. 2008, Kim & Greenberg 2009). However, 

clinical trials in HF patients with LVEF ≥ 40% indicate that ACE inhibitors or 

ARBs do not have beneficial effects on mortality or HF hospitalization in this 

patient group (Shah et al. 2010). Moreover, in hypertensive, non-HF patients RAS 

inhibition appears to have no superiority over other antihypertensive drugs in 

improvement of diastolic function (Solomon et al. 2007). No large clinical trial 

has been carried out to evaluate the effect of β-blockers in HF patients with 

preserved systolic function, but smaller studies suggest that the benefit of β-

blockers may be similar in HF patients regardless of LVEF (van Veldhuisen et al. 
2009). The survival advantage of a combination of isosorbide dinitrate plus 

hydralazine added to standard HF therapy has been shown in black HF patients 

with impaired systolic function and it has been proposed that this benefit may be 

independent of background therapy (Taylor et al. 2004). Aldosterone antagonists 

reduce hospital admission for worsening HF and increase survival when added to 

existing ACE inhibitor or β-blocker therapy in HF patients with impaired systolic 

function (Martinez 2010). The effect of aldosterone antagonism on clinical 

outcomes in HF patients with preserved systolic function is under study in a large 

multicentric TOPCAT (Aldosterone antagonist therapy for adults with HF and 

preserved systolic function) trial (www.clinicaltrials.gov, NCT00094302). 

Diuretics and digoxin may have a beneficial effect on morbidity, but not on 

survival (Dickstein et al. 2008). 

2.4.2 Device therapy and surgical intervention  

In some cases, surgical intervention or medical device therapy are essential for 

management of HF. The mechanical unloading of the heart by LV assist devices 
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(LVAD) may improve cardiac function in some end-stage HF patients, and indeed, 

several pathological cellular and ECM alterations of cardiac remodelling appear 

to be improved in HF patients with LVAD therapy (Gajarsa & Kloner 2011). 

Cardiac resynchronization therapy (CRT) with pacemaker or defibrillator function 

reduces morbidity and mortality in HF patients with impaired LV systolic 

function and evidence of electrical dyssynchrony (i.e. QRS complex width in 

electrocardiogram ≥ 120 ms) (Dickstein et al. 2008). Implantable cardioverter 

defibrillator therapy enhances survival in HF patients with impaired LV systolic 

function (Dickstein et al. 2008). 

In the patients with acute MI, reperfusion therapy reduces infarct size and 

improves LV function (Sutton & Sharpe 2000). The incidence of HF after MI also 

declines over time following the introduction of reperfusion treatment 

(Hellermann et al. 2003). When HF has already evolved, revascularization (i.e. 

coronary artery bypass grafting, CABG, and percutaneous coronary intervention, 

PCI) may reduce symptoms, improve cardiac function and survival in coronary 

artery disease patients with hibernating myocardium, but more randomized trials 

are needed to assess the prognostic benefit of revascularization therapy in 

comparison to the most recent optimal medical therapy, since novel 

pharmacotherapy and devices have improved the prognosis of HF patients in the 

last decade (Ammirati et al. 2010, Dickstein et al. 2008). 

Patients with valvular heart disease may benefit from valvular surgery. 

Especially patients with symptomatic AS and normal or slightly depressed LV 

function, or those with AS-induced HF with decreased LVEF, benefit from aortic 

valve replacement (Bonow et al. 2008). Moreover, if systolic function is 

depressed as a consequence of excessive afterload, valve replacement also 

improves LV function and relieves symptoms (Bonow et al. 2008). 

A study of 103 haemodialysis patients with congestive HF showed that 

successful kidney transplantation might substantially improve cardiac function 

and decrease the hazard for death or hospitalizations for HF (Wali et al. 2005). 

For end-stage HF patients without serious co-morbidity, heart transplantation is 

an accepted treatment and may increase survival and quality of life (Dickstein et 
al. 2008). 

2.5 Extracellular matrix in cardiac and aortic valve remodelling 

The fibrillar collagen network of cardiac ECM forms a structural, functionally 

important, continuum in the entire heart including the myocardium, cardiac valves, 



 47

chorda tendinae and perivascular matrix (Fedak et al. 2005a). Further, the ECM is 

a dynamic scaffold, composed of complex mixtures of proteins that play a pivotal 

role in tissue morphogenesis, maturation, function and response to various 

physiological and pathological stimuli. The ECM interacts with cellular 

components, modifies cellular and molecular signalling, and thus, regulates the 

function, proliferation, differentiation, migration, adhesion and survival of cells 

(Jane-Lise et al. 2000). The mechanisms by which ECM contributes to the 

cellular processes include matricellular signalling through adhesion receptors, 

matricrine signalling by regulation of the presentation and availability of growth 

factors and cytokines to cells, as well as mechanical signalling by transduction 

and resistance of haemodynamic and cell-generated forces (Chen & Simmons 

2011). Tissue cell characteristics and phenotype depend on the nature and 

organization of the ECM. At the same time, specific cells in tissues synthesize 

ECM components. In the heart these cells are mainly cardiac fibroblasts and in 

the aortic valves valvular interstitial cells (VICs) (Brown et al. 2005, Rajamannan 
et al. 2011). Indeed, cells and ECM interact in a bidirectional manner, which has 

been referred to as dynamic reciprocity (Schultz & Wysocki 2009). 

ECM remodelling implies an alteration in the ECM composition, 

organization and distribution. The synthesis and deposition of ECM is regulated 

by local and circulating neurohumoral systems (e.g. RAS), growth factors such as 

TGF-β, cytokines and mechanical strain. The degradation of matrix elements is 

primarily the result of the activity of MMPs (Fedak et al. 2005a). The balance 

between ECM synthesis and degradation determines the amount of ECM. It is 

estimated that normally the ECM collagen turnover rate is about 0.6% per day 

with a protein half-life of 80–120 days (Fedak et al. 2005a). In pathological 

conditions the balance of ECM turnover is disturbed. The essential role of ECM 

in different cardiovascular pathologies is becoming increasingly apparent 

(Dobaczewski et al. 2010, Fedak et al. 2005a, Jane-Lise et al. 2000, Miller et al. 
2011). The ECM has been especially observed to function in the regulation of 

inflammation, fibrosis, calcification and angiogenesis (Chen & Simmons 2011, 

Jourdan-Lesaux et al. 2010, Mustonen et al. In press). 
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2.5.1 Structure of extracellular matrix 

Heart 

In cardiac ECM the structural proteins, primarily collagen and elastin, support the 

cardiac cells, participate in transmission of myocyte-generated mechanical force 

and give the heart tensile strength and resilience during the heart cycle (Jugdutt 

2003). The fibrillar collagen is organized in layers that surround and interconnect 

individual and groups of myocytes (Fig. 6). The intricate collagen weave is 

responsible for much of LV passive diastolic stiffness (Lorell & Carabello 2000). 

Fig. 6. A schematic picture of the structural arrangement of cardiac collagen layers in 

relation to cardiac myocytes and the coronary vasculature. The endomysium supports 

and connects individual myocytes. The perimysium envelops the group of myocytes 

forming fibre bundles. The epimysium surrounds the fibre bundles. Adapted from 

Brown et al. 2005. 

The main components of cardiac ECM are listed in Table 4. Briefly, 

glycosaminoglycans (GAGs) and proteoglycans (i.e. molecules with a core 

protein and one or more covalently attached chain of GAGs) are hydrophilic 

molecules surrounding other ECM proteins and are responsible for hydration of 

the ECM, and thus, support the diffusion of nutrients, metabolites, growth factors 

and cytokines (Schultz & Wysocki 2009). Proteoglycans are generally known to 

influence a variety of biological processes including cell growth, collagen 
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fibrillogenesis, tissue organization and activity of growth factors (Iozzo 1998). In 

the cardiac myocardium proteoglycans may act as a lubricant of tissue contraction 

(Fedak et al. 2005a). Fibronectin, laminin and other adhesive proteins modulate 

cardiac cell growth, differentiation, proliferation, migration, adhesion and 

survival (Jane-Lise et al. 2000). Integrins are transmembrane mechanoreceptors, 

which transmit the signalling between ECM and cells, and are shown to be 

involved in cardiac hypertrophic remodelling in response to adrenergic 

stimulation (Jane-Lise et al. 2000). In addition, the cardiac ECM contains 

multiple bioactive non-structural molecules, such as matricellular proteins and 

other glycoproteins, which may play a significant role in pathological cardiac 

remodelling. 

Table 4. Composition of myocardium and the functions of the extracellular matrix 

(ECM) components and the cells. Modified from Jugdutt 2003. 

Cardiac 

tissue 

Main components Main function 

ECM Collagen fibrils  Structural support and transmission of force 

 Type I (85%) Tensile strength 

 Type III (11%) Resilience 

 Elastin Resilience, cardiac wall stretch and relaxation 

 Glycosaminoglycans Support the metabolic needs of the ECM 

 Proteoglycans Myocyte nutrition and function as lubricant 

 Integrins Cell-cell and cell-ECM interactions 

 Fibronectin and laminin Adhesive fibrous proteins 

Cells Myocytes1 Contraction 

 Non-myocytes  

 Fibroblasts2 Produce collagens and convert to myofibroblasts after injury 

 Other3 E.g. inflammatory response 
1Myocytes’ portion of total cell content is 25% by number and 90% by cell mass. 2Fibroblasts’ portion of 

non-myocytes is 90–95% by cell mass. 3Includes macrophages, plasma cells, endothelial cells, smooth 

muscle cells, pericytes and neurons. 

Aortic valve 

The normal aortic valve leaflet is less than one millimeter thick and comprises 

three distinct layers with different ECM and cellular content (Table 5). The 

closest layer to the left ventricle, i.e. the inflow layer, is the ventricularis. It is 

relatively thin and primarily composed of elastin fibres that are oriented radially 

and perpendicular to the leaflet margin. The organization of the ventricularis 
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reduces radial strains in the fully opened valve and aids in recoil. The next layer, 

in the middle of the valve, is called spongiosa. The spongiosa is characterized by 

a loose texture resulting from the abundance of GAGs (mostly hyaluronic acid) 

and proteoglycans, and only scattered fibres of collagen are present. Its 

construction enables lubrication of the adjacent layers during leaflet motion and 

pressurization. The outflow layer, on the aortic side of the leaflet, is the main 

load-bearing layer. It is named the fibrosa and comprises the type I and III 

fibrillar collagens, which are arranged circumferentially and parallel to the leaflet 

margin. The regular orientation of collagen fibrils in the fibrosa is fixed by 

proteoglycans. In addition to the above mentioned main components, the adhesive 

proteins fibronectin and laminin as well as several non-structural ECM proteins 

are found in the ECM of aortic valve cusps. (Chen & Simmons 2011, Freeman & 

Otto 2005, Lehmann et al. 2009, Miller et al. 2011)  

Table 5. Composition of the aortic valve and the functions of the different 

layers/components. The heterogeneous extracellular matrix (ECM) in the aortic valve 

is spatially specific. 

Valvular 

tissue 

Valve layer Main 

component 

Function 

ECM Fibrosa Collagen Structural support, strength and stiffness 

 Spongiosa GAGs, 

proteoglycans

Flexibility and plasticity; facilitates the relative rearrangements 

of the fibrosa and ventricularis layers during the cardiac cycle 

 Ventricularis Elastin Resilience, cuspal tissue tightness and relaxation 

Cells All above VICs Synthesis of ECM and matrix-degrading enzymes; convert to a 

variety of other cell types (e.g. myofibroblasts and osteoblasts); 

heterogeneity of phenotype in distinct locations within the leaflet 

 Endothelium VECs Cover cusps; interact with VICs and circulating cells; potentially 

mediate valvular remodelling by regulating permeability and 

adhesiveness to inflammatory cells 

GAGs, glycosaminoglycans; VECs, valvular endothelial cells; VICs, valvular interstitial cells 

2.5.2 Inflammation 

The persistent activation of the immune system in pathological cardiac 

remodelling and in fibrocalcific aortic valve disease is evident. Both systemic and 

local immune systems may be recruited and affect ECM remodelling through 

several inflammatory mediators, including growth factors, cytokines and 

inflammatory cells. Some of the pivotal factors are TGF-β, interleukin (IL)-1, and 
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tumour necrosis factor (TNF)-α. For example TGF-β activates fibroblasts and 

promotes ECM accumulation (Leask 2010). IL-1β and TNF-α are involved in 

activation of MMPs (Dobaczewski et al. 2010). Further, MMPs can modulate the 

biological activity of cytokines and chemokines, and collagen fibres degraded by 

MMPs exert potent pro-inflammatory actions (Gonzalez et al. 2011). TNF-α can 

also induce AT1-R upregulation (Nian et al. 2004). Leukocytes infiltrate injured 

tissue and secrete pro-inflammatory cytokines and proteases.  

After MI, an immune response is triggered by the antigens exposed by cell 

destruction in the post-infarction myocardium (Mustonen et al. In press). The 

complement system is rapidly activated after MI, and the chemokine, cytokine 

and adhesion molecule expression is increased, including IL-1β, IL-6 and TNF-α, 

which leads to recruitment of leukocytes in the infarct area (Dobaczewski et al. 
2010). TGF-β and IL-10 suppress the inflammatory reaction, and activated 

macrophages express ACE, thus participating in local RAS signalling (Sutton & 

Sharpe 2000). The elevation of cytokine expression both in the infarct area and in 

the non-infarcted myocardium precedes the increase expressions of ANP and BNP 

in the remote myocardium (Nian et al. 2004). 

The immune system is also activated by the myocardial cytokine release 

subsequent to haemodynamic stress (Mustonen et al. In press). The elevated 

circulating levels of pro-inflammatory cytokines, such as TNF-α, have been found 

in HF patients (Mustonen et al. In press). In a murine model of haemodynamic 

overload -induced HF, increased expressions of TNF-α, IL-2 and ET-1 were 

detected (Celis et al. 2008). Interestingly, another study of mice with HF 

indicated that inhibition of TNF-α-dependent inflammation and oxidative stress 

attenuates myocardial remodelling and LV dysfunction (Gonzalez et al. 2011). In 

addition, some evidence of the role of inflammation signalling pathways in HF 

exists. In cardiomyocytes prolonged activation of nuclear factor (NF)-κB, the 

transcription factor regulating inflammatory and stress responses as well as cell 

survival, has been shown to promote enhanced production of cytokines, such as 

TNF-α, IL-1 and IL-6, and subsequent cell death and the progression of HF 

(Gonzalez et al. 2011). 

In the patients with CRI, the inflammatory system is commonly activated and 

it has been demonstrated to be a strong predictor of increased cardiovascular 

mortality (Gross & Ritz 2008). It has been proposed that chronic kidney 

dysfunction stimulates oxidative stress and inflammation through dyslipidemia, 

accumulation of uremic toxins or activation of RAS (Schiffrin et al. 2007). 

Among others, the serum levels of c-reactive protein (CRP), TNF-α and IL-6 are 
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shown to be elevated (Schiffrin et al. 2007). Activation of the circulating immune 

system may contribute to endothelial dysfunction, a potential trigger of the local 

inflammatory response (Schiffrin et al. 2007). An increased myocardial IL-6 

expression has been associated with progressive deterioration of cardiac function 

in rats with mild renal insufficiency (Martin et al. 2012). 

In AS patients systemic inflammation may also play a part in the disease 

pathology, as elevated levels of CRP and the adhesion molecule E-selectin have 

been measured in the circulation (Helske et al. 2007b). In atherosclerotic lesions 

the inflammatory cell infiltration is a response to the endothelial injury, and 

similarly, in aortic valves an immune response activation may result from 

mechanical strain and damage to the leaflet endothelium. Activated macrophages, 

T lymphocytes and mast cells are present in the calcified aortic valves and the 

complement system is activated (Helske et al. 2007b). Inflammatory cells secrete 

a set of potent remodelling factors, such as TNF-α, TGF-β1, VEGF, IL-1β, MMPs 

and proteases chymase and cathepsin G, which have been detected from stenotic 

aortic valves (Helske et al. 2007b, Kaden et al. 2005). With relation to 

inflammation pathways, activated Akt, the stimulator of NF–κB, has been 

observed in vitro to be a potential inhibitor of calcification induction in VICs (Yip 
et al. 2009). 

2.5.3 Fibrosis 

In the fibrotic remodelling of the ECM, both the synthesis of collagen and the 

degradation of the physiological collagen scaffold are altered. Moreover, there are 

alterations in collagen cross-linking, organization, and the ratios between collagen 

types and between collagen and elastin (Berk et al. 2007, Chen & Simmons 2011, 

Fedak et al. 2005a). For instance, an elevated collagen I-to-collagen III ratio has 

been observed in ischaemic cardiomyopathy (Brown et al. 2005). In stenotic 

aortic valves, elastin degradation results in an elevated collagen-to-elastin ratio 

(Helske et al. 2007b). The main patterns of fibrosis in the myocardium are 

reparative and reactive fibrosis. Briefly, reparative fibrosis replaces myocytes lost 

by necrosis e.g. subsequent to MI, whereas reactive fibrosis comprises 

inappropriate accumulation of endomysium and perimysium (i.e. interstitial 

fibrosis) and fibrotic tissue around intramural coronary arterial vasculature. In 

aortic valves, increased accumulation of disorganized collagen fibres is seen 

primarily in the fibrosa, but also in the ventricularis (Chen & Simmons 2011). 
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Pro-inflammatory factors, neurohumoral systems and mechanical stress 

modify collagen synthesis and deposition in myocardium and aortic valves during 

ECM remodelling. In the pathogenesis of cardiac remodelling and fibrocalcific 

aortic valve disease, the synthesis of fibrillar collagen is regulated by activated 

myofibroblasts, characterized by the expression of the contractile protein α-

smooth muscle actin (α-SMA). Myofibroblasts are derived from cells of different 

origins, such as endothelial cells via an endothelial-mesenchymal transition, 

resident fibroblasts (or VICs in aortic valves), and a set of circulating progenitor-

cells (e.g. fibrocytes) (Rajamannan et al. 2011, Zeisberg & Kalluri 2010). 

However, there is evidence that intrinsic phenotypic heterogeneity exists among 

the fibroblasts from different tissues, and thus, significant variations may occur in 

responses to specific cytokines, for example, with regard to fibroblast 

proliferation, chemotaxis and synthesis of ECM proteins (Brown et al. 2005). 

In the myocardium, the phenotypic modulation to myofibroblasts is 

stimulated primarily by the Ang II/TGF-β/ET-1 pathway in concert with 

connective tissue growth factor (CTGF) and platelet-derived growth factor 

(PDGF) (Leask 2010). Ang II stimulates the mRNA and protein expression of 

TGF-β1 in cardiac myocytes and fibroblasts, and TGF-β is able to induce the 

expression of ET-1. The receptors for Ang II, ET-1 and TGF-β are also expressed 

in myofibroblasts and they directly stimulate cardiac myofibroblasts to produce 

fibrillar collagen (Brown et al. 2005, Dobaczewski et al. 2011). Indeed, the recent 

study of endomyocardial biopsies from HF patients with preserved LVEF showed 

that myocardial collagen accumulation was accompanied with a subset of 

inflammatory cells expressing TGF-β, and further, that the fibroblasts from the 

biopsies transdifferentiated to myofibroblasts, produced more collagen and less 

MMP-1, the major collagenase in the human heart, when stimulated with TGF-β 

(Westermann et al. 2011). In a rat model of mild renal impairment, reactive 

cardiac fibrosis was accompanied by increased expression of TGF-β2 and CTGF 

genes (Martin et al. 2012). Of note, in subtotally nephrectomised rats the potency 

of PTH to activate cardiac interstitial fibroblasts, and the additive effect of high 

phosphate levels on myocardial fibrosis, have been indicated (Gross & Ritz 2008). 

Similarly to myocardium, in the aortic valves TGF-β1 may induce cell 

transdifferentiation into myofibroblasts (Chen & Simmons 2011, Miller et al. 
2011). It has been suggested that in aortic valves, mechanical tension of the ECM 

is needed for the TGF-β1-induced myofibroblast differentiation (Chen & 

Simmons 2011). However, the observation that AT1-R blockade prevented 

myofibroblast activation in the early stage of hyperlipidemia-induced valve 
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disease in rabbits, also implicate the potential involvement of the RAS system in 

the fibrotic remodelling of aortic valves (Miller et al. 2011). In addition, fibrosis 

may be promoted by degradation of the anti-fibrotic bradykinin by specific 

enzymes, including ACE (Helske et al. 2007c). 

Collagen turnover is increased in pathological ECM remodelling. 

Degradation of collagen fibrils is accomplished by several MMPs and other 

proteases. In particular, the role of gelatinases (i.e. MMP-2 and MMP-9) is 

established both in myocardial and valvular fibrotic remodelling (Fedak et al. 
2005a, Helske et al. 2007b). Myocardial MMP-9 is consistently expressed and 

activated in HF, and in gene deletion studies, the absence of MMP-9 has been 

observed to associate with reduced collagen deposition and the extent of 

myocardial injury specifically in ischaemic cardiac remodelling (Fedak et al. 
2005a). Elevated serum MMP-2 also associates with diastolic dysfunction and 

clinical HF (Drazner 2011, Martos et al. 2009). In fibrocalcific aortic valve 

disease, the valvular expression and activation of MMP-2 and MMP-9 are 

increased (Helske et al. 2007b). Imbalance between MMPs and the tissue 

inhibitors of metalloproteinases (TIMPs) may favour adverse matrix remodelling 

(Fedak et al. 2005a, Helske et al. 2007b). Interestingly, the collagen fragments, 

resulting from collagen degradation, are also biologically active, and in turn, able 

to regulate inflammatory, fibrotic and angiogenic responses in the ECM (Jourdan-

Lesaux et al. 2010). 

2.5.4 Calcification 

Pathological cardiovascular calcifications (i.e. hydroxyapatite crystals composed 

of calcium and phosphate deposits) are typical findings in ECM remodelling 

related to chronic reno-cardiac syndrome and AS. Patients with chronic renal 

failure have increased prevalence of calcifying atherosclerosis and calcifying 

valvular heart disease (Schiffrin et al. 2007). Calcification may occur in the 

vascular media, smooth muscle cells, elastic laminae of arteries and the 

myocardium (Amann 2008, Schiffrin et al. 2007). In the pathogenesis of AS, 

ECM calcification of aortic valves is the most prominent feature, and occurs early 

and is more substantial compared to similar histopathologies including 

atherosclerosis of the arterial vasculature (Freeman & Otto 2005). Cardiovascular 

calcification is a cell-mediated process regulated by numerous molecules 

including cytokines, growth factors and ECM proteins such as osteopontin and 

MGP (Amann 2008, Speer & Giachelli 2004). When the balance between 
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procalcific and anti-calcific regulatory proteins is disturbed, pathologic ectopic 

calcification may take place (Bucay et al. 1998, Luo et al. 1997, Steitz et al. 
2002). Vascular calcification has several similarities with bone formation, such as 

the presence of matrix vesicles, and occasionally, distinct signs of active lamellar 

or endochondral bone formation are seen (Amann 2008, Freeman & Otto 2005).  

The valvular and vascular calcifications found in uremic patients are thought 

to result from dysregulation of mineral metabolism, high calcium loads and high 

calcium-phosphorus products, and a sustained inflammatory response (Gross & 

Ritz 2008). High intracellular calcium and phosphate concentrations as well as 

pro-inflammatory cytokines (e.g. TNF-α) have been shown to induce phenotypic 

transdifferentiation of smooth muscle cells into active, alkaline phosphatase 

expressing, osteoblast-like cells (Amann 2008, Schiffrin et al. 2007). These cells 

are responsible for ECM mineralization as they express genes associated with 

bone metabolism and produce hydroxyapatite crystals (Amann 2008, Schiffrin et 
al. 2007). Further, osteogenic activity in the cardiovascular system of the patients 

with CRI may also induce a significant fibrotic response. Hydroxyapatite crystals 

activate the local inflammatory system (Amann 2008). Moreover, in the patients 

with chronic renal disease, levels of fibroblast growth factor (FGF)-23 secreted by 

osteoblasts and osteocytes are elevated and correlate with concentric LVH 

(Cerasola et al. 2011). FGF-23 normally regulates serum phosphate 

concentrations, but it has been suggested that surplus concentrations may non-

selectively activate pro-fibrotic FGF-receptors (Cerasola et al. 2011). 

In the pathogenesis of fibrocalcific aortic valve disease, similarly to 

phenotypic modulation of myofibroblasts, a set of VICs and other cells 

transdifferentiate into osteoblasts (Rajamannan et al. 2011). Cells with an 

osteoclast-like phenotype have also been detected from calcified aortic valves 

(Miller et al. 2011). Since no definite data exists, there are only hypotheses 

concerning factors, such as oxidative stress, RAS activation as well as TNF-α, 

regulating phenotypic transdifferentiation and the induction of an osteogenic 

response in AS (Miller et al. 2011). On the basis of atherosclerosis and in vitro 

studies of aortic valve myofibroblasts, it has been suggested that induction of the 

receptor activator of NF-κβ (RANK) ligand/RANK-system is an important 

promoter of calcification in AS (Miller et al. 2011). Osteogenic signalling 

cascades, especially those of BMP and Wnt/β-catenin, have been shown to be 

activated in calcified aortic valves (Miller et al. 2011). Moreover, the importance 

of bone-related non-collagenous ECM proteins, such as MGP and periostin, in 

aortic valve calcification has been established, although their complex roles in 



 56

orchestrating ECM mineralization are still unclear (Chen & Simmons 2011, Price 
et al. 1998). 

2.6 Non-collagenous extracellular matrix proteins in cardiac 
remodelling and calcific aortic valve disease 

Under conditions of pathological cardiovascular tissue remodelling, the synthesis 

and degradation of non-collagenous ECM proteins is altered. The expression of 

ECM components normally synthesized in other tissues, such as bone, or 

involved only in development, is particularly characteristic. ECM proteins 

constitute an intricate system that modifies the tissue remodelling process in a 

spatiotemporal manner. Interestingly, during disease progression the same ECM 

protein may exert pathologically opposing actions depending on the local 

environment, and thus, does not play a simple beneficial or detrimental role in 

disease progression (Chen & Simmons 2011). ECM proteins mediate their 

function by affecting cell-cell, matricellular and matricrine signalling, as well as 

binding other ECM components and minerals such as calcium. For instance, the 

activation, function and metabolic activity of TGF-β is a target of several ECM 

proteins, which hereby may modulate fibrogenesis in pathological tissue 

remodelling (Dobaczewski et al. 2011). With respect to cardiac remodelling and 

fibrocalcific aortic valve disease, ECM proteins are suggested to play a 

determining role. Indeed, data from integrated genetic and genomic analyses in 

rats, mice and humans implicate the ECM protein osteoglycin as a key regulator 

of LVH in response to extrinsic stimuli (Petretto et al. 2008). In turn, an 

extracellular glycoprotein chondromodulin-I appears to be important for 

maintaining homeostasis of aortic valve ECM, and knockout mice for this protein 

develop many features similar to AS (Chen & Simmons 2011). 

The induction of a distinct subgroup of non-structural ECM proteins in 

cardiovascular pathology is also acknowledged. These glycoproteins, 

characteristically expressed during development and in tissue injury, are named 

matricellular proteins as they modulate cell-cell and cell-matrix interactions 

(Bornstein & Sage 2002). Whereas a targeted gene disruption of many other ECM 

proteins in rodents have been shown to produce a lethal or severely affected 

phenotype (e.g. by deformations and idiopathic calcifications), the phenotype of 

mice lacking a matricellular protein is usually grossly normal, but is exacerbated 

upon injury (Bornstein & Sage 2002, Bucay et al. 1998, Luo et al. 1997, Rios et 
al. 2005). Indeed, increased adverse cardiac remodelling, and often mortality, in 
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response to pressure overload or MI-induced cardiac injury have been 

demonstrated in knockout mice for matricellular proteins, including osteopontin, 

periostin and thrombospondins (TSPs) (Norris et al. 2009, Schellings et al. 2009, 

Trueblood et al. 2001). In stenotic aortic valves, induced expression of 

mineralization-related matricellular proteins such as bone sialoprotein, 

osteopontin and tenascin-C, and neovascularization-related SPARC (i.e. secreted 

protein acidic and rich in cysteine) has been detected (Charest et al. 2006, Jian et 
al. 2001, O'Brien et al. 1995, Rajamannan et al. 2003). Contradictory to the 

potential protective role of matricellular proteins in cardiac remodelling, 

periostin-null mice developed attenuated features of fibrocalcific aortic valve 

disease in response to atherogenic stimulus by a high-fat diet (Hakuno et al. 2010). 

This emphasizes the noteworthy but complex role of matricellular proteins in 

cardiovascular pathology. 

2.6.1 Matrix Gla protein 

A potent regulator of ECM remodelling, and in particular calcification, is an ECM 

protein MGP (Table 6). MGP is expressed in bone, cartilage and many soft tissues 

such as heart, lung and kidney (Fraser & Price 1988, Hale et al. 1988). A variety 

of cell types express MGP including osteoblasts, chondrocytes (Barone et al. 
1991), endothelial cells (Bostrom et al. 2004), vascular smooth muscle cells 

(VSMCs) (Shanahan et al. 1993), cardiac myocytes (Fraser & Price 1988), 

fibroblasts (Cancela & Price 1992), macrophages (Shanahan et al. 1994) and 

sympathetic neurons (Moon & Birren 2008). The first observation of the function 

of MGP as a cardiovascular calcification inhibitor was made in MGP deficient 

mice, which developed non-atherosclerotic arterial calcification of the aorta, 

coronary arteries and aortic valves (Table 7) (Luo et al. 1997). In humans, 

mutation of MGP gene results in extensive vascular calcifications (Meier et al. 
2001) and decreased expression of MGP is detected in the areas of calcification 

within the vessel walls (Tyson et al. 2003). Contrary findings show that MGP 

accumulates around arterial calcifications, but in these cases the protein is 

demonstrated to be in its uncarboxylated form (Schurgers et al. 2005). Although 

uncarboxylated MGP levels in serum have been reported to correlate negatively 

with cardiovascular calcification (Cranenburg et al. 2008), it seems that local 

MGP expression is essential since circulating MGP does not affect the arterial 

calcification in MGP deficient mice (Murshed et al. 2004). However, a role of 

MGP in cardiovascular pathology extends beyond calcification as it has been 
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observed to modify vascular formation (Yao et al. 2011). Increased MGP gene 

expression in myocardium is also linked with acute and chronic pressure overload 

and LVH in mice (Mirotsou et al. 2006, Weinberg et al. 2003) and humans 

(Hwang et al. 2000) as well as with HF in mice (Blaxall et al. 2003) and rats 

(Rysa et al. 2005).  

MGP is comprised of 84 amino acids and contains three sites of serine 

phosphorylation and five glutamic acid (Glu) residues, which are post-

translationally modified to γ-carboxyglutamic acid (Gla) by vitamin K-dependent 

γ–glutamyl carboxylase (Fig. 7) (Price et al. 1983, Price et al. 1998). A direct 

interaction with calcium phosphate and the subsequent hydroxyapatite growth 

restricting function of MGP involves γ-carboxylation and phosphorylation 

(O'Young et al. 2011). Thus warfarin, which interferes with γ-carboxylation, 

restrains MGP calcium binding and probably renders MGP non-functional. Indeed, 

warfarin-medication has been shown to be associated with cardiovascular 

calcifications in humans and rats (Price et al. 1998, Schurgers et al. 2004). 

However, γ-carboxylation and phosphorylation may not be essential for all MGP 

mediated actions, as the binding site for the ECM protein vitronectin at the 

carboxyl-terminal region of MGP did not contain phosphoserines or Gla amino 

acids (Nishimoto & Nishimoto 2005). 

Fig. 7. A schematic diagram of the matrix Gla protein showing sites for serine 

phosphorylation (P) and γ-carboxylation (γ). The single disulphide bond joins cys54 

and cys60. Binding regions for bone morphogenetic protein (BMP)-2 and vitronectin 

are indicated. Modified from Nishimoto & Nishimoto 2005. 

In addition to the direct effect on mineralization through calcium and 

hydroxyapatite binding, MGP is able to prevent osteogenic differentiation by 

inhibiting the activation of BMP-2 and BMP-4 (Bostrom et al. 2001, Yao et al. 
2008). BMP-2 inhibition may also impede VSMC apoptosis (Proudfoot & 

Shanahan 2006) and hyperlipidemia-induced vascular inflammation and oxidative 
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stress (Derwall et al. 2012). Further, the calcium-independent ECM binding 

properties of MGP suggests that besides calcification inhibition it has other 

regulatory roles in cell-matrix interactions. One of the potential mechanisms is 

modification of TGF-β activity. Indeed, in vitro MGP enhances TGF-β1 activity 

and subsequent angiogenetic VEGF release in endothelial cells (Bostrom et al. 
2004). On the other hand, TGF-β can regulate MGP expression in a cell type 

specific manner (Proudfoot & Shanahan 2006). Table 6 summarizes the potential 

mechanism of MGP action in ECM remodelling. 

Table 6. The potential mechanisms of matrix Gla protein (MGP) action in extracellular 

matrix (ECM) remodelling. Modified from Proudfoot & Shanahan 2006.  

MGP binding target Effect 

Calcium ions Clearance of excess calcium to the circulation 

 Modification of intracellular calcium homeostasis 

Calcium phosphate Inhibition of hydroxyapatite growth 

BMP-2 and -4 Inhibition of osteoinduction e.g. osteogenic differentiation 

 Inhibition of hyperlipidemia-induced vascular inflammation and oxidative stress 

 Inhibition of apoptosis 

TGF-β Promotion of TGF-β-mediated processes such as fibrosis and angiogenesis 

ECM components  

Elastin fibres Prevention of calcification nidus formation 

Vitronectin Modification of activity in regulating TGF-β, BMPs and calcification 

 Regulation of cell-matrix interactions including cell migration 

BMP, bone morphogenetic protein; TGF-β, transforming growth factor-β 

2.6.2 Periostin 

Periostin (also known as osteoblast specific factor-2) is a typical matricellular 

protein as it modifies cell-matrix interactions and cell functions during 

development and in adult tissues undergoing remodelling or active stress. 

Periostin was originally identified from mouse osteoblastic cells (Takeshita et al. 
1993) and thereafter, its expression has also been detected in mesenchymal 

stromal cells (Coutu et al. 2008), epithelial cells (Woodruff et al. 2007), 

fibroblasts (Shimazaki et al. 2008), and VSMCs (Li et al. 2006). Periostin 

functions in cancer invasion (Malanchi et al. 2011, Yoshioka et al. 2002) as well 

as in remodelling of tissues such as bone, tooth (Rios et al. 2005), brain 

(Shimamura et al. 2012), kidney (Guerrot et al. 2012), lung (Uchida et al. 2012), 

skin (Ontsuka et al. 2012) and heart (Norris et al. 2009). In particular, periostin 
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has emerged as important for cell adhesion, collagen fibrillogenesis and overall 

organization of the ECM. Indeed, the lack of periostin expression in mice results 

in ECM alterations that are reflected as structural valvular and craniofacial 

anomalies, defective tooth development and lower overall body weight (Snider et 
al. 2009). Neonatal lethality in periostin-null mice is increased, which is proposed 

to be a consequence of cardiac valve insufficiency characterized by shortened and 

thickened leaflets with large acellular ECM deposits (Table 7) (Rios et al. 2005). 

In addition to fibrous tissue development and maturation, periostin contributes to 

ECM mineralization (Coutu et al. 2008, Horiuchi et al. 1999, Tkatchenko et al. 
2009).  

In murine aortic valves, periostin represses an osteogenic program and 

promotes fibrosis, angiogenesis and expression of MMPs (i.e. MMP-2 and -13), 

as evidenced by studies with periostin-null mice (Hakuno et al. 2010, Tkatchenko 
et al. 2009). Increased periostin expression is detected from failing human hearts 

(Litvin et al. 2006). In a rat model of HF, the inhibition of periostin has been 

shown to improve cardiac function, and thus survival (Katsuragi et al. 2004). 

Furthermore, overexpression of periostin in rat heart led to significantly increased 

fibrosis, LV dilatation and cardiac dysfunction (Table 8) (Katsuragi et al. 2004). 

However, in periostin-inducible transgenic mice normal ventricular performance 

was maintained despite cardiac hypertrophy (Oka et al. 2007). In myocardial 

injury, periostin is induced both in the infarct and in remote areas after MI in mice 

and humans (Oka et al. 2007, Shimazaki et al. 2008) and in response to pressure 

overload in mice (Oka et al. 2007). Moreover, whereas periostin-null mice have 

attenuated adverse cardiac remodelling (i.e. less fibrosis and hypertrophy) after 

pressure overload and post-infarction (Table 8), they are more prone to cardiac 

rupture after MI as a consequence of decreased recruitment of myofibroblasts and 

impaired collagen fibre formation in the infarct lesion (Oka et al. 2007, 

Shimazaki et al. 2008). Periostin overexpression in mice seemed to protect from 

myocardial wall rupture post-infarction (Table 8) (Oka et al. 2007). In addition, 

increased periostin expression is associated with ECM remodelling in 

myocardium along with extensive dystrophic calcification of mice with cardiac 

myocyte-specific deletion of β1-integrin (Elsherif et al. 2008), in balloon-injured 

left carotid arteries (Li et al. 2006), and in abdominal aortic aneurysms 

(Didangelos et al. 2011), as well as with pathological angiogenesis (Mustafa et al. 
2012). 

Periostin is a 90 kDa matricellular protein and contains four cellular adhesion 

and movement promoting fasciclin I domains which bind to BMP-1 and tenascin-
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C; an EMI domain which serves as a binding site for ECM proteins and receptors 

including type I collagen, fibronectin and Notch1; and a heparin-binding 

carboxyl-terminal domain (Kudo 2011). It has been proposed that proteolytic 

cleavage at the carboxy-terminal end would be needed for association of periostin 

with tenascin-C (Kudo 2011). Similarly to MGP, periostin is a Gla-containing 

protein, but the significance of γ-carboxylation on periostin function is unknown 

(Coutu et al. 2008). Interestingly, several splicing variants of the periostin gene 

have been discovered, and there is evidence that differences between these 

isoforms may be of functional significance (Horiuchi et al. 1999, Litvin et al. 
2006, Shimazaki et al. 2008). For instance, one of the isoforms, named periostin-

like factor (PLF), is expressed in cardiac myocytes and the PLF overexpression 

results in hypertrophy of cardiac myocytes (Litvin et al. 2006). The alternative 

splicing also has an impact on the secretion of periostin, and thus it determines 

the function of periostin (Kudo 2011). 

 Secreted periostin can serve as a ligand for selected integrins, such as αvβ3 

in cardiac fibroblasts, and thus, affects the ability of cells to migrate and undergo 

transdifferentiation. Indeed, in embryos periostin is involved in the epithelial-

mesenchymal transition and promotes differentiation of mesenchymal progenitor 

cells into fibroblasts while inhibiting their differentiation into cardiomyocytes 

(Norris et al. 2009). In fibrotic processes in adult, periostin enhances cellular 

transdifferentiation to myofibroblasts, and increases the motility, contractility and 

ECM protein synthesis of these cells (Ontsuka et al. 2012, Shimazaki et al. 2008). 

The role of periostin in osteoblast differentiation and mineralization is restrictive 

as described in in vitro studies (Beck et al. 2003). Periostin interaction with BMP-

1 promotes collagen cross-linking, whereas binding to tenascin-C, collagen and 

fibronectin possibly stabilizes the ECM architecture when the tissue adapts to 

mechanical stress (Kudo 2011). It has been suggested that periostin may be 

required to promote TGF-β-induced fibrotic remodelling in the heart (Snider et al. 
2009). Periostin may also promote a pathological fibrotic response by the 

induction of chemokines and subsequent recruitment of inflammatory cells, as in 

a study of pulmonary fibrosis, periostin-deficient fibroblasts produced little or no 

chemokines in response to TNF-α (Uchida et al. 2012). In myocardium, periostin-

null mice show less inflammatory cell recruitment post-infarction (Oka et al. 
2007). However, there are also contradictory results demonstrating no difference 

in the numbers of inflammatory cells in the infarct border area between periostin-

null and normal mice (Shimazaki et al. 2008). 
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RAS and TGF-β signalling are potentially the major inducers of periostin in 

cardiac remodelling. TGF-β induces periostin expression, for example, in human 

dermal fibroblasts (Ontsuka et al. 2012) and in mouse osteoblasts (Horiuchi et al. 
1999). Similarly, it has been shown that periostin expression in the infarct border 

area is blocked by anti-TGF-β antibody treatment (Shimazaki et al. 2008). Ang II 

induces periostin expression in fibroblasts and VSMCs, and moreover, an AT1-R 

antagonist decreases the cardiac expression of periostin (Iekushi et al. 2007, Li et 
al. 2006, Li et al. 2011). Other possible regulators of periostin include mechanical 

stress (Iekushi et al. 2007, Snider et al. 2009), BMP-2 (Horiuchi et al. 1999, Ji et 
al. 2000), FGFs (Li et al. 2006), IL-4, IL-13 (Ontsuka et al. 2012), and PDGF 

(Iekushi et al. 2007). 

Table 7. Summary of atherosclerotic or aortic valvular changes in transgenic studies 

of the non-collagenous extracellular matrix proteins. 

Protein Transgenic 

model 

Atherosclerotic or aortic valvular outcome Reference 

MGP Deficiency (-/-) Extensive calcifications of vasculature and 

aortic valves 

Luo et al. 1997, 

Murshed et al. 2004 

Periostin Deficiency (-/-) Deformation of aortic valves, development of 

calcific aortic valve disease 

Rios et al. 2005, 

Tkatchenko et al. 2009 

BMP-2  ND  

Bone 

sialoprotein 

Overexpression No cardiovascular calcifications Valverde et al. 2008 

Osteopontin Deficiency (-/-) Decreased atherosclerosis in response to 

atherogenic stimulus 

Matsui et al. 2003, 

Strom et al. 2004 

  Accelerated and enhanced calcification of 

subcutaneously implanted aortic valve 

leaflets 

Steitz et al. 2002 

 Overexpression Promotion of atherosclerotic lesions in 

response to a high fat diet 

Chiba et al. 2002 

Pleiotrophin  ND  

Osteoactivin  ND  

Osteoprotegerin Deficiency (-/-) Arterial calcifications, accelerated 

progression of atherosclerosis and 

calcification in apoE deficient mice 

Bennett et al. 2006, 

Bucay et al. 1998 

TSP-2  ND  

BMP-2, bone morphogenetic protein-2; MGP, matrix Gla protein; ND, not defined; TSP-2, 

thrombospondin-2 
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2.6.3 Bone morphogenetic proteins 

BMPs are multifunctional ECM proteins that are involved in a variety of 

biological processes: physiological phenomena during embryonic development 

and in post-natal and adult cellular functions (Chen et al. 2004a), as well as 

pathophysiological conditions including metabolic and vascular diseases and 

cancer (Kim & Choe 2011). Indeed, it has been proposed that these proteins 

should be more representatively renamed body morphogenetic proteins because 

they play a role in several tissues contributing to early embryonic patterning, cell 

differentiation, organogenesis, tissue homeostasis and ECM remodelling (Reddi 

2005). BMPs have been associated with at least brain, cartilage, eye, heart, kidney, 

liver, lung, neural, skin and tooth development (Chen et al. 2004a, Reddi 2005). 

The original name, however, is derived from the discovery of BMPs as major 

osteoinductors and important regulators of bone and cartilage formation (Wozney 
et al. 1988). 

The family of BMPs comprises more than 20 phylogenetically conserved 

members, and thus, constitutes the largest subfamily of the TGF-β superfamily of 

growth factors (Chen et al. 2004a). An identifying sequence pattern for BMPs is 

seven conserved cysteine residues in the mature carboxy-terminal portion (Hruska 
et al. 2005, Wozney et al. 1988). Further, BMPs can be divided into subgroups on 

the basis of their sequence similarity and known functions (Bragdon et al. 2011). 

The BMP 2/4 subfamily comprises two proteins, namely BMP-2 and BMP-4 (also 

known as BMP-2b), which have 92% sequence similarity (Wozney et al. 1988). 

As is typical of BMPs, BMP-2 and BMP-4 are expressed in several tissues and 

are proposed to be involved in diverse processes such as T-cell development in 

thymus (Cejalvo et al. 2007), astrocytic differentiation in brain (Zhang et al. 2006) 

and type II collagen deposition in skin tumours (Mieno et al. 2005). Both BMP-2 

and BMP-4 are essential for development as demonstrated in knockout mice 

studies. Especially, BMP-2-null mice have lethal defects in cardiac development 

(Table 8) and BMP-4 deficiency leads to practically absent mesodermal 

differentiation and subsequent embryonic death (Chen et al. 2004a). In addition to 

their substantiated osteoinductive function (Wozney et al. 1988), these BMPs 

have been most frequently associated with vascular development and disease 

(Hruska et al. 2005). 

BMP-2 and BMP-4 have been shown to be upregulated in endothelial cells at 

sites of vascular injury (Lowery & de Caestecker 2010). For example in the 

peripheral pulmonary vasculature, BMP-2 has been suggested to have a protective 
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role in the response to hypoxia-induced pulmonary hypertension where as BMP-4 

may exert an opposing function (Anderson et al. 2010). Both BMP-2 and BMP-4 

have been associated with calcific arteriopathy (Amann 2008, Bostrom et al. 1993, 

Dhore et al. 2001), and in human calcified aortic valves the proteins are present in 

the areas with bone-like calcification (Kaden et al. 2004b, Mohler et al. 2001). 

VICs are demonstrated to be an important source of BMP-2 (Yang et al. 2009). 

Especially BMP-4 expression is increased in the vasculature at sites of oscillatory 

shear stress and has been proposed to be involved in the induction of 

atherosclerosis (Chang et al. 2007a). In addition, a recent study showed that 

vascular calcification in atherogenic mice can be reduced by inhibition of BMP 

signalling (Derwall et al. 2012). Interestingly, this study implied that BMPs might 

also affect vascular calcification through regulation of LDL cholesterol 

metabolism. 

BMPs regulate cell proliferation, differentiation, lineage determination, 

motility and death as well as the inflammatory response (Bostrom et al. 2011). 

The potency of both BMP-2 and BMP-4 to induce eNOS expression in 

endothelial cells has been demonstrated (Lowery & de Caestecker 2010). 

Particularly BMP-4 has been shown to promote endothelial dysfunction in a 

NADPH oxidase-dependent manner (Chang et al. 2007a). In the peripheral 

pulmonary vasculature, BMP-2 signalling increases eNOS expression and 

activation and thus decreases oxidative stress, whereas BMP-4 has been shown to 

promote VSMC proliferation (Anderson et al. 2010). In turn, BMP-2 is known to 

be a potent inhibitor of VSMCs growth and a promoter of their apoptosis in vitro 

but not in vivo (Anderson et al. 2010). In addition, both BMP-2 and BMP-4 

promote vascular calcification by inducing osteogenic differentiation of VSMCs 

and preventing the function of MGP. It has been suggested that BMP-2 induces 

cell cycle arrest of VSMCs, and when exposure is sustained, osteoblastic 

differentiation occurs (Hruska et al. 2005). However, BMP-2 may also exert 

negative effects on osteoblasts, possibly depending on the stage of differentiation 

and/or the presence of BMP signalling (Luppen et al. 2003). In a study with 

cultured human smooth muscle cells BMP-2-induced calcification was shown to 

be dependent on BMP-2-stimulated phosphate uptake (Li et al. 2008). In cell 

cultures BMP-4 has been shown to promote endothelial cell proliferation and 

angiogenesis while BMP-2 is more prone to directly modify calcification by 

inducing mineralization (Bostrom et al. 2011). Furthermore, BMP-2 and BMP-4 

may potentially inhibit the inflammation response, as it was shown in pulmonary 
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smooth muscle cells that loss of BMP signalling led to increased IL-6 production 

(Hagen et al. 2007). 

BMPs signalling through BMP receptors is well-established and involves 

heterotetrameric complexes composed of combinations of type 1 and type 2 

receptors as well as co-receptors that modify BMP signalling (Lowery & de 

Caestecker 2010). It has been shown that BMP binding proteins regulate BMP 

signalling in a context and concentration-dependent manner, and thus the same 

molecule may either activate or inhibit BMP function in different situations. 

BMPs interact with numerous ECM components, such as heparin sulphate 

proteoglycans, type IV collagen, fibrillin and MGP, as well as well-known 

antagonists including noggin, twisted gastrulation (TSG), follistatin and chordin 

(Lowery & de Caestecker 2010). Mechanical stress and/or TNF-α promote BMP-

2 activation in endothelial cells via the NF-κB pathway (Csiszar et al. 2005). In 

addition, TGF-β1 has been demonstrated to inhibit the BMP-2 effect on osteoblast 

differentiation and maturation (Spinella-Jaegle et al. 2001). 

2.6.4 Bone sialoprotein 

Bone sialoprotein (also known as bone sialoprotein II to distinguish it from 

osteopontin which was originally named bone sialoprotein I) is one of the major 

non-collagenous proteins of bone. It has been shown to be highly specific for 

mineralizing tissues and is synthesized by osteoblasts, osteoclasts, osteocytes and 

chondrocytes (Ganss et al. 1999). It is secreted as a 34 kDa protein, which is post-

translationally modified by glycosylation, phosphorylation and sulphation of 

tyrosines. Bone sialoprotein belongs to the SIBLING (small integrin-binding 

ligand, N-linked glycoproteins) family of proteins, which interact with cells and 

bone mineral and thus regulate bone formation, remodelling and repair (Qin et al. 
2004). In addition to physiological bone metabolism, the expression of bone 

sialoprotein associates with several pathologies including hyperparathyroidism, 

osteoporosis, Paget’s disease, pseudoxanthoma elasticum, rheumatoid arthritis as 

well as cancer of bone, breast, lung, prostate and thyroid, and further, elevated 

serum levels of this protein have been noted to associate with bone metastases 

(Ganss et al. 1999, Uccello et al. 2011). 

With respect to vascular pathology, bone sialoprotein is detected from the 

sites of calcification. Bone sialoprotein is shown to be expressed during all stages 

of atherosclerosis in human abdominal aorta, where it was found in smooth 

muscle cells, macrophage-derived lipid-filled foam cells, inflammatory cells and 
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chondrocyte-like cells, and in advanced lesions it is associated with calcification 

(Dhore et al. 2001). In addition, bone sialoprotein is present in the calcified 

arteries of dialysis patients (Moe & Chen 2004). Similarly, in human sclerotic 

aortic valves its expression is upregulated and found to be co-localized with 

calcification (Kaden et al. 2004b, Rajamannan et al. 2003). However, there is also 

contradictory data indicating that bone sialoprotein expression is not altered in 

fibrocalcific aortic valve disease (Anger et al. 2009). 

Bone sialoprotein binds to calcium and hydroxyapatite, and acts as a potent 

nucleator of the initial hydroxyapatite crystals (Hunter et al. 1996). However, 

depending on post-translational modifications, it may also prevent hydroxyapatite 

crystal growth (Stubbs et al. 1997). In vitro studies suggest the binding of bone 

sialoprotein with collagen (Ganss et al. 1999). In addition, it has the ability to 

mediate fibroblasts, osteoblasts and osteoclasts adhesion via integrins, and 

particularly, bone sialoprotein has been shown to promote angiogenesis by 

mediating endothelial cell attachment and migration (Bellahcene et al. 2000). In a 

collagen matrix bone sialoprotein is mitogenic for pre-osteoblasts and promotes 

osteoblast and osteoclast differentiation (Malaval et al. 2008, Zhou et al. 1995). 

Indeed, mice overexpressing bone sialoprotein have upregulated osteoclastic 

activity and increased bone resorption (Zhang et al. 2009). The studies of bone 

sialoprotein in relation to cancer have shown that some of the bone sialoprotein 

functions may result from its interaction with TGF-β and MMP-2 (Uccello et al. 
2011). It binds specifically to proMMP-2 and active MMP-2, and thus, may 

modulate the activity of this protease (Fedarko et al. 2004). Further, TGF-β, 

BMPs, TNF-α, glucocorticoids as well as the vitamin D3-deficiency have been 

demonstrated to induce gene expression of bone sialoprotein (Ganss et al. 1999, 

Lee et al. 2010, Zhang et al. 2009). 

2.6.5 Osteopontin 

Osteopontin is a matricellular protein that also belongs to the SIBLING family 

(Qin et al. 2004). It was originally identified in osteoid matrix and was considered 

to be a key factor in bone mineralization and resorption (Denhardt & Guo 1993, 

Oldberg et al. 1986). The name was introduced to reflect the ability of the protein 

to serve as a bridge between cells and hydroxyapatite in bone (Oldberg et al. 
1986). Thereafter, osteopontin has been revealed to be expressed in several tissues 

and by multiple cell types in response to injury, and indeed, it is a multifunctional 

protein having a central role in immune responses, inflammation, 
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neovascularization and matrix remodelling including fibrosis and ectopic 

mineralization (Frangogiannis 2012). To illustrate the versatility of osteopontin, it 

has been associated, for instance, with allergies and asthma (Konno et al. 2011), 

chronic liver diseases (Patouraux et al. 2012), neuroprotection (Meller et al. 
2005), systemic sclerosis (Wu et al. 2012), as well as a variety of cancers (Chong 
et al. 2012) such as leukaemia (Liersch et al. 2012) and soft tissue sarcoma 

(Hahnel et al. 2012). Moreover, osteopontin is shown to be involved in various 

cardiovascular diseases (Frangogiannis 2012). 

Osteopontin is upregulated in human and murine LVH as well as HF (Graf et 
al. 1997, Singh et al. 1999). Induced cardiac expression of osteopontin has also 

been established post-MI in several animal models and in humans (Frangogiannis 

2012). Studies with osteopontin-null mice have demonstrated that osteopontin 

regulates the cardiac fibrotic response since lack of osteopontin attenuates cardiac 

fibrosis in LVH, and after MI osteopontin deficiency leads to pronounced LV 

dilatation and reduced collagen deposition in the healing scar (Table 8) (Collins et 
al. 2004, Trueblood et al. 2001). In the vasculature osteopontin has been 

implicated to be an important mediator of atherosclerotic plaque formation as 

overexpression of osteopontin is associated with increased and deficiency of 

osteopontin with decreased atherosclerosis in mice with a high-fat diet or 

hyperlipidemia, respectively (Table 7) (Chiba et al. 2002, Matsui et al. 2003, 

Strom et al. 2004). The attenuated accumulation of collagen in atherosclerotic 

lesions of osteopontin deficient mice suggests that one role of osteopontin in 

atherosclerosis may be in vascular fibrotic remodelling (Strom et al. 2004). 

Moreover, osteopontin expression is increased in aortic tissue remodelling of 

patients with ascending aortic aneurysm (Huusko et al. In press), and also in 

VSMCs of non-calcified arteries of ESRD patients (Nakamura et al. 2006). 

Further, the potency of osteopontin also as an inhibitor of vascular calcification is 

evidenced in knockout mice (Table 7) (Matsui et al. 2003, Speer et al. 2002). In 

addition, in human atherosclerotic lesions (Dhore et al. 2001, Giachelli et al. 1993) 

as well as mitral (Canver et al. 2000) and aortic valves (Mohler et al. 1997, 

O'Brien et al. 1995, Rajamannan et al. 2003, Srivatsa et al. 1997) the expression 

of osteopontin is found to colocalize with areas of calcium deposition. In contrast 

to its presence in vessels, osteopontin protein is not found in non-calcified 

regurgitant aortic valves (Mohler et al. 1997). 

Two isoforms of osteopontin (i.e. secreted and intracellular) are expressed as 

a consequence of alternative translation of the osteopontin gene product 

(Shinohara et al. 2008), and also, osteopontin is post-translationally modified by 
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several phosphorylations and glycosylations (Denhardt & Guo 1993). These 

alterations in osteopontin protein structure may potentially have an impact on the 

activity and the biological function of the protein. The splice variants of 

osteopontin have also been shown to have different impacts on cell behaviour in 

cancer cell lines (Ivanov et al. 2009, Yan et al. 2010). Osteopontin functions via 

several mechanisms. It modulates cell adhesion, survival and gene synthesis at 

least in part by binding with CD44 or integrins through several sites 

(Frangogiannis 2012). Osteopontin has been shown to inhibit apoptosis of 

endothelial cells, and further, it promotes neovascularisation (Lyle et al. 2012). It 

also influences cell recruitment, which is particularly seen in the ability of 

osteopontin to activate macrophages or other inflammatory cells in an injury type- 

and tissue-specific manner (Frangogiannis 2012). Moreover, osteopontin has been 

demonstrated to be essential for TGF-β1-induced myofibroblast differentiation 

and function (Lenga et al. 2008). In addition to cellular interactions osteopontin 

binds to other ECM components, such as collagen and fibronectin, as well as 

calcium and it is a potent inhibitor of hydroxyapatite crystal growth (Denhardt & 

Guo 1993, Hunter et al. 1996). Moreover, osteopontin may possibly modulate 

vessel remodelling by regulating MMPs in mice (Scatena et al. 2007) and in 

humans (Huusko et al. In press). On the other hand, osteopontin is a substrate for 

many MMPs, which can cleave osteopontin, and thus affect its function (Scatena 
et al. 2007). 

The expression of osteopontin is regulated by Ang II, ET-1, pro-inflammatory 

cytokines, like IL-1β, and growth factors such as PDGF, FGF-1, FGF-2 and TGF-

β (Frangogiannis 2012, Rabkin 2011). Recent studies also demonstrated that 

oxidative stress upregulates osteopontin expression (Jimenez-Corona et al. 2012, 

Lyle et al. 2012). BMP-2 has been shown to induce osteopontin expression in 

VICs (Yang et al. 2009). Furthermore, in human aortic valves osteopontin 

expression levels were found to correlate positively with mechanical stress 

(Lehmann et al. 2009). It has been also suggested that osteopontin expression is 

promoted by hyperphosphatemia and urea levels in VSMCs of ESRD patients 

(Nakamura et al. 2006). 

2.6.6 Pleiotrophin 

Pleiotrophin is a conserved ECM- and cell surface-associated growth factor with 

multiple functions in development as well as in pathological conditions (Deuel et 
al. 2002). It is particularly expressed during embryogenesis, but a constitutive 
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activation of the pleiotrophin gene is found also from adults in neural tissue and 

in the reproductive system (Deuel et al. 2002). Pleiotrophin (also known as 

osteoblast specific factor-1) is important for bone metabolism since the absence 

of pleiotrophin in mice (Imai et al. 2009) and possibly a distinct polymorphism in 

the pleiotrophin gene promoter in human (Mencej-Bedrac et al. 2011) result in 

osteopenia or osteoporosis, respectively. Curiously, a recent study demonstrated 

that pleiotrophin is to some extent able to protect mice against bone loss during 

exposure to microgravity in space (Tavella et al. 2012). Further, the gene 

expression of pleiotrophin is upregulated in a variety of tissues in response to 

injury and in disease conditions. Pleiotrophin has been implicated to be involved 

in the inflammatory response, peritoneal fibrosis (Yokoi et al. 2012), liver fibrosis 

(Park et al. 2008), neurodegenerative disorders (Taravini et al. 2011), acute pain 

processing (Gramage et al. 2012) and carcinogenesis (Chang et al. 2007b). 

Especially, it is a potent stimulator of angiogenesis in tumours and in ischaemic 

injuries (Deuel et al. 2002) such as the ischaemia insulted myocardium of rats 

(Christman et al. 2005). 

In a systematic gene expression analysis during post-natal cardiac 

development in mice, pleiotrophin expression was shown to be downregulated 

(Chen et al. 2004b). Pleiotrophin is poorly expressed also in the non-failing 

human heart (Li et al. 2007). However, pleiotrophin has been associated with 

cardiac hypertrophy as it is upregulated in the hearts of ANP-null mice after 

transverse aortic constriction or treatment with β-adrenergic agonist (Wang et al. 
2003). In addition, pleiotrophin upregulation is seen after MI in rats and in human 

dilated cardiomyopathy (Li et al. 2007). The expression of pleiotrophin in human 

atherosclerotic lesions colocalized with intraplaque neovascularization (Li et al. 
2010). 

Pleiotrophin has an important role in cell differentiation, proliferation and 

angiogenesis (Deuel et al. 2002). It has been shown to induce the 

transdifferentiation of monocytes into endothelial cells (Sharifi et al. 2006). 

Pleiotrophin is mitogenic for osteoblasts, fibroblasts, epithelial cells and 

endothelial cells (Deuel et al. 2002). Treatment with pleiotrophin has been 

demonstrated in vivo to sustain the post-natal proliferation of cardiomyocytes in 

mice (Chen et al. 2004b). However, in the presence of pro-apoptotic stress 

pleiotrophin may promote apoptosis of cardiomyocytes (Li et al. 2007). In human 

hepatoma cells pleiotrophin inhibits TGF-β1-induced apoptosis (Park et al. 2008). 

Pleiotrophin regulates angiogenesis in multiple ways, such as endothelial cell 

stimulation and interaction with VEGF (Perez-Pinera et al. 2008). Studies on 
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breast cancer imply that pleiotrophin activates stromal fibroblasts and promotes 

collagen, elastin as well as MMP-9 synthesis, thus regulating the fibrotic response 

(Chang et al. 2007b). The inflammatory and fibrotic responses are attenuated in 

pleiotrophin-deficient mice (Yokoi et al. 2012). Pleiotrophin contributes to the 

increased expression of TNF-α, IL-1β and IL-6 in human peripheral blood 

mononuclear cells (Achour et al. 2008). Furthermore, it has been suggested that 

pleiotrophin could function as an innate antibiotic (Svensson et al. 2010). 

Pleiotrophin gene expression is regulated in a cell type- and time-dependent 

manner (Papadimitriou et al. 2009). Factors that have been reported to have an 

impact on pleiotrophin expression include TNF-α, FGFs, hypoxia, eNOS 

(Papadimitriou et al. 2009), periostin (Tkatchenko et al. 2009), MMP-2 (Dean et 
al. 2007) and PDGF (Deuel et al. 2002). 

2.6.7 Osteoactivin 

Osteoactivin is a multifunctional glycoprotein, which was originally found 

primarily in bone and considered to be an osteoblast-specific regulator of 

osteoblast differentiation and matrix mineralization (Safadi et al. 2001), but was 

also recently observed to activate osteoclasts (Sheng et al. 2012). In addition to 

bone, osteoactivin expression has been detected from thymus, brain and skeletal 

muscle (Safadi et al. 2001). Recent evidence suggests that osteoactivin could be 

involved in the pathophysiological cascade of tissue injury and repair. The 

expression of osteoactivin is upregulated in osteoarthritis and bone fracture repair 

(Abdelmagid et al. 2010, Karlsson et al. 2010). Furthermore, osteoactivin has 

been suggested to promote skeletal muscle cell survival in denervation (Furochi et 
al. 2007b), regulate dendritic cell migration and adhesion to endothelial cells 

(Shikano et al. 2001), inhibit T-cell response (Schwarzbich et al. 2012) and play a 

role in cancers that metastasize to bone (Rose et al. 2010). A recent study 

proposed that an elevated urine concentration of osteoactivin is a sensitive and 

specific biomarker of progressive kidney disease (Patel-Chamberlin et al. 2011). 

In cancer studies, osteoactivin has been suggested to promote tumour growth by 

acting as an anti-apoptotic and pro-angiogenetic factor as well as suppressing T-

cell activation (Rose et al. 2010). Especially, osteoactivin has been shown to 

reduce fibrosis in the injured or diseased liver and in skeletal muscle during long-

term denervation (Abe et al. 2007, Furochi et al. 2007b). 

The biological function of osteoactivin may be regulated by post-translational 

glycosylations as well as phosphorylations and also, the ability of osteoactivin to 
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bind heparin and interact with integrins through RGD motifs may be a factor in 

some of its actions (Safadi et al. 2001, Shikano et al. 2001). Interestingly, 

although mature osteoactivin is a transmembrane protein, it can be proteolytically 

cleaved by extracellular proteases, such as ADAMs (a disintegrin and 

metalloproteinases), so that the protein fragment released is able to act as a 

growth factor (Furochi et al. 2007a). An extracellular fragment of osteoactivin is 

shown to be cleaved in response to unloading stress in skeletal muscles of mice 

and it has been demonstrated to induce MMP-3 expression in fibroblasts (Furochi 
et al. 2007a). Furthermore, osteoactivin upregulates MMP-9 expression (Ogawa 
et al. 2005). In the liver, the anti-fibrotic effect of osteoactivin may be a 

consequence of its inhibitory action on the expression of MMP-1, MMP-2, type I 

collagen and PDGF receptors (Abe et al. 2007). The key role of osteoactivin in 

osteoblast differentiation is evident since bone marrow mesenchymal cells from 

mice lacking a large portion of intracellular osteoactivin are defective in their 

ability to differentiate into osteoblasts (Abdelmagid et al. 2010). Osteoactivin 

may promote endothelial cell migration and indirectly upregulate VEGF, and thus 

induce angiogenesis (Rose et al. 2010). Little is known about regulators of 

osteoactivin, but in osteoblasts BMP-2 induces osteoactivin gene expression 

(Abdelmagid et al. 2007). 

2.6.8 Osteoprotegerin 

Osteoprotegerin is a secreted protein that restricts osteoclast synthesis and bone 

resorption as a part of an osteoblastic regulation system of osteoclastogenesis 

(Khosla 2001). The system comprises also the RANK and its ligand (RANKL), 

and has been identified as one of the key regulators of bone remodelling. 

Osteoprotegerin acts as a soluble decoy receptor that prevents the binding of the 

osteoclast stimulator RANKL to its receptor. In addition, osteoprotegerin belongs 

to the TNF receptor superfamily and modulates cell survival (Emery et al. 1998) 

as well as dendritic cell- and B cell-mediated immune responses (Yun et al. 2001). 

Furthermore, osteoprotegerin has been found in the cardiovasculature and is 

expressed in the heart, arteries and veins (Helske et al. 2007a). 

The circulating levels and myocardial expression of osteoprotegerin are 

increased in HF due to dilated cardiomyopathy (Schoppet et al. 2005, Ueland et 
al. 2005), ischaemic heart disease (Ueland et al. 2005) or LV pressure overload 

(Helske et al. 2007a). The elevated myocardial expression of osteoprotegerin is 

suggested to result from both upregulated synthesis in the heart and increased 
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cardiac osteoprotegerin extraction from plasma (Helske et al. 2007a), however, 

the function of osteoprotegerin in cardiac remodelling is not known. The role for 

osteoprotegerin in the progression of abdominal aortic aneurysm does not appear 

to be associated with calcification (Koole et al. 2012), but on the contrary, in 

atherosclerosis osteoprotegerin most likely functions as an inhibitor of 

calcification (Morony et al. 2008). Especially, animal studies have established the 

beneficial effect of osteoprotegerin on vascular calcification, since 

osteoprotegerin inactivation accelerates (Table 7) and osteoprotegerin treatment 

prevents vascular calcification in rodents (Bennett et al. 2006, Price et al. 2001). 

Moreover, osteoprotegerin deficiency in mice leads to severe osteoporosis as well 

as vascular calcifications in aorta and renal arteries (Table 7) (Bucay et al. 1998). 

In human atherosclerotic lesions osteprotegerin protein is found in the borders of 

bone-like structures, but not in the sites of calcification (Dhore et al. 2001, Tyson 
et al. 2003). Similarly, in human calcified lesions of stenotic aortic valves 

osteoprotegerin protein was not as prominently detected as it was from non-

calcified control valves while the expression of pro-calcific RANKL was 

increased in AS (Kaden et al. 2004a). 

Osteoprotegerin is best known for its ability to block RANKL action. In 

addition, in vitro experiments with VSMCs and monocytes have suggested a role 

for osteoprotegerin in promoting MMP-2 and MMP-9 activity and secretion 

(Bennett et al. 2006, Moran et al. 2005). Osteoprotegerin treatment has been 

shown to reduce calcification of atherosclerotic lesions and enhance plaque 

stability by promoting smooth muscle cell and collagen accumulation in 

hyperlipidemic mice, but no alterations were seen in inflammatory markers 

(Morony et al. 2008, Ovchinnikova et al. 2009). Also, being a decoy receptor for 

the TNF-related apoptosis-inducing ligand, osteoprotegerin may be able to inhibit 

apoptosis during tissue remodelling (Emery et al. 1998) and, indeed, it has been 

suggested that osteoprotegerin modulates endothelial cell apoptosis in the 

vasculature (Hofbauer & Schoppet 2004). Moreover, it has been hypothesized 

that inhibition of VSMCs apoptosis and subsequent formation of a mineralization 

nidus is the mechanism of action of osteoprotegerin in vascular calcification 

(Schoppet et al. 2004). 

Osteoprotegerin production in endothelial cells is upregulated by osteopontin 

(Malyankar et al. 2000), IL-1 and TNF-α whereas in VSMCs osteoprotegerin is 

increased by Ang II and PDGF, but decreased by glucocorticoids (Hofbauer & 

Schoppet 2004), BMP-2, BMP-7 as well as TGF-β1 (Nguyen et al. 2007). In 

addition, high density lipoprotein (HDL) induces osteoprotegerin expression in 
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cultured aortic valve myofibroblasts (Lommi et al. 2011). There is also evidence 

that insulin may decrease osteoprotegerin expression (Olesen et al. 2007). 

Table 8. Summary of cardiac alterations in transgenic studies of the non-collagenous 

extracellular matrix proteins. Experiments have been performed with mice unless 

otherwise stated. 

Protein Transgenic 

model 

Cardiac outcome Reference 

MGP Deficiency (-/-) Accelerated heart beat Luo et al. 1997 

Periostin Deficiency (-/-) Heart size slightly reduced, tendency to 

cardiac rupture after MI, reduced cardiac 

remodelling in response to  pressure 

overload 

Oka et al. 2007, 

Shimazaki et al. 2008 

 Overexpression Spontaneous hypertrophy with ageing, 

protection from cardiac rupture after MI 

Oka et al. 2007 

 Cardiac excess 

(rat) 

Left ventricular dilatation, cardiac 

dysfunction 

Katsuragi et al. 2004 

BMP-2 Deficiency (-/-) Defects in cardiac development result in 

embryonic death 

Zhang & Bradley 1996 

Bone 

sialoprotein 

Overexpression Normal Valverde et al. 2008 

Osteopontin Deficiency (-/-) Elevated heart rate and reduced systolic 

blood pressure, increased left ventricular 

dilatation after MI, decreased cardiac 

fibrosis and hypertrophy in response to 

pressure overload 

Collins et al. 2004, Myers 

et al. 2003, Trueblood et 

al. 2001 

Pleiotrophin  ND  

Osteoactivin  ND  

Osteoprotegerin  ND  

TSP-2 Deficiency (-/-) Spontaneous left ventricular dilatation and 

systolic dysfunction with ageing, fatal 

cardiac rupture following Ang II-infusion or 

MI, enhanced adverse cardiac remodelling 

and impairment of systolic function after 

doxorubicin or during viral myocarditis 

Papageorgiou et al. 2012, 

Schellings et al. 2009, 

Schroen et al. 2004, 

Swinnen et al. 2009, van 

Almen et al. 2011 

 Overexpression Decreased cardiac remodelling and 

improved cardiac function during viral 

myocarditis 

Papageorgiou et al. 2012 

BMP-2, bone morphogenetic protein-2; MGP, matrix Gla protein; MI, myocardial infarction; ND, not 

defined; TSP-2, thrombospondin-2 
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2.6.9 Thrombospondins 

The TSP family consists of five conserved calcium-binding, multimeric, 

multidomain ECM proteins, which differ in their amino-terminal organization and 

oligomerization (Mosher & Adams 2012). TSP-1 and TSP-2 are homotrimeric, 

while TSP-3, TSP-4 and TSP-5 are homopentameric glycoproteins. Common for 

all TSPs are the oligomerization domain and a signature domain at the carboxy-

terminal end, which have 53–82% identity across the whole family (Carlson et al. 
2008). As matricellular proteins their expression in healthy tissues is usually low, 

but in response to injury TSPs are induced and participate in the regulation of 

tissue remodelling. None of TSPs are essential for viability in mammals, but 

studies in knockout mice have revealed that they have a role in pathological 

disorders in the cardiovascular system, in connective tissue organization and 

dynamics, as well as in carcinoma progression (Mosher & Adams 2012). TSPs are 

able to bind and interact with many cellular receptors and other ECM molecules 

through their various domains, and they all support cell attachment in a calcium-

dependent manner (Adams & Lawler 2004). However, TSPs differ in their 

functions, cellular distribution, temporal expression and transcriptional regulation 

(Bornstein et al. 2004, Kyriakides & Maclauchlan 2009). 

The functions of TSP-3, TSP-4 and TSP-5 are not as well known as those of 

TSP-1 and TSP-2. TSP-3 has been suggested to contribute to ECM structure and 

function (Tan & Lawler 2009), TSP-4 modifies the fibrotic and hypertrophic 

response in the heart (Frolova et al. 2012), and TSP-5 regulates chondrogenesis as 

well as collagen fibril assembly (Tan & Lawler 2009). TSP-1 and TSP-2 are 

shown to have an important role in wound healing, hindlimb ischaemia 

(Kyriakides & Maclauchlan 2009), and cardiac remodelling (Frangogiannis et al. 
2005, Mustonen et al. 2010, Schellings et al. 2004). Unique roles of TSP-1 and 

TSP-2 have been demonstrated, for example, in wound healing where TSP-1 is 

important for the initial inflammatory response and TSP-2 contributes to 

proliferative and remodelling phases with neoangiogenesis (Bornstein et al. 2004). 

Particularly, TSP-2 has been shown to regulate collagen matrix assembly and 

proper collagen structure by a direct effect on fibrillogenesis as well as by 

modulating fibroblast phenotype (Tan & Lawler 2009). An anti-angiogenic 

potency of TSP-2 is seen in TSP-2 deficient mice that develop increased vascular 

density (Kyriakides et al. 1998). In bone, TSP-2 potentially decreases 

proliferation and increases differentiation of osteoblasts as well as modifies 

mineralization (Delany & Hankenson 2009). The function of TSP-2 in 



 75

angiogenesis, regulation of ECM integrity, and bone metabolism makes it an 

interesting target of investigation in cardiovascular pathology, and especially in 

fibrocalcific aortic valve disease. 

Young TSP-2-null mice are shown to have normal cardiac structure and 

function but as they age they develop cardiac systolic dysfunction subsequent to 

LV dilatation with evidence of cardiomyocyte death, increased inflammation and 

reparative fibrosis but normal cardiac vasculature (Table 8) (Swinnen et al. 2009). 

The development of dilated cardiomyopathy can be prevented, however, by gene 

transfer of TSP-2 in young TSP-2-null mice. Indeed, TSP-2 has been shown to be 

a crucial regulator of the integrity of the cardiac ECM since studies with knockout 

mice indicate that TSP-2 is necessary for the myocardium to cope with Ang II-

induced loading (Schroen et al. 2004) or doxorubicin-induced cardiomyopathy 

(Table 8) (van Almen et al. 2011). The cardiac expression of TSP-2 is also 

increased in the hypertrophied hearts of renin-overexpressing rats which later 

progress to HF, and in human hypertrophied hearts with decreased LVEF, and 

thus, it has been suggested that elevated gene expression of TSP-2 reflects a 

defective attempt to stabilize cardiac ECM (Schroen et al. 2004). In addition to its 

role in the regulation of ECM, TSP-2 affects the inflammatory response of the 

heart as TSP-2 gene expression is increased in patients with acute viral 

myocarditis (Papageorgiou et al. 2012). Moreover, the absence of TSP-2 

exacerbated and the overexpression of TSP-2 prevented viral myocarditis 

 -induced HF by modulating the cardiac inflammation response, cell death and 

fibrosis (Table 8) (Papageorgiou et al. 2012). 

TSP-2 is able to bind CD47 through an L-lectin type globular domain, 

integrins and calcium through epidermal growth factor (EGF) -domains, CD36 

through TSP repeats, and integrins as well as heparin through amino-terminal 

domain (Bornstein 2009, Carlson et al. 2008, Murphy-Ullrich & Iozzo 2012). In 

addition, TSP-2 binds to collagen (Tan & Lawler 2009). Anti-angiogenic 

functions of TSP-2 are derived from its ability to induce endothelial cell apoptosis 

via CD36 or inhibit the endothelial cell cycle (Bornstein 2009) as well as decrease 

gelatinolytic activity through inhibiting MMP-9 (Krady et al. 2008). Unlike TSP-

1, TSP-2 does not directly impact TGF-β activation (Kyriakides & Maclauchlan 

2009, Schellings et al. 2009). Rather, TSP-2 exerts its function on ECM probably 

through its inhibitory effects on MMP-2 and MMP-9 activity (Schroen et al. 
2004). In TSP-2-null mice increased MMP-2 activity led to impaired collagen 

cross-linking (Swinnen et al. 2009), and after doxorubicin treatment, TSP-2 

deficient mice had increased cardiomyocyte apoptosis and disorganization of 
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interstitial collagen fibres due to increased MMP-2 expression (van Almen et al. 
2011). In addition to the protection of cardiomyocytes from death, TSP-2 

potentially promotes fibroblast survival (Tan & Lawler 2009). An anti-

inflammatory capacity of TSP-2 comes from the ability to activate T-regulatory 

cells through the interaction with CD47 (Papageorgiou et al. 2012). In 

myocardium, TSP-2 may also protect cardiomyocytes from death by promoting 

Akt through its binding to CD47 (Swinnen et al. 2009). In turn, MMP-2 is able to 

decrease TSP-2 activity by preventing its binding to CD47 and other receptors 

(Agah et al. 2004). 
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3 Aims of the research 

The aim of the study was to characterize the expression of the non-collagenous 

ECM proteins, primarily associated with fibrosis or calcification, in cardiac 

remodelling subsequent to different aetiologies as well as in fibrocalcific aortic 

valves. The specific aims were: 

1. To evaluate the changes in cardiac expression of ECM proteins in response to 

non-uremic pressure overload and MI. 

2. To investigate the cardiac expression of ECM proteins in chronic reno-

cardiac syndrome, and particularly to study the role of the matricellular 

protein periostin in uremic cardiac remodelling. 

3. To identify the expression of fibrosis- and calcification-related ECM proteins 

in human aortic valves during the progression of fibrocalcific aortic valve 

disease. 

4. To examine TSPs 1–4, and especially the role of TSP-2, in human aortic 

valves during the progression of AS. 
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4 Materials and methods 

A summary of different methods utilized in the experimental protocols of the four 

original publications is presented in Table 9. 

Table 9. Summary of the experimental protocols and methods. 

Study Experimental model Method 

I Cardiac hypertrophic stimuli in rat Cell culture 

  Extraction of total protein 

  Northern blot 

  RNA isolation 

  RT-PCR 

  Western blot 

II Experimental renal failure in rat Dot blot 

  Histological analysis 

  Northern blot 

  Real-time quantitative RT-PCR 

  RNA isolation 

III Calcific aortic valve disease Histological analysis 

  Real-time quantitative RT-PCR 

  RNA isolation 

IV Calcific aortic valve disease Extraction of total and nuclear protein 

  Gel mobility shift assay 

  Histological analysis 

  Real-time quantitative RT-PCR 

  RNA isolation 

  Western blot 

 

4.1 Animals and experimental design (I, II) 

The following rats from the colony of the Center of Experimental Animals at the 

University of Oulu were used: male 2-month-old Sprague-Dawley (SD) rats 

weighing 250–300g, newborn 2- to 4-day-old SD rats of both sexes, and male 12-, 

16- and 20-month-old spontaneously hypertensive rats (SHRs) of the Okamoto-

Aoki strain as well as age-matched Wistar-Kyoto (WKY) rats. The SHR strain 

was originally obtained from Møllegaards Avslaboratorium, Skensved, Denmark. 

In the study of experimental renal failure 8-week-old male SD rats were used. All 

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

rat chow. A 12-hour light and 12-hour dark environmental light cycle was 



 80

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

Committee of the University of Oulu (I), the Animal Experimentation Committee 

of the University of Tampere (II), and the Provincial Government of Western 

Finland Department of Social Affairs and Health (II). The investigations conform 

to the Guiding Principles for Research Involving Animals. 

4.1.1 Acute pressure overload (I, II) 

The SD rats were anaesthetized with 0.26 mg/kg fentanyl citrate, 8.25 mg/kg 

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

Roche) intraperitoneally (i.p.). A PE-60 catheter was inserted into the abdominal 

aorta through the femoral artery for the measurement of haemodynamics. PE-50 

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

catheters were exteriorized behind the neck, filled with a heparinized (150 IU/ml) 

saline solution, and plugged with a stainless steel pin. After the operation, rats had 

free access to food and water. The day after the operation the venous catheter was 

connected to a syringe or an infusion pump (B. Braun Perfusor ED, Braun 

Melsungen AG). The animals were left undisturbed for 30 minutes to become 

acclimatized to the laboratory. Before infusions mean arterial pressure (MAP) and 

heart rate was measured. Then AVP (Bachem AG) at a dose of 0.05 µg/kg per 

minute or vehicle (0.9% NaCl) was infused intravenously at 37.5 µL/min for 30 

minutes and four hours. MAP and heart rate were assessed throughout the 

infusion period. During the infusion and measurements the animals were 

conscious and freely moving. After the experiments, the rats were decapitated, the 

thoracic cavity opened, and the heart removed. The left ventricles were dissected, 

blotted dry, weighed, immersed in liquid nitrogen, and stored at –70 ºC until 

analysed. 

4.1.2 Angiotensin II -induced hypertension (I, II) 

The osmotic minipumps were implanted in the subscapular region of the SD rats 

during inhalation anaesthesia with isoflurane (Baxter International Inc.). The rats 

were given 0.2 mg/kg buprenorphine hydrochloride (Temgesic, Schering-Plough) 

subcutaneously (s.c.) for post-operative analgesia. Ang II (Sigma-Aldrich, 33 

µg/kg/h), or vehicle (0.9% NaCl) was infused for six, 12 and 72 hours and for two 

weeks, and Ang II type 1 receptor (AT1-R) antagonist losartan (a generous gift 

from Merck) (400 µg/kg/h) was infused with and without Ang II for two weeks 
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through minipumps (Alzet, Durect Corporation). After the experiments, LV tissue 

samples were obtained as described above. 

4.1.3 Myocardial infarction (I, II) 

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

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

anaesthetized with i.p. administered medetomidine hydrochloride (Domitor, 

Orion Pharma, 250 µg/kg) and ketamine hydrochloride (Ketalar, Pfizer, 50 

mg/kg). The rats were connected to the respirator through a tracheotomy and 

ventilated at 50–60 breaths per minute. A left thoracotomy and pericardial 

incision were performed. The LAD was ligated about 3 mm from its origin. The 

heart was repositioned in the chest and the incision was closed. After the 

operation the anesthesia was partially antagonized with atipamezole 

hydrochloride (Antisedan, Orion Pharma, 1.5 mg/kg) i.p. and the rats were 

hydrated with 5 ml s.c. delivered physiological saline solution. For post-operative 

analgesia, the rats were given s.c. buprenorphine hydrochloride (Temgesic, 

Schering-Plough, 0.2 mg/kg). The sham-operated rats underwent the same 

surgical procedure without ligation of the LAD. After the experiments, LV tissue 

samples were obtained as described above. 

4.1.4 Experimental renal failure (II) 

The systolic blood pressure of male SD rats was measured indirectly by tail-cuff 

(Model 129 BP Meter, IITC Inc.) and the rats were assigned to 5/6 nephrectomy 

(NX) or sham operation at the age of 8 weeks as described previously (Koobi et 
al. 2003). Briefly, under ketamine/diazepam anaesthesia (75 mg/kg and 2.5 mg/kg, 

respectively) NX was carried out by removal of upper and lower poles of the left 

kidney and the whole right kidney. A sham operation was performed by 

decapsulation of both kidneys. After surgery, the rats were given antibiotics 

(metronidazole 60 mg/kg, cefuroxim 225 mg/kg) and buprenorphine (0.2 mg/kg, 

3 times daily at 3 days) for analgesia.  Regular rat chow contained 0.9% calcium, 

0.8% phosphate, 0.27% sodium, 1500 IU/kg vitamin D, and 12550 kJ/kg energy 

(Lactamin R34, AnalyCen). 
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Fig. 8. The flowchart of the chronic renal insufficiency study. 5/6 nephrectomy (NX) or 

sham operation (Sham) was performed at entry to the 8-week-old Sprague-Dawley (SD) 

rats. 15 weeks after surgery, the sham group continued on control diet and the NX rats 

were divided into four different treatment groups for 12 weeks: control diet with (NX + 

paricalcitol) or without paricalcitol administration (NX), high-calcium diet (NX + Ca) or 

high-phosphate diet (NX + Pi). 

The study flowchart is shown in Figure 8. After 15 weeks of disease progression, 

NX rats were divided into four groups with equal systolic blood pressures, body 

weights, urine outputs, and plasma creatinine levels (tail vein sampling at age 21 

weeks). Then for 12 weeks, the sham, NX, and NX+paricalcitol groups continued 

on control diet (0.3% calcium, 0.5% phosphate), the NX+Ca group on a high-

calcium diet (3% calcium, 0.5% phosphate), the NX+Pi group on a high-

phosphate diet (0.3% calcium, 1.5% phosphate), and the NX+paricalcitol group 

received 200 ng/kg paricalcitol [19-Nor-1,25(OH)2D2] (Zemplar® intravenous 

injection solution, 5 µg/ml, vehicle containing 30% propylene glycol and 20% 

ethanol, Abbott Laboratories) i.p. 3 days a week. The dose of paricalcitol chosen 

has previously been shown to efficiently decrease plasma PTH levels and have 

beneficial effects on bone, kidney and vascular system in CRI (Freundlich et al. 
2008, Slatopolsky et al. 2002, Slatopolsky et al. 2003, Wu-Wong et al. 2006). 
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During the final study week, 24-hour water consumption and urine output 

were measured. The rats were weighed and anaesthetized by urethane (1.3 g/kg) 

i.p., and blood samples were taken. Blood samples for plasma creatinine, urea, 

phosphate, and PTH measurements were drawn into chilled tubes, and for ionized 

calcium into glass capillaries with heparin anticoagulant, and their plasma levels 

were determined as previously described (Jolma et al. 2003). Briefly, creatinine 

was measured by colorimetric assay according to Jaffe, urea by colorimetric 

enzymatic dry chemistry, phosphate by colorimetric dry chemistry, PTH by an 

immunoradiometric assay specific for intact rat PTH, and ionized calcium by ion 

selective electrode. Finally, the hearts were removed, weighed and stored at –

70 °C until assayed. 

4.2 Study population (III, IV) 

Aortic valves were obtained from patients undergoing aortic valve or aortic root 

surgery between 2004 and May 2008 at the Department of Cardiovascular 

Surgery, University Hospital of Oulu, Oulu, Finland. The study protocol was 

approved by the Research Ethics Committee of Oulu University Hospital and it 

complied with the principles outlined in the Declaration of Helsinki. All patients 

underwent Doppler echocardiography conducted in accordance with the routines 

of Oulu University Hospital by a cardiologist, and some in the AS group had 

additional cardiac catheterization. Doppler echocardiography measurements 

included LVEF, aortic valve area, jet velocity and aortic peak gradient. In 

addition, the “peak-to-peak”-gradient was measured invasively by catheter in 

some of the patients, but the aortic peak gradient measured by echocardiography 

was used to document valvular function. All operations were made following 

normal surgical procedures. After removal, aortic valve cusps were placed 

immediately in liquid nitrogen and stored at –70 °C until analysed. For 

histological evaluation and mRNA and protein measurements, one leaflet of the 

valve was divided into halves. The part taken for histological analysis was cut 

into pieces, placed in 10% buffered formalin solution and embedded in paraffin. 

The valves were divided into three groups based on clinical and macroscopic 

evaluations. The control group consisted of the aortic valves of patients who 

underwent surgery because of ascending aortic pathology (aneurysm or dissection) 

or aortic regurgitation. Control valves were smooth, pliable and opalescent, and 

no calcifications could be seen macroscopically. The fibro(sclero)sis group 

consisted of patients, who were operated due to chronic aortic regurgitation, but 
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who were identified to have macroscopically thickened and stiffened aortic valves. 

These patients had no significant transvalvular pressure gradient and the mean 

aortic valve area was normal. The AS group (or the calcified valve group as 

named in study III) consisted of patients who had non-rheumatic, clinically 

significant aortic valve sclerosis with different degrees of calcification. Patients in 

this group had significant transvalvular gradients assessed in Doppler 

echocardiography.  

Two separate sets of aortic valves were studied in study III. Aortic valves for 

immunohistochemical analysis were obtained from 83 patients and divided as 

follows: control valves (n = 16), fibro(sclero)tic valves (n = 20), and calcified 

valves (n = 47). The study population for gene expression analyses contained 

aortic valves from 31 patients as follows: control valves (n = 8), fibro(sclero)tic 

valves (n = 5), and calcified valves (n = 18). The peak transvalvular gradient in 

the AS group was 82.3 ± 18.0 mmHg. Patients’ characteristics are listed in Table 

10. The groups were equal, but as expected, the patients in the AS group were 

significantly older than the patients in control and fibro(sclero)sis groups. 

Table 10. Characteristics of study population for gene expression analyses in study III. 

 Control Fibro(sclero)sis Aortic stenosis 

Patients, n 8 5 18 

Male, n (%) 8 (100) 5 (100) 11 (61) 

Age, year (range) 44.0 ± 15.8 (26–69) 57.8 ± 12.9 (37–69) 70.0 ± 10.3 (47–82) 

Bicuspid valve, n (%) 3 (38) 1 (20) 3 (17) 

LVEF, % 57.0 ± 8.0 59.8 ± 10.5 59.8 ± 13.3 

DM, n (%) 0 0 2 (11) 

Coronary disease, n (%) 1 (13) 0 7 (39) 

ASO, n (%) 0 0 1 (6) 

COPD, n (%) 0 0 1 (6) 

Values are mean ± standard deviation unless other stated. ASO, peripheral atherosclerosis; COPD, 

chronic obstructive pulmonary disease; DM, diabetes mellitus; LVEF, left ventricular ejection fraction 

Two separate sets of aortic valves were also studied in study IV. Some of the 

patients of study III were also included in study IV. Aortic valves for gene 

expression and immunohistochemical analyses were collected from 40 patients 

and divided as follows: control group (n = 8, mean age 52.9 ± 17.2 years), 

fibro(sclero)sis group (n = 8, mean age 60.0 ± 13.9 years), and AS group (n = 24, 

mean age 67.0 ± 11.6 years). The peak transvalvular gradient in the AS group was 

75.9 ± 28.4 mmHg. The study population for TSP-2 regulation analyses contained 
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aortic valves from 30 patients as follows: control group (n = 10, mean age 48.5 ± 

17.0 years) and AS group (n = 20, mean age 68.6 ± 10.6 years). The peak 

transvalvular gradient in the AS group was 82.7 ± 17.7 mmHg. In both study 

populations the patients in the AS group were significantly older than the patients 

in the control and fibro(sclero)sis groups. The distribution of bicuspid aortic 

valves was similar in all groups. There were no significant differences in patients’ 

gender, LVEF, or the use of statins (i.e. 3-hydroxy-3-methylglutaryl coenzyme A 

reductase inhibitors), ACE inhibitors and ARBs between groups. The patients in 

the AS group were more likely to have coronary disease than the patients in the 

control and fibro(sclero)sis groups in the population studied for gene expression 

and immunohistochemical analyses. The two separate sets of aortic valves used in 

study IV were from patients whose demographics were equal. However, there 

were fewer statin users and the diagnosis of coronary disease was less frequent in 

the smaller set of 30 valves used for TSP-2 regulation analyses. 

4.3 Cell culture (I) 

Neonatal rat ventricular fibroblasts and myocytes were prepared from 2–4-day-

old SD rats as previously described (Pikkarainen et al. 2006). Briefly, after 

digestion of ventricular tissue with collagenase (2 mg/ml), the cell suspension was 

pre-plated for 30 to 45 minutes, and the attached cells, i.e. fibroblasts, were 

further cultured for two passages (divided at a ratio of 1:5 per passage) in the 

presence of 10% fetal bovine serum (FBS) to ensure proliferation of fibroblasts 

over other cell types. The fibroblasts were propagated in 10% FBS containing 

DMEM/F-12 medium until 24 hours before the experiment, when the medium 

was replaced with complete serum-free medium (CSFM). The non-attached cells, 

i.e. myocyte-enriched cells, were plated at a density of 2 x 105 /cm2 on cell culture 

plates (Falcon, BD Biosciences) and then cultured overnight with DMEM/F-12 

medium containing 10% FBS and thereafter in CSFM. 

4.3.1 Treatment with hypertrophic agonists 

The fibroblasts and myocyte-enriched cells were plated at a density of 2 x 105 

/cm2 on falcon wells, and the cells were treated with Ang II (100 nM) and ET-1 

(100 nM), which were added to the medium on the third day of culture for 24 

hours. After the experiments, the cells were washed twice with phosphate 

buffered saline (PBS) and quickly frozen at –70 °C. 
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4.3.2 Cell stretching 

The fibroblasts and myocyte-enriched cells were prepared and pre-plated as 

described above and then plated at a density of 2 x 105 /cm2 on flexible bottomed 

collagen I-coated 6-well elastomere plates (Bioflex, Flexcell International 

Corporation), and cultured overnight with DMEM/F-12 medium containing 10% 

FBS and thereafter in CSFM. The cells were exposed for 1 to 24 hours to cyclic 

mechanical stretch, which was introduced to cells by applying a cyclic vacuum 

suction under the flexible bottomed plates by computer-controlled Flexercell 

Strain Unit equipment FX-3000 (Flexcell International Corporation). The vacuum 

varied in two-second cycles at a level sufficient to promote cyclic 10 to 25% 

elongation of the fibroblasts or cardiomyocytes at the point of maximal distension 

of the culture surface. After the experiments, the cells were washed twice with 

PBS and quickly frozen at –70 °C or lysed in protein lysis buffer. 

4.4 Isolation and analysis of RNA (I-IV) 

Total RNA from rat cardiac and human aortic valve samples was isolated by the 

guanidine thiocyanate-cesium chloride method (Chirgwin et al. 1979). Attention 

was given to the proper destruction of deep frozen extensively calcified valve 

tissue samples to enable high-class RNA extraction. From cultured fibroblasts and 

myocytes total RNA was isolated from the TRIzol cell extracts following the 

manufacturer’s protocol (Invitrogen Corporation) by using the Phase Lock Gel 

system (Eppendorf AG). 

4.4.1 Northern blotting (I, II) 

For Northern blot analyses, 20 µg samples of total RNA from LV tissue (studies I 

and II) and 5 µg from cultured fibroblasts and myocytes (I) were separated by 

agarose-formaldehyde gel electrophoresis and transferred to MAGNA nylon 

membranes (GE Osmonics) as previously described (Magga et al. 1997). 

The PCR-amplified probes for rat ANP, BNP, c-fos, Egr-1, MGP and 

ribosomal 18S were random primer -labelled with [α32P]-dCTP, and the 

membranes were hybridized and washed as previously described (Magga et al. 
1997). The membranes were exposed to Phosphor screens (GE Healthcare Life 

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

equipment (Bio-Rad Laboratories) using Quantity One software (Bio-Rad 
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Laboratories). The signals of each mRNA were normalized to 18S in each sample 

to correct for potential differences in loading and/or transfer. 

4.4.2 Dot blotting (II) 

For Dot blot analyses, 20 µg samples of total RNA from LV tissue were applied 

directly on nylon membranes (Osmonics Inc.) as dots. The PCR-amplified probes 

for rat MGP, osteoactivin, osteopontin, periostin and ribosomal 18S were random 

primer -labelled with [α32P]-dCTP, and the membranes were hybridized, washed 

and analysed as described above. 

4.4.3 Real-time quantitative RT-PCR (II-IV) 

The complementary DNA (cDNA) first strand was synthesized from 0.5 µg of 

total RNA derived from rat left ventricles (II) or human aortic valves (III, IV). 

The mRNA expression levels of BMP-2, BMP-4, bone sialoprotein, osteopontin, 

osteoprotegerin, periostin, pleiotrophin, TSP-1, TSP-2, TSP-3, TSP-4, and 18S 

genes were analysed with real-time quantitative reverse transcription-polymerase 

chain reaction (RT-PCR) using TaqMan chemistry on an ABI 7700 Sequence 

Detection System (Applied Biosystems Inc.) as previously described (Majalahti-

Palviainen et al. 2000). The sequences of the forward (F) and reverse (R) primers 

and for fluorogenic probes for RNA detection are shown in Table 11. The results 

were normalized to 18S RNA quantified from the same samples. 
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Table 11. The sequences of the forward (F) and reverse (R) primers and of fluorogenic 

probes used for real-time quantitative RT-PCR. 

Gene Primers Fluorogenic probe 

hBMP-2 (F)  CAGCCAGCCGAGCCAA ACTGTGCGCAGCTTCCACCATGAA 

 (R)  ACTCGTTTCTGGTAGTTCTTCCAAA  

rBMP-2 (F)  ACACCGTGCTCAGCTTCCAT ACGAAGAAGCCATCGAGGAACTTTCAGAA 

 (R)  GTCGGGAAGTTTTCCCACTCA  

hBMP-4 (F)  TGCAGGGACCTATGGAGCC TGCCATCCCGAGCAACGCAC 

 (R)  GCTCAGGGAAGCTGCAGC  

rBMP-4 (F)  TCAAGGGAGTGGAAATTGGG CCAACTCCGGCCCCTCCTGG 

 (R)  GCCATCGTGGCCAAAAGT  

hBSP (F)  ACCAACAGCACAGAGGCAGA AACGGCAACGGCAGCAGCG 

 (R)  CTTCCCCTTCTTCTCCATTGTCT  

rBSP (F)  CAGCTGTCCTTCTGAACGGG TTCAGCAGACGACCCCGCCAC 

 (R)  AGGTGGTCCCATAGGCTTCG  

OPN (F)  CATACAAGGCCATCCCCG CCTGAACGCGCCTTCTGATTGGG 

 (R)  CTGTCCTTCCCACGGCTG  

OPG (F)  TGTACAGCAAAGTGGAAGACCG TGCGCCCCTTGCCCTGACC 

 (R)  GGTGTGCCAGCTGTCTGTGT  

Periostin (F)  GCTGCTGTTCCTGTGTGACG TGACCCCGCAAATGCCAACAGTT 

 (R)  GCTGTGAGCTAGGACCTTGTCATAG  

Pleiotrophin (F)  AGACTGTGGGCTGGGCAC CGGGAGGGCACTCGGACTGG 

 (R)  TCATGGTTTGCTTGCACTCAG  

TSP-1 (F)  TCACCCTGTTTGTGCAGGAA ACAGGGCCCAGCTGTACATCGACTG 

 (R)  CAACTCAGCATTCTCCATCTTTTC  

TSP-2 (F)  CACGTGTACCTGCAAGAAATTTAAA TTGCCACCAAATCACCTGCCCG 

 (R)  GATGGACTGGCGCAGGTT  

TSP-3 (F)  CCTGCCCCCCAAGCA TGGTGTCCTCTTTGGCCTCTATTCTCGC 

 (R)  CCAGCCATCGAGTGTTGTCTT  

TSP-4 (F)  ATTCTGGCCAAGAAGATGCAG CAGAGATGGCATTGGCGACGCTT 

 (R)  TCCGTCAGCATCCTCGTCA  

18S (F)  TGGTTGCAAAGCTGAAACTTAAAG CCTGGTGGTGCCCTTCCGTCA 

 (R)  AGTCAAATTAAGCCGCAGGC  

BMP, bone morphogenetic protein; BSP, bone sialoprotein; h, human; OPN, osteopontin; OPG, 

osteoprotegerin; r, rat; TSP, thrombospondin 
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4.5 Isolation and analysis of proteins (I-IV) 

4.5.1 Extraction of total and nuclear proteins (I, IV) 

The rat LV (study I) and human aortic valve (IV) samples were broken in liquid 

nitrogen and homogenized in lysis buffer consisting of 20 mM Tris (pH7.5), 10 

mM NaCl, 0.1 mM ethylene diaminetetraacetic acid (EDTA), 0.1 mM ethylene 

glycol tetraacetic acid (EGTA), 1 mM β-glycerophosphate, 1 mM Na3VO4, 2 mM 

benzamidine, 1 mM phenylmethylsulphonyl fluoride (PMSF), 50 mM NaF, 1mM 

dithiothreitol (DTT) and 10 µg/ml each of leupeptin, pepstatin and aprotinin. The 

tissue homogenates were centrifuged at 2000 rpm in +4 ºC for 1 minute. 

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

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

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

Na3VO4) was added to the supernatant from the first centrifugation and 20 

minutes centrifugation at 12500 rpm followed. The supernatant was frozen in 

liquid nitrogen and stored at –70 ºC until assayed.  

To extract the nuclear fraction (IV), the supernatant from the first 

centrifugation was incubated on ice for 15 minutes, 0.6% IGEPAL CA-630 

(Sigma Aldrich) was added, and the nuclei were pelleted by centrifugation at 

12500 rpm for 30 seconds. The pellet was resuspended in a solution containing 20 

mM HEPES (pH 7.9), 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA 1 mM Na3VO4, 2 

mM benzamidine, 1 mM PMSF, 50 mM NaF, 1 mM DTT, 3 µg/ml 1-chloro-3-

tosylamido-7-phenyl-2-butanone (TPCK), 3 µg/ml L-1-tosylamido-2-phenylethyl 

chloromethyl ketone (TLCK), and 10 µg/ml each of leupeptin, pepstatin and 

aprotinin. The samples were incubated at +4 ºC for 30 minutes, centrifuged at 

12500 rpm for 5 minutes and the resulting supernatants frozen in liquid nitrogen 

and stored at –70 ºC until assayed. 

Total and nuclear protein concentrations were determined colorimetrically by 

using Protein Assay (Bio-Rad Laboratories). 

4.5.2 Western blotting (I, IV) 

For Western blot analysis, protein samples (20–30 µg) were separated on a 

sodium dodecyl sulphate –polyacrylamide (SDS-PAGE) gel and transferred to 

nitrocellulose filters. The membranes were blocked in 5% non-fat milk–Tris 

Buffered Saline (TBS)-Tween and incubated with anti-MGP (52.1C5D, Alexis 
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Corporation) for 2 hours or with anti-Akt (#9272, Cell Signalling Technology) or 

anti-phospho-Akt (#9271, Cell Signalling Technology) overnight. After 

incubation with horseradish peroxidase -conjugated anti-rabbit secondary 

antibody (#7074 Cell Signalling Technology), the proteins were detected by 

enhanced chemiluminesence reagents (ECL PlusTM, GE Healthcare Life Sciences) 

and quantified using a hyperfilm MP (GE Healthcare Life Sciences). The films 

were scanned and the results were analysed with QuantityOne software (Bio-Rad 

Laboratories). For a second western blot, the membranes were stripped for 30 

minutes at +60 ºC in stripping buffer containing 62.5 mmol/l Tris (pH 6.8), 2% 

sodium dodecyl sulphate (SDS), and 100 mmol/l mercaptoethanol. 

4.5.3 Gel mobility shift assay (IV) 

The gel mobility shift assay was performed as previously described (Hautala et al. 
2001). For the analysis of the transcription factor NF-κB binding activity on DNA, 

double-stranded oligonucleotide probes with a NF-κB consensus binding 

sequence (5'- AGTTGAGGGGACTTTCCCAGGCCA-3') (Tenhunen et al. 2006a) 

were sticky end -labelled with [α-32P]-dCTP by the Klenow enzyme. The binding 

reaction consisted of 20 µg of nuclear protein extract from human aortic valves 

and 2 µg of poly-(dI-dC)(dI-dC) in a buffer containing 10 mM HEPES (pH 7.9), 

1 mM MgCl2, 50 mM KCl, 1 mM DTT, 0.1 mM EDTA, 10% glycerol, 0.025% 

NP-40, 0.25 mM PMSF and 1 mM of each aprotinin, leupeptin and pepstatin. The 

binding reaction mixtures were first pre-incubated on ice for 10 minutes, the 

labelled probe was added and then the reaction mixtures were incubated for 20 

minutes at room temperature. Protein-DNA complexes were separated by non-

denaturing gel electrophoresis on a 5% polyacrylamide gel in 0.5 x Tris-borate-

EDTA (TBE) buffer at +4 ºC. For competition analysis, the DNA binding 

reactions were preincubated, before the addition of the labelled probe, for 20 

minutes with 10 and 100-fold molar excesses of non-specific competitor DNA, 

which included doublestranded oligonucleotides containing mutated binding sites 

for NF-κB (5'- AGTTGAGGCGACTTTCCCAGGCCA-3'). After electrophoresis 

the gels were dried and exposed with PhosphorImager screens (Molecular 

Dynamics). The results were visualized and quantified with Molecular Imager FX 

equipment (Bio-Rad Laboratories) using QuantityOne software (Bio-Rad 

Laboratories). 
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4.5.4 Histological analysis (II-IV) 

For histological analyses rat hearts were fixed in 10% buffered formalin solution, 

transverse sections of the left ventricle were embedded in paraffin, and 5-µm-

thick sections were cut. Masson’s trichrome and von Kossa stainings were used to 

detect fibrotic and calcific sites, respectively. Rabbit polyclonal periostin antibody 

(Osteoblast specific factor 2, BioVendor) at a dilution of 1:3000 was used to 

determine the localization of periostin in the hearts. For the negative control 

stainings non-immune rabbit serum and PBS were substituted for the primary 

antibody. 

For histological analyses of the human aortic valves, half of the valve leaflet 

was cut into pieces, placed in 10% buffered formalin solution and embedded in 

paraffin. Transverse 5-µm-thick sections, oriented from the cusp base to the free 

edge, were stained with haematoxylin and eosin for calculation of the aortic valve 

cusp area and quantification of the calcified area. Blue ink was used in control 

valves to show the orientation of aortic side. For immunolabelling, the valves 

were decalcified first for 48 hours in EDTA. The decalcification protocol reduces 

the intensity of immunostaining but was needed to produce sections of stenotic 

valves of acceptable quality. Thus, to minimize the evaluation bias caused by the 

decalcification protocol, all the samples that were immunolabelled were also 

pretreated in the same way. 

To visualize the vascular density in the aortic valves, the polyclonal rabbit 

anti-human antibody to factor VIII-related antigen (Dako) was applied to the 

slides for 1 hour at a dilution of 1:50. After this, a secondary anti-rabbit antibody 

(Dako) was applied, followed by the avidin-biotin complex. The colour was 

developed with diaminobenzidine and hydrogen peroxide. The average vessel 

density was obtained by dividing the number of vessels by unit area in each 

sample. In addition, the number of vessels per high-power field in hot spots (i.e. 

areas with the maximum number of vessels per microscopic field) was assessed 

(study III). α-SMA and CD68 antibodies (Dako) were used for detection of 

myofibroblasts and macrophages, respectively. For immunophenotypic analysis 

of inflammatory cells, the monoclonal mouse antibodies UCHL-1, L26, and 

PGM-1 (Dako) were used. 

Mouse anti-human BMP-4 (Novocastra Lab Inc) at a dilution of 1:50, mouse 

anti-human bone sialoprotein (Chemicon International) at a dilution of 1:50, 

mouse anti-human osteoprotegerin (Imgenex, IMG-103) at a dilution of 1:100, 

mouse anti-human osteopontin (Assay Designs, Inc.) at a dilution of 1:200, 
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mouse monoclonal anti-human TSP-1 (Thermo Fisher Scientific) at a dilution of 

1:400, goat polyclonal anti-human TSP-2 (Santa Cruz Biotechnology) at a 

dilution of 1:100, mouse monoclonal anti-human TSP-3 (Santa Cruz 

Biotechnology) at a dilution of 1:250, and mouse monoclonal anti-human TSP-4 

(Santa Cruz Biotechnology) at a dilution of 1:200 were used to determine the 

presence and localization of the studied proteins in aortic valve cusps. The 

EnVision Kit (Dako) was used for immunostaining, and the colour was developed 

by diaminobenzidine, after which the sections were lightly counterstained with 

haematoxylin and mounted with Eukitt (Kindler). For the negative control 

stainings non-immune mouse or goat serum and PBS were substituted for the 

primary antibodies. Immunoreactivity was assessed semiquantitatively. The 

intensity of staining in different cell types was measured subjectively. All 

histological analyses were made by an experienced pathologist. 

4.6 Statistical analysis (I-IV) 

In studies I–III the results are expressed as mean ± standard error of the mean 

(SEM). The data were first tested for normality by using the Kolmogorov-

Smirnov test. For normally distributed variables, the unpaired Student’s t-test or 

One-way analysis of variance (ANOVA) followed by least significant difference 

(LSD) post hoc for multiple comparisons was performed. For non-normally 

distributed data, statistical analyses were performed using non-parametric 

Kruskal-Wallis and Mann-Whitney U -tests. Analyses were performed by SPSS 

for Windows (versions 14.0 and 16.0; SPSS Inc.). P-values < 0.05 were 

considered statistically significant.  

In study IV the results are presented as mean with standard deviation. 

Statistical significance was determined by analysis of covariance (ANCOVA) if 

significant covariates were present. If significant covariates were not present, 

continuous variables were analysed with One-way ANOVA followed by either 

Tukey’s Honestly Significant Difference post hoc test or Tamhane’s post hoc test 

(the latter if the variances were unequal). When two groups were compared, the 

Student’s t-test was used. The Kruskal-Wallis test followed by Mann-Whitney U-

test (if the previous result was significant) was used for semi-continuous variables. 

Categorical variables were analysed using Fisher’s Exact Test. Analyses were 

performed by SPSS for Windows (version 16.0, SPSS Inc). Differences were 

considered statistically significant at two-tailed P-values < 0.05.  
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For the correlation analyses in studies II and IV, the Spearman correlation 

coefficient (ρ) was calculated. Correlations were considered significant at two-

tailed P-values < 0.001. 
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5 Results 

5.1 Cardiac pressure overload and the expression of extracellular 

matrix proteins in myocardial remodelling (I, II) 

5.1.1 Matrix Gla protein 

It has previously been shown that in SHRs MGP LV gene expression is 

significantly increased already in 16-month-old rats compared to age-matched 

WKY rats, and mRNA levels further elevate as cardiac hypertrophy progresses 

(Rysa et al. 2005). To further confirm this finding, MGP LV protein levels of 20-

month-old SHRs and WKY rats were compared. Indeed, 2.4-fold (P < 0.01) 

higher LV total MGP protein levels were seen in old SHRs compared with age-

matched WKY rats. 

To study the effect of acute pressure overload on LV MGP gene expression in 
vivo, AVP was infused for 30 minutes and four hours or Ang II for six hours, 12 

hours and two weeks in normotensive SD rats. AVP-infusion increased MGP 

mRNA levels 30% at four hours (Fig. 9A). Ang II-induced acute hypertension 

elevated MGP LV gene expression at all time points studied (Fig. 9B). However, 

total MGP protein levels were not altered in response to Ang II infusion (data not 

shown). 

Fig. 9. The effect of A. arginine8-vasopressin (AVP, n = 7–9) and B. angiotensin II (Ang 

II, n = 4–8) on matrix Gla protein (MGP) left ventricular mRNA levels in rats. White 

columns, vehicle; black columns, AVP (A) and Ang II (B). Results are mean ± SEM. *P < 

0.05 and ***P < 0.001 vs. vehicle.  
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5.1.2 Periostin 

Periostin protein expression has previously been shown to be re-induced in mouse 

hearts in transverse aortic constriction -induced chronic pressure overload (Oka et 
al. 2007). To increase the knowledge of periostin gene expression in hypertension, 

the effects of acute and chronic pressure overload on LV periostin mRNA levels 

in rats were studied. In chronically hypertensive SHRs periostin LV gene 

expression was constantly elevated compared to normal ageing WKY rats (Fig. 

10A). There was also a 2.4-fold (P < 0.05) increase in LV periostin mRNA levels 

in 20 month-old SHRs compared to 12-month-old SHRs. In WKY rats periostin 

mRNA levels did not change with ageing. 

To determine the periostin LV gene expression response to acute pressure 

overload, AVP and Ang II treatments in normotensive SD rats were used. AVP-

induced pressure overload increased periostin LV mRNA levels 3.1-fold already 

at four hours (Fig. 10B). Ang II infusion elevated periostin LV gene expression 

4.2-fold at six hours, 14.6-fold at 12 hours and 4.6-fold at 72 hours (Fig. 10C). 

Fig. 10. The effect of A. chronic hypertension (n = 3–11), B. arginine8-vasopressin (AVP, 

n = 8–10), and C. angiotensin II (Ang II, n = 5–9) on periostin left ventricular mRNA 

levels in rats. White columns, age-matched WKY rats (A) or vehicle (B, C); black 

columns, SHRs (A), AVP (B) and Ang II (C). Results are mean ± SEM. *P < 0.05 and **P 

< 0.01 vs. age-matched WKY rats (A) or vehicle (B and C). 
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5.2 Myocardial infarction and cardiac expression of extracellular 
matrix proteins (I, II) 

5.2.1 Matrix Gla protein 

To investigate the effect of post-infarction remodelling on MGP LV gene 

expression, rats were subjected to MI by ligating LAD. MGP LV mRNA levels 

were increased 1.3-fold after 24 hours of experimental MI, and a 2.8-fold 

elevation was seen at four weeks (Fig. 11A). The total MGP protein levels were 

increased 2.4-fold (P < 0.05) 24 hours after experimental MI, but thereafter no 

difference in protein levels was seen between sham and MI groups (data not 

shown). 

5.2.2 Periostin 

It has previously been shown, that acute MI increased periostin gene expression 

in mouse hearts (Oka et al. 2007). To study the effect of post-infarction 

remodelling on periostin LV gene expression in rats, ligation of LAD was 

performed in normotensive SD rats. Periostin LV mRNA levels were assessed at 

24 hours, two weeks and four weeks after the ligation. A 5.8-fold elevation in 

periostin mRNA levels was detected 24 hours post-infarction, after which the 

gene expression reverted to a level similar to that of sham operated rats (Fig. 11B). 

Fig. 11. Effect of experimental myocardial infarction on left ventricular A. matrix Gla 

protein (MGP) and B. periostin mRNA levels in rats. White columns, sham; black 

columns, myocardial infarction. Results are mean ± SEM. *P < 0.05, **P < 0.01 and ***P 

< 0.001 vs. sham. 
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5.3 Renal insufficiency and the expression of extracellular matrix 
proteins in myocardial remodelling (II) 

5.3.1 Biochemical markers of kidney function and cardiac 

hypertrophy 

To study ECM proteins in the chronic reno-cardiac syndrome, an experimental 

model of CRI was used. The renal insufficiency in the subtotally nephrectomised 

rats has been previously described (Jolma et al. 2003). In agreement with 

previous findings decreased creatinine clearance and increased plasma 

concentrations of creatinine, urea, PTH and phosphate were detected in NX rats 

compared with sham operated rats, which indicated impairment of kidney 

function. The body weight proportioned heart weights were also compared 

between sham and NX groups, as CRI is frequently associated with cardiac 

hypertrophy (Gross & Ritz 2008). Accordingly, in the experimental model used in 

this study, a significant increase of heart weight-to-body weight ratio was seen in 

the NX rats compared to sham rats (4.15 ± 0.50 versus 3.25 ± 0.04, g/kg, P < 

0.05). It has been previously reported that LV mRNA levels of hypertrophy 

marker gene BNP were elevated in NX rats (Koobi et al. 2006). Similarly, 

examination of LV gene expression of ANP showed a 8.4-fold (P < 0.01) and 

BNP a 2.0-fold (P < 0.001) increase in NX rats versus sham rats in the present 

study.  

5.3.2 Periostin 

To study the effect of CRI on LV periostin expression, subtotally nephrectomised 

rats were used. Periostin LV mRNA levels were 6.5-fold higher in NX than in 

sham rats (Fig. 12A). Immunohistochemical analysis was performed to examine 

periostin localization in the hearts of the rats with experimental chronic reno-

cardiac syndrome. Positive immunostaining for periostin was seen extracellularly 

in the areas of infiltrated inflammatory cells and/or fibrotic lesions (Fig. 12B and 

C). Both NX and sham-operated rats showed areas of enhanced interstitial and 

perivascular fibrosis, but scattered inflammatory cell infiltrates, usually associated 

with interstitial fibrosis, were detected only in the hearts of the NX rats. 

Furthermore, local patchy positivity for periostin was seen in the endothelium of 

some blood vessels (Fig. 12D) and in the endocardium of both, subtotally 

nephrectomised and sham-operated, experimental groups. 
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Fig. 12. A. The effect of experimental renal insufficiency (5/6 nephrectomy, NX) on left 

ventricular periostin gene expression. Results are mean ± SEM, n = 7. ***P < 0.001 vs. 

sham group. B–D. Representative photomicrographs (scale bars correspond to 100 

µm) showing periostin immunostaining in the left ventricle of NX (B, D) and sham (C) 

rats. Positive staining for periostin is seen in areas with interstitial fibrosis and 

lymphocytes (B), and in fibrotic areas between myocytes (C). D. Distinct periostin 

positivity is detected in perivascular fibrotic areas, and also endothelial positivity 

(arrows) is seen.  

5.3.3 Fibrosis-related extracellular matrix proteins 

As CRI is characterized by LVH with cardiac interstitial fibrosis, the cardiac gene 

expression of fibrosis-related ECM proteins, and thus the activation of fibrotic 

remodelling in NX rats, was of interest. Moreover, to analyse the potential role of 

periostin in the regulation of fibrosis in uremic cardiac remodelling, correlation 

analyses between periostin and fibrosis-related factors were made.  
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Fig. 13. The effect of experimental renal insufficiency and high-calcium (NX + Ca), 

high-phosphate (NX + Pi) or paricalcitol (NX + paricalcitol) treatment on left ventricular 

mRNA levels of fibrosis-related genes A. osteopontin, B. osteoactivin, and C. 

pleiotrophin. Results are mean ± SEM, n = 7–14. *P < 0.05, ***P < 0.001 vs. sham; #P < 

0.05, ##P < 0.01 vs. NX. 

Pro-fibrotic osteopontin LV mRNA levels positively correlated with those of 

periostin (ρ = 0.776, P < 0.001), and the genes showed a similar LV gene 

expression pattern. The NX-induced elevation of osteopontin gene expression was 

abolished by a high-calcium diet but not with paricalcitol treatment (Fig. 13A). 

Anti-fibrotic osteoactivin significantly correlated with periostin (ρ = 0.876, P < 
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0.001), although the NX-induced elevation of osteoactivin LV mRNA levels was 

decreased with all treatments (Fig. 13B). The examination of pro-fibrotic 

pleiotrophin LV gene expression showed a significant upregulation in the rats 

with impaired renal function, while a high-phosphate diet reduced pleiotrophin 

mRNA levels to those of the sham group (Fig. 13C). 

Fig. 14. The effect of experimental renal insufficiency and high-calcium (NX + Ca), 

high-phosphate (NX + Pi) or paricalcitol (NX + paricalcitol) treatment on left ventricular 

mRNA levels of calcification-related genes A. bone morphogenetic protein (BMP)-2, B. 

BMP-4, C. bone sialoprotein, and D. matrix Gla protein. Results are mean ± SEM, n = 

7–14. *P < 0.05, **P < 0.01, ***P < 0.001 vs. sham; #P < 0.05 vs. NX. 
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5.3.4 Calcification-related extracellular matrix proteins 

Gene expression analyses of vascular calcification-related genes in the hearts of 

NX rats were used to study the activation of soft tissue mineralization in the 

chronic reno-cardiac syndrome. Moreover, to analyse the potential role of 

periostin in the regulation of calcification in uremic cardiac remodelling, 

correlation analyses between periostin and calcification-related proteins were 

made. The proteins studied were calcification inhibitor MGP and pro-osteogenic 

BMP-2, BMP-4 and bone sialoprotein (Fig. 14). The NX-induced elevation of 

BMP-4 gene expression was abolished by the high-calcium diet (Fig. 14B), 

whereas NX-induced elevation of bone sialoprotein was not decreased with any 

of the treatments (Fig. 14C). None of the calcification-related factors had LV gene 

expression patterns similar to that of periostin, and only the calcification inhibitor 

MGP correlated positively (ρ = 0.604, P < 0.001) with periostin. Of note, no 

calcifications were detected in immunohistochemical analysis of NX rat hearts. 

Table 12 summarizes the results of the different experimental models used in this 

study. Unpublished data about the changes in myocardial expression of bone 

sialoprotein, osteoactivin, osteopontin and pleiotrophin are also presented in Table 

12. 

Table 12. Summary of left ventricular gene expressional changes of the studied 

extracellular matrix proteins in different experimental models used in this study. 

Experiment BMP-2 BMP-4 BSP MGP OA OPN PN PTN 

Cardiac hypertrophic stimuli in 

rat 

        

AVP-infusion ND ND = ↑ ↑ = ↑ ↑ 

Ang II-infusion ND ND = ↑ ↑ ↑ ↑1–2 / =3 ↑ 

MI ND ND = ↑ ↑ ↑ ↑4 / =5 ↓4 / =5 

Experimental renal failure in rat = = ↑ = ↑ ↑ ↑ ↑ 

A direction of expressional change in response to different treatments or conditions is indicated as 

follows: ↑, increase; ↓, decrease; =, no change. When mRNA levels return to the control level before the 

end of the experiment, all changes are presented as follows: an alteration in gene expression at 1six or 
212 hours, or at 3two weeks after Ang II -infusion or at 424 hours or 5two weeks post-infarction. Ang II, 

angiotensin II; AVP, arginine8-vasopression; BMP, bone morphogenetic protein; BSP, bone sialoprotein; 

MGP, matrix Gla protein; MI, myocardial infarction; ND, not defined; OA, osteoactivin; OPN, osteopontin; 

PN, periostin; PTN, pleiotrophin 
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5.4 Potential factors regulating gene expression of extracellular 
matrix proteins in cardiac remodelling (I, II) 

5.4.1 Mechanical stretch and matrix Gla protein 

The in vitro model of mechanical stretch on neonatal ventricular myocytes and 

fibroblasts for one hour, 12 hours and 24 hours, was used to characterize the 

effect of mechanical load on MGP gene expression. The mechanical stretch of 

neonatal ventricular myocytes reduced MGP mRNA levels 21% (P < 0.01) at 24 

hours. The mechanical stretch of neonatal ventricular fibroblasts decreased MGP 

gene expression 56% (P < 0.001) at 12 hours and 72% (P < 0.001) at 24 hours. 

5.4.2 Hypertrophic agonists and matrix Gla protein 

As described in chapter 5.1.1 a hypertrophic agonist, Ang II, elevated MGP LV 

gene expression in vivo. Simultaneously with Ang II infused AT1-R antagonist 

losartan completely abolished the activation of MGP LV gene expression at two 

weeks (P < 0.05). To further study the mechanisms regulating MGP gene 

expression in ventricular cells, neonatal rat ventricular myocytes and fibroblasts 

were treated with ET-1 and Ang II for 24 hours. Ang II increased in vitro MGP 

mRNA levels both in myocytes and in fibroblasts, compared to vehicle treated 

cells (Fig. 15). ET-1 decreased MGP gene expression 29% in cultured myocytes, 

whereas no effect on MGP mRNA levels in fibroblasts was seen (Fig. 15). 

Fig. 15. The effect of angiotensin II (Ang II) and endothelin-1 (ET-1) on matrix Gla 

protein (MGP) gene expression in cultured neonatal rat ventricular A. myocytes and B. 

fibroblasts. Results are mean ± SEM, from two to three independent cultures. *P < 0.05, 

**P < 0.01 vs. control. 
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5.4.3 Disturbed calcium-phosphate balance and periostin 

CRI is associated with disturbed calcium-phosphate-PTH balance, which affects 

blood pressure but may also have an independent effect on cardiac remodelling 

(Gross & Ritz 2008). The hypothesis that changes in plasma calcium, phosphate 

and PTH levels or alterations in blood pressure influence periostin LV gene 

expression was tested by using high-calcium and high-phosphate diets or 

treatment with paricalcitol (i.e. the vitamin D receptor activator) in the rats with 

CRI.  Evident kidney insufficiency was detected in all NX groups, as well as 

cardiac hypertrophy and distinctive alterations in systolic blood pressure (Table 

13). In agreement with previous studies (Karavalakis et al. 2008, Koobi et al. 
2006), the high-calcium diet significantly decreased NX-induced hypertension 

whereas a high-phosphate diet or paricalcitol treatment did not alter blood 

pressure in NX rats. The high-calcium diet also effectively lowered plasma PTH 

and phosphate levels and increased levels of ionized calcium in NX rats (Table 

13). A high-phosphate diet in rats with renal impairment further elevated plasma 

PTH and decreased ionized calcium levels (Table 13). 

Table 13. Blood pressure, cardiac hypertrophy and laboratory findings in the model of 

chronic renal insufficiency at the close of the study. 

Variable Sham Chronic renal insufficiency 

NX NX + Ca NX + Pi NX + 

paricalcitol 

Systolic blood pressure 

(mmHg) 

 130 ± 2      170 ± 6*   143 ± 5*†      156 ± 5*    167 ± 5* 

Heart weight/body weight 

(g/kg) 

3.25 ± 0.04     4.15 ± 0.50*  4.03 ± 0.15*     4.46 ± 0.43*   4.55 ± 0.30* 

Plasma      

Urea (mmol/l)   5.2 ± 0.2     23.3 ± 8.7*   12.9 ± 1.1*     34.9 ± 11.5*   33.8 ± 9.8* 

Creatinine (µmol/l) 66.6 ± 2.2   170.6 ± 37.5* 116.5 ± 7.3   178.0 ± 30.9* 209.0 ± 41.7* 

Creatinine clearance 

(ml/min) 

1.84 ± 0.11     0.85 ± 0.17*   0.84 ± 0.07*     0.69 ± 0.18*   0.71 ± 0.15* 

PTH (pg/ml) 94.7 ± 11.5 1172.8 ± 369.8*   3.7 ± 0.5*† 3619.7 ± 255.0*† 618.9 ± 253.8* 

Phosphate (mmol/l) 1.17 ± 0.05     2.54 ± 0.53* 0.74 ± 0.05*†     5.47 ± 1.21*   3.03 ± 0.43* 

Ionized calcium (mmol/l) 1.35 ± 0.01     1.34 ± 0.03 1.57 ± 0.03*†     0.93 ± 0.09*†   1.31 ± 0.05 

Values are mean ± standard error of the mean. * P < 0.05 versus sham, † P < 0.05 versus NX. 

NX, 5/6 nephrectomised rats; PTH, parathyroid hormone 
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Periostin LV gene expression upregulation in NX rats was prevented by high-

calcium and high-phosphate diets (data not shown). Paricalcitol treatment had no 

effect on NX-induced LV expression of the periostin gene. Periostin LV mRNA 

levels positively correlated with LV gene expression of hypertrophy marker genes 

ANP (ρ = 0.758, P < 0.001) and BNP (ρ = 0.653, P < 0.001), as well as with 

cardiac hypertrophy, indicated by heart weight-to-body weight ratio (ρ = 0.649, P 

< 0.001). A significant positive correlation between systolic blood pressure and 

periostin mRNA levels existed, and further, the gene expression pattern of 

periostin between groups was found to parallel blood pressure alterations (Fig. 

16). Periostin LV gene expression also correlated positively with plasma 

concentrations of impaired kidney function biomarkers urea (Fig. 17A), creatinine 

(Fig. 17B), phosphate (ρ = 0.581, P < 0.001) and PTH (ρ = 0.503, P < 0.001). 

However, the LV periostin mRNA level between study groups was distinctive 

when compared with plasma PTH or phosphate concentration changes (Table 13) 

in response to different treatments. 

Fig. 16. A. The effect of experimental renal insufficiency, high-calcium (NX + Ca) or 

high-phosphate (NX + Pi) diets and paricalcitol (NX + paricalcitol) treatment on left 

ventricular (LV) periostin mRNA levels (left y-axis) and systolic blood pressure (right 

y-axis) in rats. B. The correlation of blood pressure with LV periostin mRNA levels in 

experimental renal insufficiency in rats. White squares, sham; black squares, NX; 

white triangles, NX + Ca; black triangles, NX + Pi; black stars, NX + paricalcitol. 

Results are mean ± SEM (A), n = 7–15. *P < 0.05, **P < 0.01, ***P < 0.001 vs. sham; #P < 

0.05, ###P < 0.001 vs. NX. 
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Fig. 17. The correlation of left ventricular periostin mRNA levels with plasma A. urea 

and B. creatinine in experimental renal insufficiency in rats. White squares, sham; 

black squares, NX; white triangles, NX + Ca; black triangles, NX + Pi; black stars, NX + 

paricalcitol. n = 7–14. 

5.5 Extracellular matrix proteins in aortic valve stenosis 
progression (III, IV) 

To examine the regulation of valve remodelling in AS, several potential ECM 

proteins, known to play a role in the pathological processes associated with the 

progression of aortic valve disease, were studied. In agreement with previous 

studies (Satta et al. 2003, Soini et al. 2003), evident calcification and 

neovascularization existed in valves with AS.  The stenotic aortic valves were 

pronouncedly calcified (calcified area-to-total valve area 40.7 ± 16.8 % in study 

IV), and distinct elements of metablastic bone were occasionally seen. In the 

control and fibro(sclero)tic valves only some microscopically detected minor 

calcified lesions were seen. Factor VIII immunostaining revealed that 

neoangiogenesis was significantly activated in the aortic stenotic valves (1.9 ± 2.2 

vessels/mm2 in study IV), but only few vascular structures were found in control 

and fibro(sclero)tic valves. Neolumens in stenotic valves colocalized most 

distinctly with inflammatory cells, but to a lesser extent with calcification and 

fibrosis. In addition, there was often proliferation of myofibroblasts in calcified 

valves. 
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5.5.1 Bone morphogenetic proteins 

The gene expressions of BMP-2 and BMP-4 were studied in the control, 

fibro(sclero)tic and stenotic aortic valves. Both proteins showed detectable and 

consistent basal gene expression in the control valves, and in the calcified stenotic 

valves the mRNA levels of BMP-2 and BMP-4 were decreased 62% (P < 0.01) 

and 41% (P < 0.05), respectively, when compared to control valves (Fig. 18). 

Immunohistochemical analysis showed slight and scattered staining for BMP-4 

protein in the control valves, whereas in stenotic valves strong or moderate 

immunoreactivity for BMP-4 protein was usually seen associated with a 

subpopulation of macrophage-type inflammatory cells in the rim of the calcified 

regions and sometimes in the adjacent fibrous tissue (Fig. 18C). Immunostaining 

using the antibody for BMP-2 failed to yield reliable results according to the 

quality standard. 

Fig. 18. Gene expression of A. bone morphogenetic protein (BMP)-2 and B. BMP-4 in 

the different stages of calcific aortic valve disease. Values are mean ± standard 

deviation. *P < 0.05, ** P < 0.01 vs. Ctrl. Ctrl, control group (n = 8); Fibr, fibro(sclero)sis 

group (n = 5); AS, aortic stenosis group (n = 18). C. Representative photomicrograph 

(magnification x100) showing BMP-4 immunostaining in calcified aortic valve. Black 

arrow indicates BMP-4 positive staining, usually seen in calcified regions (black 

asterisk), but sometimes also in adjacent fibrous tissue (white asterisk). White arrow 

indicates vascular structure. 
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5.5.2 Bone sialoprotein 

A significant 5.8-fold elevation of bone sialoprotein mRNA level was detected in 

the calcified aortic valves compared to the control valves (Fig. 19A). The 

intensity of bone sialoprotein immunostaining increased toward calcified valves 

and the positive staining for bone sialoprotein significantly associated with the 

area and the degree of calcification (Fig. 19B). There was also often considerable 

immunoreactivity for bone sialoprotein in fibrous tissue and in stromal 

macrophages and fibroblasts (Fig. 19C). Bone sialoprotein was also expressed to 

some extent in vascular endothelial cells and lymphocytes. 

Fig. 19. A. Gene expression of bone sialoprotein in calcific aortic valve disease. 

Values are mean ± standard deviation. *P < 0.05 vs. Ctrl. Ctrl, control group (n = 8); 

Fibr, fibro(sclero)sis group (n = 5); AS, aortic stenosis group (n = 18). B. 

Semiquantitative immunoreactivity for bone sialoprotein in aortic valves with different 

amounts of calcification (x-axis). Values represent immunoreactivity according to the 

extent and intensity of the positivity observed in the valvular samples: 0 = negative 

(n = 8); 1 = weak (n = 13); 2 = moderate (n = 12); 3 = strong (n = 49). Values on the y-

axis are mean ± standard deviation. *P < 0.05 vs. negative calcification group. C. 

Representative photomicrograph (magnification x100) showing bone sialoprotein 

(black arrow) immunostaining adjacent to the calcified nodules (black asterisk) and in 

fibrous tissue (white asterisk). White arrows indicate vascular structures. 
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5.5.3 Osteopontin 

Osteopontin mRNA levels were 7.4-fold higher in stenotic aortic valves than in 

control valves (Fig. 20A). The change in gene expression was also confirmed by 

immunohistochemical analysis of protein expression. The semiquantitative 

analysis showed a significant association between osteopontin immunostaining 

and the degree of calcification in aortic valves (Fig. 20B). In stenotic aortic valves, 

the immunoreactivity for osteopontin was generally strong and usually 

colocalized with calcified nodules and especially in the peripheral zones of these 

lesions (Fig. 20C).  

Fig. 20. A. Gene expression of osteopontin in calcific aortic valve disease. Values are 

mean ± standard deviation. ***P < 0.001 vs. Ctrl; #P < 0.05 vs. Fibr. Ctrl, control group 

(n = 8); Fibr, fibro(sclero)sis group (n = 5); AS, aortic stenosis group (n = 18). B. 

Semiquantitative immunoreactivity for osteopontin in aortic valves with different 

amounts of calcification (x-axis). Values represent immunoreactivity according to the 

extent and intensity of the positivity observed in the valvular samples: 0 = negative 

(n = 8); 1 = weak (n = 14); 2 = moderate (n = 11); 3 = strong (n = 46). Values on the y-

axis are mean ± standard deviation. *P < 0.05, ***P < 0.001 vs. negative calcification 

group. C. Representative image (magnification x100) showing immunoreactivity for 

osteopontin (black arrow) adjacent to the calcified nodules (black asterisk). White 

arrows indicate vascular structures.  
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5.5.4 Osteoprotegerin 

Detectable and consistent basal gene expression of osteoprotegerin was found in 

control and fibro(sclero)tic valves. Calcified valves showed a 1.7-fold (P < 0.05) 

increase in osteoprotegerin mRNA levels when compared with control valves. 

Immunohistochemical staining for osteoprotegerin in stenotic valves was 

generally weak or non-existent. When positive immunostaining was detected, 

stromal reactivity was seen adjacent to calcified nodules (data not shown). 

5.5.5 Thrombospondins 

TSPs 1–4 were expressed in all stages of calcific aortic valve disease. The gene 

expression of TSP-2 was equally increased in fibro(sclero)tic and calcified aortic 

valves compared with control valves (Fig. 21A). TSP-1 mRNA levels tended to 

differ similarly to TSP-2, but no significant difference in gene expression between 

study groups was seen (P = 0.16). The gene expressions of TSP-3 and TSP-4 

remained at the level of the control group in every stage of the disease (data not 

shown). 

To study the localization of TSPs 1–4 in aortic valve cusps, 

immunohistochemical analyses were performed. TSP-2 positive immunostaining 

was seen in valvular and vascular endothelial cells, but not all vascular structures 

showed endothelial immunoreactivity for TSP-2 (Fig. 21C). A distinct TSP-2 

positivity was detected in αSMA immunostaining confirmed myofibroblasts (Fig. 

21D), which were numerous particularly in calcified valves. Semiquantitative 

analysis indicated increased immunoreactivity for TSP-2 in neovessels of 

fibro(sclero)tic and calcified aortic valves, while there was no difference between 

study groups in the quantity of TSP-2 immunostaining in valvular endothelium 

and myofibroblasts (Fig. 21B). The localizations of TSP-1 and TSP-3 

immunoreactivity were similar to that of TSP-2. TSP-4 was localized in the ECM 

of stromal areas and only scattered and slight endothelial staining for TSP-4 was 

observed (data not shown). 
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Fig. 21. A. Gene expression of thrombospondin (TSP)-2 in the different stages of 

calcific aortic valve disease. Values are mean ± standard deviation. *P < 0.05, **P < 

0.01 vs. Ctrl. Ctrl, control group (n = 8); Fibr, fibro(sclero)sis group (n = 8); AS, aortic 

stenosis group (n = 24). B. The quantity of TSP-2 immunostaining in respective cell 

types: ++ = moderate immunostaining. Ctrl (n = 3), Fibr (n = 3), AS (n = 6). C. and D. 

Representative photomicrographs demonstrating TSP-2 immunostaining in 

neovessels (image C, arrows) and in α-smooth muscle actin immunostaining (data not 

shown) confirmed myofibroblasts (D) of calcified aortic valve. Not all of the vessels 

show TSP-2 positivity in the endothelium (C, double arrow). 

5.6 Potential factors regulating the gene expression of 

thrombospondins in calcific aortic valve disease (IV) 

As the prevalence of calcific aortic valve disease is known to increase with age 

(Otto et al. 1999, Stewart et al. 1997), and as prominent calcification and 

neovascularization are characteristic of the disease, these variables were imposed 

for correlation analyses with TSPs 1–4. No correlations were seen between TSPs 

1–4 valvular gene expressions and age, the extent of calcification or the number 

of vessels in aortic valves (data not shown). 
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Fig. 22. A. Nuclear factor (NF)-κB binding activity and B. gel mobility shift assay of 

nuclear extracts from human aortic valves. Nuclear extracts were incubated with a 

radiolabelled NF-κB oligonucleotide probe. C. Akt-pathway activation and D. 

representative Western blots of phospho-Akt (P-Akt) and total-Akt (Tot-Akt) protein 

levels in control and stenotic aortic valves. Results are mean ± standard deviation. *P 

< 0.05 vs. Ctrl. Ctrl, control group (n = 4–10); AS, aortic stenosis group (n = 14–20). Of 

note, considerable interindividual variability was seen in NF-κB binding activity and 

Akt-pathway activation in AS-group, most likely due to the broad spectrum of 

phenotypic variation of aortic stenosis. 

5.6.1 Akt/NF-κB -pathway and thrombospondin-2 

Because TSP-2 gene expression was significantly upregulated in diseased valves 

and the promoter region of TSP-2 has a binding site of NF-κB (De Stefano et al. 
2009), the NF-κB binding activity in control and stenotic aortic valves was 

assessed by gel mobility-shift assay. TSP-2 upregulation in stenotic valves was 

associated with a concomitant significant decrease in NF-κB binding activity 

when compared with control valves (Fig. 22A). Further, as the activated Akt-

pathway is needed to stimulate the transactivation potential of NF-κB (Sizemore 
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et al. 2002), Akt-phosphorylation in aortic valves was examined. A significant 

decrease in Akt-phosphorylation in calcified aortic valves was detected when 

compared with the control group (Fig. 22C). Table 14 summarizes the results of 

the valvular gene expression study of ECM protein. Unpublished data on MGP, 

osteoactivin, periostin and pleiotrophin are also presented in Table 14. 

Table 14. Summary of the gene expressional changes and valvular localization of the 

studied extracellular matrix proteins in calcific aortic valve disease.  

Gene Change Localization 

Bone morphogenetic protein-2 Decrease Not studied 

Bone morphogenetic protein-4 Decrease Adjacent to calcified regions 

Fibrous tissue 

Associated with macrophages 

Bone sialoprotein Increase Adjacent to calcified regions 

Fibrous tissue 

Stromal fibroblasts and macrophages 

(Endothelial cells and lymphocytes) 

Matrix Gla protein No change Not studied 

Osteoactivin No change Not studied 

Osteopontin Increase Adjacent to calcified regions 

Osteoprotegerin Increase Adjacent to calcified regions 

Periostin No change Not studied 

Pleiotrophin No change Not studied 

Thrombospondin-1 No change Myofibroblasts 

Valvular and vascular endothelial cells 

Thrombospondin-2 Increase Myofibroblasts 

Valvular and vascular endothelial cells 

Thrombospondin-3 No change Myofibroblasts 

Valvular and vascular endothelial cells 

Thrombospondin-4 No change Extracellular matrix of stromal area 

(Endothelium) 
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6 Discussion 

ECM undergoes extensive and continuous turnover, and indeed, cardiac 

remodelling as well as fibrocalcific aortic valve disease has a plastic nature. The 

plasticity of the ECM raises the prospect of modulating cardiac and aortic valve 

tissues for clinical benefit. A major objective of HF and AS treatment is to 

attenuate or eliminate the pathological ECM remodelling by blunting the 

contributing mechanisms, and at the same time, avoid disrupting homeostatic 

mechanisms and preserve the cardiac and valvular function (Hill & Olson 2008). 

The understanding of distinct pathological mechanisms in cardiac remodelling, 

induced by different aetiologies, and of mechanisms regulating fibrocalcific aortic 

valve disease, is the key for developing more specific diagnostic assays and 

treatment of cardiac remodelling or AS, and eventually HF. Instead of merely 

relying on conventional therapies that are beneficial for treatment, for example, of 

hypertension or atherosclerosis, new therapeutic strategies should be explored. 

Such targets may include oxidative-stress, cellular energetics and phenotype 

differentiation, stem-cells and microRNAs (Gonzalez et al. 2011, Hill & Olson 

2008, Miller et al. 2011). Especially, the ECM proteins are potential targets as 

they have been demonstrated to modulate the tissue response to pathological 

stimuli. Integrating the extensive data from genomic and proteomic studies could 

reveal critical genes, pathways and networks in the progression of distinct 

diseases. 

ECM is a dynamic network that regulates tissue morphogenesis, cell function, 

proliferation, differentiation and migration (Jane-Lise et al. 2000). Non-structural 

ECM proteins interact with cells, other ECM proteins and signalling molecules, 

and thus, are significant players in cardiac remodelling by affecting cellular 

transdifferentation and modulation of inflammatory, fibrotic and calcific 

responses. The present study showed distinct expression pattern of ECM proteins, 

which are previously linked to fibrotic or calcific response. Based on their 

primary mechanism of action in cardiovascular pathology and the need to clarify 

the ongoing pathological phenomenon, the studied proteins are divided into the 

group of either fibrosis- or calcification-related proteins. However, some overlap 

may occur in the function of distinct proteins between the groups. 
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6.1 The role of extracellular matrix in cardiac remodelling 

Myocardium has a wide dynamic growth range as haemodynamic unloading may 

result in a 25% decrease in cardiac mass and hypertrophic stimulus potentially 

increases LV mass by up to 60% (Hill & Olson 2008). Clinical trials with 

antihypertensive drugs and neurohumoral systems modulating medicines, such as 

ACE inhibitors and β-blockers, indicate that pathological LVH and ECM 

remodelling can be reduced (Diez & Frohlich 2010). However, with current 

medical therapy the progression of HF cannot be consistently arrested and the 

reversal of ECM remodelling is not possible. 

Our previous DNA microarray analyses, aimed at defining comprehensive 

gene expression profiles of hypertrophied and failing heart, have revealed 

differential gene expression of several fibrosis-related ECM proteins, including 

osteopontin, osteoactivin, TSP-2 (Tenhunen et al. 2006a), periostin and 

pleiotrophin (unpublished data) as well as calcification-related proteins, such as 

MGP (Rysa et al. 2005), BMP-2, and osteoprotegerin (Tenhunen et al. 2006a). 

The present study examined the LV expression of calcification-related ECM 

proteins MGP and bone sialoprotein, as well as fibrosis-related periostin, 

pleiotrophin, osteopontin and osteoactivin, in response to pressure overload, MI 

and chronic renal failure. In addition, the expression of BMP-2 and BMP-4 in the 

heart was determined in chronic reno-cardiac syndrome. The study clearly 

indicated that expressional profiles of ECM proteins are distinct in cardiac 

remodelling due to different conditions (Fig. 23). 
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Fig. 23. A schematic presentation of the results of the current study showing distinct 

gene expression patterns of extracellular matrix proteins in cardiac remodelling. 

Capital letters indicate increased expression and lower-case letters decreased 

expression. BSP, bone sialoprotein; MGP, matrix Gla protein; OA, osteoactivin; OPN, 

osteopontin; PN, periostin; PTN, pleiotrophin. 

6.1.1 Calcification-related proteins 

The LV gene expression of mineralization specific BSP was not altered in 

response to any non-uremic cardiac hypertrophic stimuli employed in this study. 

However, increased expression was detected from the hearts of rats with chronic 

renal failure, although no cardiac calcifications were seen in 

immunohistochemical analysis and no change in the LV expression of 

calcification-associated osteoinductive BMP-2 and BMP-4 was measured. 

Although BSP favours calcification and bone formation by promoting pre-

osteoblasts differentiation (Zhou et al. 1995), hydroxyapatite nucleation (Hunter 
et al. 1996) and angiogenesis (Bellahcene et al. 2000), depending on post-

translational modifications BSP can also prevent hydroxyapatite crystal growth 

(Stubbs et al. 1997). For instance, in human atherosclerotic plaques BSP has been 

suggested to act as an inhibitor of arterial calcification (Dhore et al. 2001). In 

regard to that, it is interesting that the gene expression of the potent calcification 

inhibitor MGP in the heart was not altered in chronic reno-cardiac syndrome in 

nephrectomised rats with a control diet. Instead, the altered expression of MGP 

was seen in non-uremic cardiac remodelling in study I. However, since there are 
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no myocardial calcifications in the MGP knockout mice (Luo et al. 1997), it is 

unlikely that the role of MGP in the heart is related to calcification inhibition. 

Because MGP mRNA (Rysa et al. 2005) and protein (study I) levels elevate with 

age in SHRs but not in WKY rats, and since arterial calcification increases with 

age in all rat strains (Kieffer et al. 2000), the change in MGP expression noted in 

SHRs is not likely to be associated with vascular calcification. Thus, it is 

plausible that the role of calcification-related proteins in cardiac remodelling lies 

primarily in mechanisms other than strictly inducing or restricting tissue 

mineralization.  

Matrix Gla protein as a modulator of non-calcific remodelling 

The results of the study support a role for MGP in non-calcification-related 

cardiac remodelling and further identify pressure overload as an important 

regulator of MGP expression in the heart (Fig. 24). The key finding was that MGP 

gene expression increases in vivo in response to pressure overload and MI at the 

early phase as well as late phase of cardiac remodelling. There is evidence that 

MGP expression correlates with the level of LVH subsequent to aortic 

constriction in mice, and moreover, the expression profile is equivalent to those of 

hypertrophy marker genes ANP and BNP (Mirotsou et al. 2006). Similarly in both 

models of pressure overload used in this study the increase in MGP mRNA levels 

coincided with that of BNP (Rysa et al. 2006). The elevated MGP expression in 

aged SHRs (Rysa et al. 2005, study I) is also consistent with the increase in LV 

mass in aging SHRs (Pfeffer et al. 1982, Rysa et al. 2005). Interestingly, the LV 

gene expression of MGP in chronic reno-cardiac syndrome was significantly 

upregulated in nephrectomised rats by a high-phosphate diet and paricalcitol 

treatment, i.e. the groups which had a trend for the greatest LVH in study II.  

Increased MGP gene expression has not been previously reported until day 

one after transverse aortic constriction (Weinberg et al. 2003). However, study I 

indicated that MGP expression increases rapidly after cardiac pressure overload. 

Whereas the upregulation of structural protein synthesis in response to pressure 

overload is somewhat slow (Chapman et al. 1990, Crawford et al. 1994, Villarreal 

& Dillmann 1992), the early activation of MGP expression resembles the gene 

expression pattern of other ECM regulatory factors, such as TGF-β1, CTGF and 

TSP-1 (Hilfiker-Kleiner et al. 2004, Mustonen et al. 2008, Shi-Wen et al. 2008, 

Villarreal & Dillmann 1992). These data all together suggest that MGP has a 

regulatory function in pressure overload -induced cardiac remodelling. 
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Despite the increased MGP mRNA expression, Ang II-induced pressure 

overload or late phase of post-MI remodelling did not affect MGP protein levels. 

This intriguing finding is consistent with studies of other genes showing that 

mRNA levels do not necessarily correlate with protein levels of the gene and that 

transcript levels provide only little predictive value with respect to protein 

expression (Gygi et al. 1999, Tuomisto et al. 2005). This may be due to post-

transcriptional regulation of MGP or protein secretion into the circulation. 

However, if the effect of MGP in the heart depends on post-translational 

modifications, the total protein level does not reflect the activity of MGP. Thus, 

more specific analysis of MGP protein activity in cardiac remodelling remains to 

be done. 

This study also provided novel information on the regulation of MGP in the 

heart. The results demonstrated that cardiac Ang II-induced MGP gene expression 

is eliminated by the AT1-R antagonist. Since pressure overload increased MGP 

gene expression in vivo, the potential factors contributing to MGP expression and 

the cells expressing MGP were analysed separately in vitro. Only Ang II induced 

MGP gene expression both in neonatal cardiomyocytes and fibroblasts, which 

support in vivo findings and further suggest that Ang II is a significant regulator 

of MGP expression in the heart in response to pressure overload (Fig. 24). 

Interestingly, as mechanical stress is one of the most important factors triggering 

LVH and activation of neurohumoral signalling (including Ang II and ET-

1)(Komuro 2000), it is inconsistent that cardiomyocytic expression of MGP 

decreased in response to mechanical stretch and ET-1, and also cultured 

fibroblasts showed decreased MGP gene expression in response to mechanical 

stretch. Clearly, further study is needed to resolve this discrepancy. 

Other intriguing subjects for future studies are the precise mechanisms that 

underlie the contribution of MGP to ECM remodelling in the heart. As MGP is 

shown to function in cardiovascular pathology by modulating the activity of 

BMP-2 and BMP-4 (Derwall et al. 2012, Proudfoot & Shanahan 2006), the 

examination of these ECM proteins in the heart in response to haemodynamic 

stress would be an interesting target of future investigations. Since in study II a 

positive correlation between cardiac expression of MGP and fibrosis-related 

periostin was observed, the role of MGP in regulating uremic myocardial 

remodelling also needs to be clarified further. 



 120

Fig. 24. A schematic presentation of the regulation of matrix Gla protein (MGP) in 

pressure overload -induced cardiac remodelling leading to left ventricular hypertrophy 

(LVH), based on the results of the present study. Ang II, angiotensin II; ECM, 

extracellular matrix; ET-1, endothelin-1. 

6.1.2 Fibrosis-related proteins 

Congruent with the role of anti-fibrotic osteoactivin in the pathophysiological 

cascade of tissue injury and repair (Sheng et al. 2012), its gene expression 

increased in all models of LVH used in this study. The gene expression of pro-

fibrotic and collagen matrix assembly regulating proteins osteopontin, 

pleiotrophin and periostin were also altered in response to cardiac pressure 

overload, MI or chronic renal failure. These results confirmed that fibrogenesis is 

activated in the myocardium of rat models used in this study. Especially, the 

matricellular protein periostin is a potential pivotal player in cardiac remodelling 

as it has been shown to be important for collagen fibrillogenesis and overall 

organization of ECM (Conway & Molkentin 2008, Norris et al. 2009, Snider et al. 
2009), and the expression of periostin is induced in mouse hearts after MI and in 

response to pressure overload (Oka et al. 2007). Therefore, study II was designed 

to examine the cardiac periostin gene expression in the chronic reno-cardiac 

syndrome. 

Periostin 

This study was the first to suggest that periostin is involved in cardiac 

remodelling in chronic reno-cardiac syndrome (Fig. 25). The results also 

proposed that periostin participates in the fibrotic response in LVH and the 

expression is likely to be induced by pressure overload. In common with MGP, 
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the LV periostin gene expression profile in cardiac pressure overload and post-

infarction mimicked that of hypertrophy marker genes ANP and BNP (Magga et 
al. 1994, Rysa et al. 2006). Moreover, the present study demonstrated that 

periostin correlates positively with renal insufficiency -induced LVH, as well as 

the expression of ANP and BNP. The activation of periostin gene expression at 

early stages in response to haemodynamic stress implies that periostin may play a 

regulatory role in cardiac remodelling in concert with neurohumoral mechanisms. 

As myocardial interstitial fibrosis and vascular calcifications are 

characteristic of CRI, and periostin has been demonstrated to contribute both to 

ECM fibrosis and mineralization, the association of periostin expression with 

these pathological processes in the heart in chronic reno-cardiac syndrome was 

investigated in study II. Congruent with previous observations showing periostin 

expression at sites of injury and inflammation (Conway & Molkentin 2008), 

periostin protein was detected from the areas of increased fibrosis and 

inflammatory infiltrates. No calcifications were revealed in immunohistochemical 

examination of the hearts and none of the calcification-related proteins had 

similar LV expression patterns to that of periostin. Further supporting the 

activation of cardiac fibrosis and periostin role in fibrotic remodelling in chronic 

reno-cardiac syndrome, the LV expression of all studied fibrosis-related ECM 

proteins was altered in the rats with renal failure, and periostin showed an LV 

expression profile parallel to that of collagen synthesis promoting osteopontin. 

Moreover, both osteopontin and anti-fibrotic osteoactivin mRNA levels correlated 

positively with periostin. 

According to the present results paricalcitol treatment did not reduce the 

periostin LV gene expression or LVH. In parallel with these findings the recent 

randomized placebo-controlled clinical trial, PRIMO (Paricalcitol Capsules 

Benefits in Renal Failure Induced Cardiac Morbidity in Chronic Kidney Disease 

Stage 3/4), demonstrated that paricalcitol therapy does not reduce LVH or 

improve diastolic function in patients with chronic kidney disease. The lack of 

periostin  has been shown to result in reduced susceptibility to cardiac fibrosis 

and better LV function after sustained cardiac pressure overload or post-infarction 

(Conway & Molkentin 2008). Thus, elevated periostin expression in chronic reno-

cardiac syndrome is most likely detrimental to both cardiac structure and function, 

and medical therapy interfering with periostin activity would possibly have a 

beneficial effect on the heart in patients with renal failure. 

To investigate factors contributing to periostin expressional changes in the 

heart in chronic reno-cardiac syndrome, correlations of LV periostin gene 
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expression with LVH, blood pressure and plasma biomarkers of impaired kidney 

function were assessed. The results suggested that the re-expression of periostin 

subsequent to CRI does not result from the disturbed calcium-phosphate-PTH 

balance but is most likely a consequence of pressure overload. Indeed, periostin 

has previously been demonstrated in vitro to be expressed in cardiomyocytes and 

fibroblasts in response to mechanical stretch and Ang II (Iekushi et al. 2007). In 

study II periostin cardiac gene expression significantly correlated with systolic 

blood pressure. The induction of periostin expression was not likely the result of 

elevated PTH since although both high-phosphate and paricalcitol treatment did 

have a significant influence on PTH levels, periostin gene expression did not 

parallel these alterations. Moreover, increased periostin gene expression could not 

be derived from renal failure-associated phosphate retention, as a high-phosphate 

diet had no additive effect on periostin expression despite a significant increase in 

plasma phosphate levels. 

Fig. 25. A schematic presentation of the effects of different aetiologies of cardiac 

remodelling on periostin expression in the heart as indicated by the current study, and 

the possible role of periostin in heart diseases based on the previous studies. LV, left 

ventricular. 

Based on the present results and the previous study showing that the AT1-R 

antagonist attenuates the cardiac expression of periostin post-infarction (Iekushi 
et al. 2007), it would be interesting to study the effect of different 

antihypertensive drugs on cardiac periostin expression in chronic renal failure and 

other experimental models of cardiac overload. In addition, further investigations 

are needed to confirm the present finding that periostin protein showed patchy 
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localization in endothelial cells of endocardium and blood vessels. This is in 

agreement with abundant periostin gene expression in the endothelium of the 

developing chicken heart (Norris et al. 2004), but in developing mouse heart 

periostin expression has previously been reported to be absent from endothelial 

cells (Snider et al. 2008). A known role of periostin as a promoter of pathological 

angiogenesis could provide one explanation for the endothelial expression.  

6.2 Aortic valve stenosis 

Discovering AS as an actively regulated progressive disease, rather than a 

degenerative process, has inspired researchers to search for a therapy to halt or 

reverse the progression of the disease. Interestingly, atherosclerotic lesions, which 

share similar pathological mechanisms with the early stage of fibrocalcific aortic 

valve disease, are capable of remedial remodelling in patients receiving very 

high-intensity therapy with statin (Nissen et al. 2006), and nearly complete 

regression of advanced atherosclerotic plaques has been evidenced with sustained 

normalization of the plasma lipoprotein profile in mice (Reis et al. 2001) and 

monkeys (Armstrong et al. 1970). Although the effect of lipid-lowering 

antiatherogenic statins on AS has been studied in clinical trials, there is no 

convincing evidence for a beneficial effect of statin therapy on the progression of 

calcific aortic valve disease (Cawley & Otto 2009). The effect of ACE inhibitors 

in valve tissue remodelling may be calcification limiting, but the results from 

retrospective studies are conflicting, and there is no prospective randomized data 

about the influence of RAS inhibition on aortic valve ECM remodelling (Cawley 

& Otto 2009). 

Thus, a molecular tool for the detection of early stages of the fibrocalcific 

aortic valve disease could help to identify the ideal timing for disease progression 

preventive therapy. In addition, novel perspectives are needed to interrupt the 

disease progression, and since prominent fibrotic and calcific responses are 

evident, the factors regulating these processes may provide potential targets. The 

present study emphasized the role of ECM proteins in aortic valve tissue 

remodelling as it characterized the expression of calcification-related ECM 

proteins BMP-2, BMP-4, bone sialoprotein, osteoprotegerin, and MGP, as well as 

fibrosis-associated TSP-2, osteopontin, pleiotrophin, periostin and osteoactivin in 

the human fibrosclerotic and stenotic aortic valves (Fig. 26). 
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Fig. 26. The hypothetical roles of the studied extracellular matrix (ECM) proteins in 

fibrocalcific aortic valve remodelling. BMP, bone morphogenetic protein; BSP, bone 

sialoprotein; MGP, matrix Gla protein; OA, osteoactivin; OPG, osteoprotegerin; OPN, 

osteopontin; PN, periostin; PTN, pleiotrophin; TSP, thrombospondin. 

6.2.1 Regulation of osteogenic phenotype and calcification 

It would be tempting to hypothesize that, as in atherosclerotic plaques (Tyson et 
al. 2003), mRNA levels of the calcification inhibitor MGP could be lower in 

calcified aortic valves. However, in the present study no difference in MGP gene 

expression was observed between the groups presenting different amounts of 

calcification. Nevertheless, the mRNA and protein levels of another calcification 

inhibitor osteoprotegerin and also all the studied pro-calcific ECM proteins were 

altered in stenotic aortic valves (Fig. 27). 

Osteoprotegerin 

The results of the present study suggest that in severe calcific aortic valve disease 

the calcification restrictive mechanisms are activated as osteoprotegerin gene 

expression was elevated. However, the osteoprotegerin immunostaining in 

stenotic aortic valves was weak. Only one study of osteoprotegerin in human 

aortic valves precedes the present examination. The study demonstrated that 

osteoprotegerin protein is strongly expressed in normal but not in stenotic valves 

(Kaden et al. 2004a). Immunodetection findings of osteoprotegerin in calcified 

aortic valves in the present study were in line with those results, but the observed 

increase in mRNA levels implies that there seems to be a stimulus to increase 

osteoprotegerin production. However, because the protein levels were decreased 
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the capacity may be limited, probably due to the secretion of synthesized protein 

into the serum. Indeed, elevated levels of circulating osteoprotegerin have been 

associated with cardiovascular diseases. Particularly patients with coronary artery 

disease or cerebrovascular disease have been shown to have significantly 

increased osteoprotegerin concentrations in the circulation, which predicts 

coronary events and cardiovascular mortality in selected patient groups (Hosbond 
et al. 2012). Interestingly, in contrast to calcified vessels where osteoprotegerin is 

shown to be absent at the sites of calcification, in the present study of aortic 

valves osteoprotegerin was detected adjacent to calcified regions. This finding 

was confirmed also by Lommi et al. in their recent work (Lommi et al. 2011). 

Bone morphogenetic protein-2 and -4 

The expression of potent osteogenic morphogens BMP-2 and BMP-4 in the 

present study was shown to be low in normal aortic valves and further decreased 

in AS. This finding was surprising since BMP-2 and BMP-4 are shown to be 

associated with cardiovascular calcification (Bostrom et al. 1993, Dhore et al. 
2001). However, in human calcified aortic valves the expression of BMP-2 and 

BMP-4 protein has previously been detected specifically in the areas of 

heterotopic ossification (i.e. calcific lesion expressing elements of mature 

lamellar bone with haematopoietic elements and active bone remodelling) (Kaden 
et al. 2004b, Mohler et al. 2001). As heterotopic ossification actually contributes 

about a tenth of the calcified aortic valves (Mohler et al. 2001), the decreased 

BMP-2 and BMP-4 expressions can be relevantly explained by the assumption 

that the predominant phenomenon in stenotic valves is non-bone mineralization 

whereas BMP-2 and BMP-4 would be involved in the regulation of heterotopic 

ossification. 

Bone sialoprotein 

In contrast to BMPs, although only a minority of stenotic aortic valves presented 

heterotopic ossification, the osteogenic promoter bone sialoprotein showed 

increasing, calcification degree-associated, gene and protein expression in the 

diseased aortic valves. This finding supports the previous studies (Kaden et al. 
2004b, Rajamannan et al. 2003) and implies that bone sialoprotein might merely 

be involved in the control of valve calcification rather than its genesis. However, 

whether the role is inductive or inhibitory remains to be studied since available 
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data relating to the expression of bone sialoprotein in the cardiovascular system 

are scanty and heterogeneous. The ability of bone sialoprotein to promote 

osteogenic neovascularization and hydroxyapatite nucleation suggests a 

calcification inductive role in vascular tissues, but in atherosclerosis it has been 

proposed to act as an inhibitor of ectopic calcification (Dhore et al. 2001). In 

addition, bone sialoprotein may have a dualistic function in vivo modulating 

calcification and osteogenesis in a tissue and cell-specific manner as shown in rats 

(Wang et al. 2006). Nevertheless, the present study suggested that bone 

sialoprotein is involved in regulating ECM remodelling in fibrocalcific aortic 

valve disease. Further studies would be needed to assess the potential of bone 

sialoprotein for diagnostic or medical intervention. 

 

Fig. 27. A schematic presentation of the possible roles of the studied proteins in 

ongoing pathological processes in fibrocalcific aortic valve disease. BMP, bone 

morphogenetic protein; BSP, bone sialoprotein; OPG, osteoprotegerin; OPN, 

osteopontin; TSP, thrombospondin. 

6.2.2 Fibrotic extracellular matrix remodelling 

As opposed to a common activation of fibrosis-related genes observed in cardiac 

remodelling, in the course of fibrocalcific aortic valve disease no gene expression 

changes of anti-fibrotic osteoactivin as well as pro-fibrotic periostin and 

pleiotrophin were detected. However, collagen matrix assembly regulating 

matricellular proteins osteopontin and TSP-2 showed increased expression in AS 

(Fig. 27). Although fibrosis is a prominent feature also of the valvular disease, the 

mechanisms regulating it are supposed to show distinct differences between 

cardiac and valvular remodelling. The valves encounter substantially divergent 
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mechanical stress that causes ECM preferentially to increase the strength and 

stiffness of valves, and thus it is not surprising that the expression profiles of 

fibrosis-related proteins differ from those of proteins related to cardiac 

remodelling. 

Osteopontin 

Similarly to calcification-related bone sialoprotein, the study found that the 

expression profile of osteopontin in fibrocalcific aortic valve disease is 

progressive and strongly associated with calcification. This observation was 

congruent with previous studies showing osteopontin expression co-localized 

with calcification in human aortic valves (Mohler et al. 1997, O'Brien et al. 1995, 

Srivatsa et al. 1997). Indeed, in addition to modulating fibrotic response by 

myofibroblast differentiation and activation (Lenga et al. 2008), osteopontin has 

been observed to inhibit ectopic calcification in vivo. Osteopontin gene 

inactivation in MGP knockout mice significantly increased vascular calcification 

(Speer et al. 2002) and s.c. implanted aortic valve tissue in osteopontin-deficient 

mice were more prone to calcify than tissue implanted into wild-type mice (Steitz 
et al. 2002). Moreover, osteopontin can alleviate ectopic calcification of 

bioprosthetic valve tissue (Ohri et al. 2005). The increased osteopontin expression 

in AS, like that of osteoprotegerin, may reflect a compensatory mechanism. 

Nevertheless loss of function occurs possibly subsequent to post-translational 

modifications or protein-protein associations. The evident role of osteopontin in 

both fibrotic and calcific processes makes it an intriguing target of diagnostic 

assay or medical intervention in fibrocalcific aortic valve disease. Noteworthy is a 

recent study that advances osteopontin as a tool for the identification of 

asymptomatic patients at risk for AS since circulating levels of osteopontin 

correlate with the disease progression, even in the absence of detectable 

calcification (Grau et al. 2012). 

Thrombospondin-2 

A novel finding of the present study was the sustainable upregulation of the 

matricellular protein TSP-2 from early valve remodelling to severe AS, when 

there was no change in the expression of the other TSPs studied. This observation 

could be explained by the alterations of ageing in stenotic valves since patients 

with diseased valves were older than the control group, and indeed, aged mice 
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have been shown to express TSP-2 in skin and the heart whereas no other TSPs 

are age-related (Agah et al. 2004, Swinnen et al. 2009). However, no correlation 

between TSP-2 and age was observed. Interestingly, unlike other TSPs, TSP-2 has 

a particular ability to regulate fibroblasts’ function and collagen fibrillogenesis 

(Tan & Lawler 2009). In wound healing as well as cardiac remodelling, TSP-2 

regulates collagen matrix assembly by MMP-2 and MMP-9 activity regulation 

(Schellings et al. 2009, Tan & Lawler 2009). Moreover, it has been proposed that 

TSP-2 could exert an inflammation limiting function by interacting with 

inflammatory cells (Lamy et al. 2007). Thus, TSP-2 could affect ECM 

remodelling in fibrocalcific aortic valve disease.  

Since there was no TSP-2 protein in macrophages of the diseased valves, it is 

not likely that TSP-2 plays a role as an inflammatory cell regulator in fibrocalcific 

aortic valve disease. Instead, immunodetection of TSP-2 from aortic valves, in 

agreement with previous studies of non-valvular tissues undergoing repair 

(Kyriakides & Maclauchlan 2009), shows that expression of TSP-2 protein is 

primarily located in myofibroblasts, i.e. the cells that are mainly responsible for 

ECM protein synthesis in tissue remodelling. Although TSP-2 could potentially 

modulate TGF-β-induced fibrotic remodelling during the disease process, it is not 

probable because TSP-2 inhibits TGF-β1 activation indirectly by TSP-1 

(Kyriakides & Maclauchlan 2009, Schellings et al. 2009), the expression of which 

was not altered in the fibrosclerotic and stenotic aortic valves. Another 

conceivable mechanism of action is affecting fibrotic response via inhibition of 

MMP-2 and MMP-9. However, as the activity of these MMPs is increased in 

calcified aortic valves (Kaden et al. 2004, Satta et al. 2003, Soini et al. 2001, 

Soini et al. 2003), it may be that in AS the capacity of TSP-2 to control the 

disadvantageous effects of MMPs is not sufficient.  

Notably, TSP-2 has previously been demonstrated to inhibit endothelial cell 

adhesion (Murphy-Ullrich et al. 1993) and in the present study TSP-2 protein 

expression in endothelial cells increased in the diseased aortic valves particularly 

as a consequence of neovascularization. In addition, TSP-2 potentially inhibits 

angiogenesis through promotion of the cellular uptake and degradation of MMPs 

(Kyriakides & Maclauchlan 2009). These data together suggest an anti-

angiogenic role for TSP-2 in fibrocalcific aortic valve disease. 

The present study further indicated that AS is characterized by inactivation of 

Akt and NF-κB suggesting that the disease process may be modulated by the 

Akt/NF-κB-pathway. Indeed, downregulation of the cellular growth and survival 

associated Akt-pathway by mechanical stress results in calcification of valvular 
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myofibroblasts in vitro (Yip et al. 2009). Furthermore, the activated Akt-pathway 

has been shown to stimulate the transactivation potential of Nf-κB (Sizemore et al. 
2002), which potentially reduces TSP-2 gene expression (De Stefano et al. 2009). 

Possibly, the inactivation of Akt triggers TSP-2 expression in the fibrocalcific 

aortic valve disease (Fig. 28). Although TSP-2 is, in turn, able to activate the Akt-

pathway in cardiomyocytes (Agah et al. 2004), this pathway is regulated through 

multiple receptor and receptor-independent pathways, including mechanical stress, 

potentially overruling the effect of TSP-2 in AS. However, further investigations 

should be designed to explore the function and regulation of TSP-2 in 

fibrocalcific aortic valve disease. 

Fig. 28. A schematic presentation of the possible mechanisms of thrombospondin 

(TSP)-2 regulation and action in fibrocalcific aortic valve disease and aortic stenosis 

(AS) based on the previous studies and on the results of the present study. NF-κB, 

nuclear factor-κB. 

6.3 Limitations of the study 

As animal models are used in studies I and II, the results should be interpreted 

with caution with respect to human HF. Although many similarities in physiology 

and molecular biology exist between rodents and humans, genetically there is a 

clear difference between the species. With respect to cardiovascular physiology, 

the human heart rate, for instance, is significantly slower than that of rats (330–
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480 bpm). Also, the animal models can be regarded as rough simplifications of 

complex disease processes. The mechanisms underlying the initiation and 

progression of pathological processes and the eventual HF are manifold, and 

although the end phenotype is the same, important contributing factors may be 

lost by initiating the disease process for example by a single hypertrophic agent or 

surgical experiment. Distinct cardiac remodelling patterns seen in response to 

different HF aetiologies emphasize the significance of the multifactorial view. 

However, the disease progression in vivo enables the comprehensive involvement 

of whole biomolecular and physiological systems, which is the best known 

approach to mimic the intricate pathological situation. 

In studies III and IV there were usually no statistically significant changes in 

the gene expression of the studied proteins in the fibrosclerotic valves. Indeed, the 

valves in this group represented the variety of diseased valve phenotypes with 

different amounts of fibrosis as well as mineralization and angiogenesis to some 

extent. Thus, this grouping may not be ideal for investigating the role of fibrosis- 

and calcification related proteins in the early stage induction of pathological 

processes. Further study could be designed to examine the valves grouped 

according the pathological signs as detected in histological analysis. 

Studies I-IV have a descriptive nature as they are focused mostly on the local 

expressional analyses and do not provide clear insight into the role of the studied 

genes. In study I, the functionality of the MGP protein could not be assessed as 

the antibody used did not distinguish if there were post-transcriptional 

modifications or not. The anti-periostin antibody used in study II was not specific 

for any of the periostin isoforms, which may have distinct functions. Further, the 

significance and the mechanisms of the variable mRNA and protein expression in 

the different stages of the tissue remodelling and in response to different 

aetiologies remain to be investigated. However, the findings supported the view 

that ECM proteins are involved in cardiac remodelling and calcific aortic valve 

disease. 
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7 Conclusions 

This study characterized the cardiac expression of fibrosis- and calcification-

related non-collagenous ECM proteins, particularly MGP and periostin, during 

cardiac remodelling in experimental models of pressure overload and MI. The LV 

expression of periostin was examined also in uremic cardiac remodelling. Further, 

this study described the expression of the fibrosis- and calcification-related 

extracellular proteins in different stages of fibrocalcific aortic valve disease. 

1. MGP LV gene expression was increased in the early as well as late phase of 

cardiac remodelling in response to pressure overload and MI, whereas no 

change in gene expression was detected in the heart in chronic reno-cardiac 

syndrome or in aortic valves during the progression of fibrocalcific aortic 

valve disease. Total protein levels of MGP were elevated in advanced 

hypertensive LVH and acutely post-infarction. These results suggest a role for 

MGP particularly in non-calcific ECM remodelling in the heart but not in the 

aortic valve. 

2. Periostin gene expression was induced in the heart in CRI as well as in 

response to acute pressure overload and MI, but not in AS. The LV periostin 

gene expression paralleled the increase in cardiac mass, elevated systolic 

blood pressure and the expression of ECM proteins osteopontin, osteoactivin 

and MGP. Periostin protein was localized in the areas of inflammatory cells 

and fibrosis, thus supporting the idea that periostin is involved in fibrotic 

cardiac remodelling. 

3. In fibrocalcific aortic valve disease bone sialoprotein and osteopontin gene as 

well as protein expressions paralleled the accumulation of calcification, while 

osteoprotegerin gene expression, but not protein levels, increased. These 

results possibly implicate that calcification modulating mechanisms are 

induced in aortic valves but their capacity to inhibit calcification may be 

defective. The decreased expression of osteogenic BMPs support the previous 

findings that heterotopic ossification is not the primary mechanism of 

mineralization in AS. 

4. TSPs 1–4 were expressed in human aortic valves. Especially, myofibroblastic 

proliferation and neovascularization associated upregulation of TSP-2 

expression may be consequences of inactivation of the Akt/NF-κB-pathway 

in fibrocalcific aortic valves. 
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