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ABSTRACT 
 
Aortic valve stenosis (AS) is an active disease process akin to atherosclerosis, with 
chronic inflammation, lipid accumulation, extracellular matrix remodeling, fibrosis, and 
extensive calcification of the valves being characteristic features of the disease. The 
detailed mechanisms and pathogenesis of AS are still incompletely understood, however, 
and pharmacological treatments targeted toward components of the disease are not 
currently available.  
 
In this thesis project, my coworkers and I studied stenotic aortic valves obtained from 86 
patients undergoing valve replacement for clinically significant AS. Non-stenotic control 
valves (n=17) were obtained from patients undergoing cardiac transplantation or from 
organ donors without cardiac disease. We identified a novel inflammatory factor, namely 
mast cell, in stenotic aortic valves and present evidence showing that this multipotent 
inflammatory cell may participate in the pathogenesis of AS. Using 
immunohistochemistry and double immunofluorescence stainings, we found that a 
considerable number of mast cells accumulate in stenotic valves and, in contrast to 
normal valves, the mast cells in diseased valves were in an activated state. Moreover, 
valvular mast cells contained two effective proteases, chymase and cathepsin G, which 
may participate in adverse remodeling of the valves either by inducing fibrosis (chymase 
and cathepsin G) or by degrading elastin fibers in the valves (cathepsin G). As chymase 
and cathepsin G are both capable of generating the profibrotic peptide angiotensin II, we 
also studied the expression and activity of angiotensin-converting enzyme (ACE) in the 
valves. Using RT-PCR, imunohistochemistry, and autoradiography, we observed a 
significant increase in the expression and activity of ACE in stenotic valves.   
 
Besides mast cell-derived cathepsin G, aortic valves contained other elastolytic 
cathepsins (S, K, and V). Using immunohistochemistry, RT-PCR, and fluorometric 
microassay, we showed that the expression and activity of these cathepsins were 
augmented in stenotic valves. Furthermore, in stenotic but not in normal valves, we 
observed a distinctive pattern of elastin fiber degradation and disorganization. 
Importantly, this characteristic elastin degradation observed in diseased valves could be 
mimicked by adding exogenous cathepsins to control valves, which initially contained 
intact elastin fibers. In stenotic leaflets, the collagen/elastin ratio was increased and 
correlated positively with smoking, a potent AS-accelerating factor. Indeed, cigarette 
smoke could also directly activate cultured mast cells and fibroblasts.  
 
Next, we analyzed the expression and activity of neutral endopeptidase (NEP), which 
parallels the actions of ACE in degrading bradykinin (BK) and thus inactivates 
antifibrotic mechanisms in tissues. Real-time RT-PCR and autoradiography revealed 
NEP expression and activity to be enhanced in stenotic valves compared to controls. 
Furthermore, both BK receptors (1 and 2) were present in aortic valves and upregulated 
in stenotic leaflets. Isolated valve myofibroblasts expressed NEP and BK receptors, and 
their upregulation occurred in response to inflammation. 
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Finally, we observed that the complement system, a source of several proinflammatory 
mediators and also a potential activator of valvular mast cells, was activated in stenotic 
valves. Moreover, receptors for the complement-derived effectors C3a and C5a were 
expressed in aortic valves and in cultured aortic valve myofibroblasts, in which their 
expression was induced by inflammation as well as by cigarette smoke.  
 
In conclusion, our findings revealed several novel mechanisms of inflammation (mast 
cells and mast cell-derived mediators, complement activation), fibrosis (ACE, chymase, 
cathepsin G, NEP), and elastin fiber degradation (cathepsins) in stenotic aortic valves and 
highlighted these effectors as possible pathogenic contributors to AS. These results 
support the notion of AS as an active process with inflammation and extracellular matrix 
remodeling as its key features and identify possible new targets for medical therapy in 
AS.
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I  INTRODUCTION 
 
Acquired aortic valve stenosis (AS) is the most commonly encountered valvular heart 
disease, the prevalence of which is rapidly increasing due to the aging of the population. 
Non-rheumatic AS is generally due to calcific degeneration and thickening of the 
trileaflet aortic valve, resulting in obstruction of left ventricular outflow. In 1-2% of the 
population, the aortic valve consists of only 2 leaflets, which predisposes to earlier 
development and manifestations of aortic valve disease. AS is a slowly progressing 
disease characterized by a long asymptomatic period, and it takes decades to become 
clinically manifest. Accordingly, symptoms of AS appear late, not until a significant 
obstruction of left ventricular outflow causes hemodynamic disturbances. The onset of 
symptoms, notably chest pain, dyspnea, syncope, or heart failure, signifies a poor 
prognosis. Currently, no approved medical therapy for AS exists, the only remedy being 
valve replacement, which is performed once the patient becomes symptomatic. Thus, 
research of the pathogenic mechanisms of AS is essential in order to identify potential 
targets for pharmacological treatment. Discovery of such novel targets could alter the 
natural course of AS by slowing down or even preventing the progression of the disease. 
 
AS was previously considered a passive, age-related degenerative disease. In contrast to 
this assumption, recent studies have revealed AS to be rather an active process, which 
resembles atherosclerosis of the arterial wall. Indeed, stenotic aortic valves are 
characterized by an atherosclerosis-like lesion, which consists of inflammatory cells, such 
as macrophages and T lymphocytes, and lipid deposits, calcific nodules, and even bone 
tissue1-3. Moreover, active mediators of calcification and bone formation are expressed in 
affected valves3, 4, and cells with osteoblast-like activity (i.e. bone-forming cells) have 
been identified in them5. Altogether, calcific aortic valve disease is an active 
atheroinflammatory process consisting of local inflammatory components and deposition 
of plasma lipoproteins in the lesions. Similarly, the risk factors of AS resemble those of 
atherosclerosis, including hypercholesterolemia, cigarette smoking, hypertension, 
diabetes, and male gender6, 7.  
 
The present thesis aimed to elucidate the cellular biology of AS with a focus on the role 
of inflammation and, more specifically, the possible role of mast cells and their interplay 
with valvular remodeling. We also scrutinized the connective tissue remodeling of aortic 
valves, notably collagen expression and elastin degradation, both of which may 
contribute to the thickening and stiffening of valves. Since the induction of collagen 
expression and fibrosis in valves may also involve activation of the renin-angiotensin 
system and inactivation of the antifibrotic mechanisms, their contribution to the valvular 
pathogenesis was also investigated.
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 II REVIEW OF THE LITERATURE 
 
1 Anatomy of a normal aortic valve  

 
 
Figure 1. Layers of an aortic valve from the aortic (top) to the ventricular (bottom) side. 
 
 
A normal aortic valve consists of three leaflets located circumferentially around the aortic 
opening. Bicuspid aortic valves occur in 1–2% of the general population, and due to their 
less effective stress-sharing properties, they predispose the person to earlier manifestation 
of AS 8, 9. Aortic valve leaflets are covered by a thin layer of endothelial cells, underlain 
by 3 distinct valvular layers, the fibrosa, spongiosa, and ventricularis (Figure 1). The 
fibrosa layer on the aortic side of the valves is composed of fibroblasts and collagen 
fibers, which provide strength and stiffness to the valve. The spongiosa is a middle layer 
of loose and watery connective tissue, which contains, in addition to fibroblasts and 
mesenchymal cells, mainly proteoglycans and thereby provides flexibility and plasticity 
to the leaflets. The ventricularis layer on the ventricular side of the valve is composed of 
elastic fibers, which provide the valves with elastic properties, allowing them to extend 
during diastole and to recoil spontaneously during systole. Based on the combined 
properties of these three valvular layers, the normal aortic valve is a strong elastic 
structure, which adapts to the systolic and diastolic movements of the heart.   
 
2. AS – the clinical picture 

 
2.1 Epidemiology 
   
AS is most commonly caused by calcification and thickening of the aortic valve leaflets, 
which results in obstruction of the ventricular outflow. Due to the virtual disappearance 
of rheumatic fever and valve diseases, only calcific AS is discussed in here. Calcific AS 
may affect both normal tricuspid and congenitally malformed aortic valves. Due to the 
higher mechanical stress they are exposed to, congenitally malformed valves are more 
susceptible to AS, and the disease tends to manifest itself about 2 decades earlier in 
bicuspid than in tricuspid  valves10, 11. In a recently published study of surgically removed 
stenotic aortic valves, bicuspid valves were present in up to 49% and unicuspid valve in 
5% of patients with AS12. The pathobiology of AS, however, appears to be similar both in 
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tricuspid and in bicuspid aortic valves13. Aortic valve sclerosis, defined as thickening of 
the valvular leaflets without outflow obstruction, is considered an early phase of aortic 
valve disease. The prevalence of aortic valve sclerosis increases rapidly with age, from 26 
% in individuals aged over 65 to 50% in subjects over 75 years and up to 75% among 
those older than 85 years6, 14.  Aortic sclerosis appears to be a progressive process, and 
progression into aortic valve stenosis has been found to occur in 16 to 33 % of patients 
with aortic sclerosis during 4 to 8 years of follow-up15, 16. Importantly, even aortic valve 
sclerosis without significant stenosis is associated with an increased risk of myocardial 
infarction and death from cardiovascular causes17. The prevalence of true AS is also 
clearly age-dependent: clinically significant AS is present in 2 % of individuals aged over 
65 years6, 14 and in 5.5% of individuals over 85 years of age14. Thus, calcific AS is 
currently the most common valvular heart disease and the second most common 
indication for cardiac surgery in western societies.  
 
The epidemiological risk factors of calcific aortic valve disease resemble those of 
atherosclerosis and include age, male gender, hypertension, smoking, elevated levels of 
serum low-density lipoprotein (LDL) cholesterol, and diabetes6, 7, 18. Metabolic syndrome 
was also recently identified as an independent risk factor for aortic valve calcification19. 
Additional risk factors include end-stage renal disease20 and some rare metabolic 
conditions such as primary hyperparathyroidism21, 22, Paget’s disease23, and 
alcaptonuria24, 25. It is worthy of emphasis that, despite the similar underlying risk 
profiles, angiographically significant coronary artery disease coexists in only about 50% 
of patients with AS26. Therefore, AS and atherosclerosis appear to represent two separate 
disease entities of the arterial tree, both with their own characteristic clinical course and 
progression. 
 
 2.2 Hemodynamic and clinical course of AS  
 
The opening area of a normal aortic valve (aortic valve area, AVA) is approximately 3-4 
cm2, and hemodynamic complications do not usually occur until AVA is smaller than 1-
1.2 cm2. The degree of AS is graded as mild if AVA is 1.5-2.0 cm2 and the mean 
transaortic pressure gradient is <25 mmHg (aortic jet velocity 2.5 -<3.0 m/s). In moderate 
AS, AVA is 1.0-1.5 cm2 and the mean pressure gradient is 25-40 mmHg (aortic jet 
velocity 3.0-4.0 m/s). Severe AS is defined as AVA <1.0 cm2 and a mean pressure 
gradient >40 mmHg (aortic jet velocity >4.0 m/s)27. On an average, the aortic valve area 
decreases by 0.1 cm2 per year, while the mean transaortic pressure gradient and the aortic 
jet velocity increase annually by 8 mmHg and 0.3 m/s, respectively28-30. The rate of 
hemodynamic progression of AS, however, varies greatly between individuals. Rapid 
progression has been associated with hypercholesterolemia, smoking, concurrent 
coronary artery disease, and, most importantly, moderate-to-severe aortic valve 
calcification31, 32.  
 
Clinically, AS develops from mild to severe over a prolonged and prognostically 
favorable asymptomatic period. Once AS has become hemodynamically severe (see  
above), the patient has an approximately 75% risk over 5 years to either develop 
symptoms and undergo valve replacement or to suffer a sudden cardiac death26, 33.  The 
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course from the asymptomatic state to adverse events is even shorter if the valve is 
heavily calcified and the increase of aortic jet velocity over time has been rapid (>0.3 
m/s/year)26, 34. The symptoms of AS comprise syncope, angina pectoris, and effort 
dyspnea and result from myocardial ischemia and the inability of the heart to increase 
stroke volume on  exertion35. Ultimately, congestive heart failure develops. Importantly, 
the development of symptoms signifies a very poor prognosis with a prominent risk of 
sudden death and a 5-year survival of less than 20%36, 37.   
 
2.3 Diagnosis and treatment  
 
The diagnosis of AS is usually first suspected based on a harsh systolic parasternal 
murmur, which increases in intensity toward the second right intercostal space. The 
cornerstone of diagnostic evaluation is echocardiography, which, in expert hands, reveals 
the aortic jet velocity, pressure gradients, and valve area as well as the anatomy of the 
valve and the extent of its calcification. Echocardiography also provides information 
about left ventricular (LV) hypertrophy, diastolic and systolic function, filling pressures, 
pulmonary hypertension, and associated structural abnormalities. The role of invasive 
procedures is mostly limited to coronary angiography, which is performed prior to 
surgery in order to determine the need for simultaneous coronary artery bypass surgery. 
Retrograde LV catheterization for the measurement of the pressure gradient and the valve 
area is needed only in the rare patients in whom adequate echocardiographic evaluation is 
impossible.  
  
The assessment of symptoms is of key importance. If the history of no symptoms appears 
equivocal, stress testing should be done to objectively define the patient’s symptomatic 
status and the exercise tolerance27. Due to the difficulties in symptom recognition, 
additional markers have been searched to help patient evaluation. It has reently been 
reported that circulating brain natriuretic peptide (BNP) is higher in symptomatic than in 
asymptomatic patients with AS, and that it increases in proportion to the severity of the 
disease38. Furthermore, preoperative serum N-terminal BNP appears to predict symptom-
free survival and postoperative outcome in severe AS39.  Thus, BNP could provide a 
future tool for the clinician to assess the prognosis of severe AS and to identify patients 
with expected rapid disease progression. However, BNP is not a specific marker for AS, 
and circulating BNP levels also rise in other cardiac diseases characterized by an 
increased volume and pressure overload40.  
 
Symptomatic AS is an unequivocal indication for valve replacement surgery27.  In a 
recent prospective survey, operative mortality in AS averaged 3.1%41, being 2.7% when 
only valve replacement was performed and increasing to 4.3% with concomitant coronary 
bypass surgery. Other complications included major bleeding (7.7%), embolism (3.1%), 
tamponade (2.9%), perioperative myocardial infarction (1.0%), mediastinitis (0.6%), and 
prosthetic thrombosis (0.2%)41. Comorbidities and high age increase both operative 
mortality and morbidity42.  
 
In truly asymptomatic patients, the annual rate of sudden death is less than 1%43, and the 
risks of surgery exceed the potential benefits from valve replacement27. Surgery is 
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therefore not generally indicated. Some exceptions from this guideline exist, however. 
Patients with moderate-to-severe AS who undergo coronary artery bypass surgery or 
other cardiac surgery should also have their aortic valves replaced. In addition, surgery 
should be recommended to patients with severe AS and non-ischemic LV systolic 
dysfunction (ejection fraction<50%) as well as to patients in whom stress testing 
provokes symptoms or reveals either poor exercise tolerance or an abnormal systolic 
blood pressure response (less than 20 mmHg increase)27. According to some experts43 
and a recent European consensus statement44, valve replacement may also be appropriate 
in asymptomatic patients with severe AS and rapid hemodynamic progression or severe 
valvular calcification. In symptomatic patients who undergo aortic valve replacement, 
age-adjusted postoperative survival  is nearly normalized45, and advanced age is not 
considered a contraindication to surgery27. 
 
The future prospects of AS treatment are discussed elsewhere in this work (Section 4 in 
Discussion). 
 
3. Biological processes implicated in AS pathogenesis  

 
3.1 Endothelial injury and early aortic valve lesion 
 
The development of aortic valve lesions was previously considered a passive, 
degenerative, and unmodifiable process. Nowadays, the pathogenesis of AS is recognized 
as an active process with many similarities to atherogenesis. Thus, similarly to 
atherosclerotic lesions, the initiating event is considered to be an endothelial injury. 
Disruption of the endothelial layer covering the valve surface occurs primarily on the 
aortic side of the leaflets in response to increased mechanical or decreased shear stress 
across the endothelium1. Early stages of aortic valve sclerosis are characterized by focal 
thickening and plaque-like lesions at the subendothelial location, extending to the 
adjacent fibrosa with disruption of the subendothelial basement membrane1. Importantly, 
even the early lesions of aortic valve sclerosis are characterized by the presence of 
inflammatory cell infiltrates composed of non-foam cell and foam cell macrophages and 
occasional T lymphocytes. Indeed, the development of an early aortic valve lesion 
potentially results from infiltration of inflammatory cells and plasma lipoproteins into the 
valve leaflets at the site of the disruption of the endothelial layer. A subset of valvular 
fibroblasts differentiate into myofibroblasts, i.e. fibroblast-like cells, which possess 
characteristics of smooth muscle cells and express markers of smooth muscle cell 
differentiation, i.e. α-actin, vimentin, and desmin1, 46. Moreover, large amounts of intra- 
and extracellular neutral lipids and prominent mineralization are already found in these 
early lesions1.  
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Figure 2. Schematic cross-sections of a normal and a stenotic aortic valve leaflet 
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3.2 Inflammation     
 
Schematic cross-sections of a normal and a stenotic aortic valve leaflet are presented in 
Figure 2. In a normal aortic valve, only scattered macrophages and a few or no T 
lymphocytes are present, whereas a stenotic valve typically shows accumulation of large 
numbers of macrophages and T lymphocytes1, 47. Furthermore, in stenotic leaflets, T 
lymphocytes are located especially in the vicinity of calcific deposits and express 
interleukin-2 receptors, suggesting that these cells are in an activated state47. Importantly, 
T lymphocytes and macrophages colocalize with deposits of neutral and oxidized lipids2, 
suggesting close co-operation between the inflammatory state and lipid deposition in 
valve lesion development. Interestingly, the degree of T lymphocyte infiltration appears 
to be similar in tricuspid and bicuspid valves, supporting the pathogenic importance of 
inflammation irrespective of the primary valve anomaly13.  
 
Activated inflammatory cells in stenotic valves are capable of secreting a number of 
proinflamatory cytokines, which may contribute to AS development. These include 
interleukin-1β (IL-1β), which has been shown to induce the expression of matrix 
metalloproteinases (MMPs) and to promote cell proliferation in aortic valves48, and tumor 
necrosis factor-α (TNF-α), which may stimulate MMP expression49 and promote the 
calcification of aortic valves50. Chlamydia pneumoniae has been detected in both stenotic 
and normal aortic valves, but studies have not been able to confirm the association 
between this pathogen and aortic valve lesion development51-55.  
 
Adhesion molecules, which facilitate the recruitment of inflammatory cells into tissues, 
are expressed in the endothelium lining stenotic but not normal aortic valves. These 
include intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 
(VCAM-1), and E-selectin56, 57. In addition, serum levels of soluble E-selectin have been 
found to be higher in AS patients than in controls and to decline after successful valve 
replacement, supporting the idea that AS represents a systemic inflammatory condition56. 
In this sense, other systemic signs of inflammation, such as C-reactive protein (CRP), 
have also been shown to rise in AS58, 59. However, attempts to find an association 
between CRP and AS progression have yielded conflicting results, with some studies 
demonstrating no association of CRP with AS progression58, 60, and another study 
showing systemic CRP levels to be higher in the AS patients who show rapid progression 
of the disease61. In one small study, the plasma levels of CRP at 6 months after valve 
replacement were lower than the preoperative values62. CRP is also present in stenotic 
aortic valves63 and may participate in valve calcification. Indeed, in an in vitro simulating 
model, rising CRP levels progressively increased the rate of aortic wall calcification64. 
Interestingly, statin treatment was associated with reduced CRP concentrations both in 
serum and in aortic valve tissue, suggesting a mechanism by which the pleiotropic effects 
of statins could benefit patients with aortic valve disease63. 
 
3.3 Lipid accumulation  
 
Lipid accumulation is present even in early aortic valve lesions and increases with the 
development of severe stenosis1, 65. Apolipoproteins B, (a), and E colocalize with 
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extracellular valve lipids, suggesting that the lipids present in valves associate with 
plasma-derived or locally produced atherogenic lipoproteins65. Furthermore, oxidized 
LDL is found in stenotic aortic valves and colocalizes with infiltrates of T lymphocytes 
and calcium deposits, supporting the idea that oxidized lipids participate in the 
pathogenesis of AS2. Current evidence suggests that lipids present in vascular tissues 
even at sites other than aortic valves induce local calcification66, 67, and products of 
cholesterol oxidation, such as 25-hydroxycholestrol, accelerate aortic valve calcification 
in vitro68. In a rabbit model of AS, dietary hypercholesterolemia increased the aortic 
valve cholesterol content and caused cellular proliferation and bone matrix production 
with ensuing thickening of valves and, interestingly, these adverse processes were 
inhibited by atorvastatin69.  
 
3.4 Calcification 
 
Calcification is a prominent feature of AS and contributes substantially to leaflet 
thickness and rigidity. Furthermore, the degree of valvular calcification is clinically 
important, as extensive calcification in the valve signifies rapid disease progression and 
poor outcome32, 34. Importantly, calcification of aortic valves is an active process, which 
involves several regulators of calcification and ossification, primarily identified in 
developing bone. These include osteopontin70, osteonectin, osteocalcin71, tenascin-C72, 
and bone morphogenic proteins (BMPs)3. Transforming growth factor beta-1 (TGF-β1) 
was recently identified in human calcified stenotic aortic valves, and it was found to 
induce aortic valve calcification through mechanisms involving apoptosis73. Moreover, 
osteoprotegerin (OPG) and its ligand, the receptor activator of nuclear factor-κB ligand 
(RANKL), which are two counter players in bone remodeling, are expressed in aortic 
valves and may participate in valvular calcification4. Indeed, stimulation of cultured 
aortic valve myofibroblasts with RANKL led to increased calcific nodule formation in 
matrix calcification and and also to increased expression of osteoblast-associated genes4. 
In contrast, the expression of OPG, which acts as a decoy receptor for RANKL, thereby 
inhibiting bone remodeling, was lower in diseased valves and correlated negatively with 
the degree of aortic valve calcification4. 
 
Apart from calcification, active osteoblastic bone formation and osteoclastic bone 
resorption occur in stenotic aortic valves3. Indeed, a few years ago, Mohler and 
coworkers demonstrated that, in addition to the previously observed dystrophic 
calcification, heterotopic ossification is present in stenotic aortic valves3. Moreover, 
mature lamellar bone with hematopoietic elements and microfractures and healing are 
found in valves with advanced stenosis, and even endochondral ossification occurs in 
diseased valves3. Inflammatory cells accumulate around the bony areas of diseased 
valves, and accordingly, the proinflammatory cytokines and proteases secreted by these 
cells may facilitate valvular calcification and ossification3.   
 
When the stenosis of valves progresses, a subpopulation of valvular myofibroblasts 
undergoes phenotypic transdifferentiation into osteoblast-like cells, which express 
alkaline phosphatase, osteopontin, osteocalcin, bone sialoprotein, and Cbfa15. These 
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osteoblastic cells in aortic valves form spontaneously calcific nodules, the rate of 
formation being accelerated by oxidized cholesterol68, BMP-268, TNF-α74, and TGF-β168.  
Besides myofibroblasts, also other cell types present in stenotic valves may undergo 
osteoblastic transdifferentiation. These include bone marrow-derived mesenchymal stem 
cells, which have been shown to differentiate into bone-forming cells in contact with 
calcified aortic valve tissue75. 
 
Interestingly, when interstitial cells isolated from non-stenotic aortic valves were 
stimulated with osteogenic mediators, these originally normal cells underwent phenotypic 
transdifferentiation into osteoblast-like cells76. Furthermore, osteoblastic differentiation 
was prevented when atorvastatin was added to the cell culture simultaneously with 
osteogenic mediators76. In another study of hypercholesterolemic rabbits, statins inhibited 
the calcification of cultured aortic valve myofibroblasts by inhibiting the cholesterol 
biosynthetic pathway. Paradoxically, however, they stimulated the calcification of bone 
cells in these animals77. Rajamannan and coworkers recently showed that 
hypercholesterolemia induced osteoblastic differentiation and bone formation in rabbit 
aortic valves, and that this ossification could be inhibited by atorvastatin69. Interestingly, 
hypercholesterolemia-induced calcification of aortic valves appears to be mediated via 
LDL receptor-related protein 5 (Lrp5), which is an important regulator of the 
differentiation of osteoblast cells in skeletal bone formation and is also implicated in 
cholesterol metabolism78, 79. 
 
3.5 Extracellular matrix remodeling 
 
In stenotic aortic valves, valvular fibroblasts within the fibrosa layer differentiate into 
myofibroblasts, which possess characteristics of smooth muscle cells and express the 
smooth muscle cell markers α-actin, vimentin, and desmin1, 46. In contrast, fibroblasts in 
normal aortic valves express only vimentin but not α-actin or desmin. Moreover, 
fibroblasts present in stenotic aortic valves express HLA-DR antigen46, which participates 
in the modulation of immune responses and is inadequately expressed in disorders 
characterized by extensive fibrosis, such as progressive systemic sclerosis80 and 
hypertrophic scars81. Taken together, these findings suggest that fibroblasts in stenotic 
aortic valves are in a chronically activated state. Increases in fibroblast numbers and their 
production of collagen lead to fibrosis and accumulation of extracellular matrix (ECM) 
components with ensuing thickening and stiffening of valve leaflets. 
 
Adverse ECM remodeling in stenotic aortic valves comprises not only extensive fibrosis 
and ECM accumulation, but also breakdown of matrix components with degradation and 
disorganization of collagen and elastin fibers. Indeed, collagen turnover appers to be 
increased in stenotic and particularly calcified stenotic valves82. In diseased valves, the 
disorganization of collagen bundles and the fragmentation and stratification of elastin 
fibers contribute significantly to valvular dysfunction and loss of leaflet elasticity1, 83.  
Matrix metalloproteinases (MMPs) are a family of zinc- and calcium-dependent enzymes 
that are mainly produced by inflammatory cells and can degrade collagen and elastin 
fibers and proteoglycans84. Inappropriate expression and activation of MMPs have been 
associated with the pathogenesis of atherosclerosis of the arterial wall and the weakening 
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of coronary atherosclerotic plaque, resulting in plaque rupture and acute coronary 
syndromes as well as with the pathogenesis of aortic aneurysms84-86. Edep and coworkers 
first reported that, in comparison to control valves, the expression levels of MMP-1, -2, 
and -3 were increased in stenotic aortic valves, and that MMP-9 was expressed in stenotic 
but not in non-diseased aortic valves87. Furthermore, the enzymatic activities of MMP-288 
and -989 were increased in stenotic aortic valves, and tenascin-C, a glycoprotein involved 
in bone development and also present in stenotic valves, upregulated MMP-2 expression 
and activity in valvular cells88.  In addition, an imbalance between MMPs and their tissue 
inhibitors (TIMPs) in stenotic valves may favor MMP activation and adverse matrix 
remodeling in diseased valves. Indeed, increased expression of MMP-1 with unchanged 
expression of TIMP-1 in valves has been reported49. Moreover, the mRNA expression of 
MMP-9 correlated positively with the degree of valve stenosis, whereas the expression of 
TIMP-1 and TIMP-2 correlated negatively with the degree of disease severity89. 
However, the overall findings of the balance between MMPs and their inhibitors in 
stenotic aortic valves are somewhat ambiguous, and overexpression of TIMP-1 in parallel 
with elevated MMP-9 and MMP-3 levels has also been demonstrated83. Therefore, it is 
likely that, in addition to MMPs, other enzymes also participate in the pathologic ECM 
remodeling of stenotic valves. 
 
Importantly, several pathogenic agents that potentially participate in the development of 
aortic valve lesions may also exert their actions via modulating MMP expression and 
activity. Thus, RANKL, which has been shown to regulate aortic valve calcification4, 
also induces MMP-1 and -2 activity in myofibroblasts derived from stenotic aortic 
valves90. In addition, TNF-α, a proinflammatory mediator abundantly expressed in 
stenotic valves, stimulated aortic valve myofibroblasts to proliferate and express active 
MMP-1, while TIMP-1 expression remained unchanged49. Furthermore, local MMP 
expression and secretion can be promoted by vascular endothelial growth factor 
(VEGF)91, which has been suggested to mediate valvular neovascularization92. 
 
3.6 Neovascularization 
 
Since healthy aortic valves are thin, oxygen is supplied to valvular cells via diffusion 
from the bloodstream, without the aid of a capillary system. Indeed, normal aortic valves 
are avascular. In contrast, thickening and stenosis of aortic valves is associated with 
neovessel formation inside the valve leaflets. Neoangiogenesis may play a role in the 
pathogenesis of AS by facilitating the entry of inflammatory cells and plasma lipids into 
the thickened valves. Angiogenesis may also facilitate endochondral bone formation in 
calcified aortic valves3. Neovascularization of valves may result from an altered balance 
between local angiogenic and antiangiogenic factors. Indeed, mediators of angiogenesis, 
such as VEGF92, 93 and SPARC94, are upregulated in stenotic aortic valves, whereas the 
expression of chondromodulin-I, an antiangiogenic factor, is reduced95. Importantly, the 
degree of neoangiogenesis in valves correlates with the severity of inflammation57, and 
statin therapy has been shown to associate with a lower neovessel density in valves92.  
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3.7 Components of the renin-angiotensin system (RAS) 
 
Angiotensin-converting enzyme (ACE) is present in human coronary atherosclerotic 
plaques and may participate in the inflammation of the atherosclerotic arterial wall96-98. 
ACE was recently also identified in both early sclerotic and advanced stenotic aortic 
valves, but it was absent from normal non-diseased valves99. Importantly, angiotensin II 
(Ang II), the enzymatic product of ACE, and profibrotic Ang II type 1 receptors (AT-
1Rs) were also present in diseased valves and colocalized with ACE in the lesions99. In 
view of the proinflammatory and profibrotic properties of Ang II100-104 and the 
prominence of local inflammation and fibrocalcific thickening of stenotic valves, Ang II 
may play a role in the pathogenesis of AS. Surprisingly, although ACE was present in a 
subset of macrophages in valves, it was mostly located extracellularly and colocalized 
with the retained apolipoprotein B (apoB) in valvular lesions99. The authors suggested 
that, since ACE appeared to be associated with LDL derived from plasma, LDL particles 
had carried ACE to the valvular lesions. Indeed, they demonstrated that ACE was present 
in LDL that had been isolated by ultracentrifugation from the plasma of normal 
volunteers99.  
 
3.8 Comparison of aortic valve disease and atherosclerosis  
 
Although the histopathology and clinical risk factors of AS and arterial atherosclerosis 
share several similarities, distinct dissimilarities also exist between these two disease 
entities. Regarding histopathologic features, the most important discrepancy is the 
extensive calcification in aortic valves, which occurs early in the disease course and is 
responsible for the major clinical consequences of the disease. Another distinct 
dissimilarity is the lack of smooth muscle cells in stenotic aortic valves. Smooth muscle 
cells are typically present in atherosclerotic lesions105, whereas fibroblasts and, notably, 
differentiated myofibroblasts make up the major cellular population in stenotic valves46. 
In advanced atherosclerotic plaques, lipid deposition is associated with marked 
accumulation of macrophage foam cells and necrosis, and the clinical complications of 
atherosclerosis result from necrotic degeneration and rupture of the plaque105. In contrast, 
lipid-associated necrosis is not characteristic of aortic valves lesions, and the clinical 
manifestations of AS result rather from massive fibrocalcific thickening and immobility 
of the valves than a sudden rupture of the lesion. In this sense, AS resembles chronic 
stable coronary artery disease, in which stenosis of the affected coronary segment causes 
clinical symptoms. Indeed, such coronary lesions are fibrotic and often calcified. 
 
 In analyses of the clinical risk factors of atherosclerosis, smoking, hypercholesterolemia, 
and hypertension have also been strongly associated with AS, while others, such as 
diabetes and gender, have shown only loose linkage with AS35. The histopathologic 
features and clinical risk factors of AS and atherosclerosis are compared in Table 1. 
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Table 1 Comparison of AS and atherosclerosis (modified from Freeman and Otto 2005)35 
_______________________________________________________________________ 
           Aortic stenosis      Atherosclerosis 
________________________________________________________________________ 
Histopathologic features   
  Lipoprotein accumulation  + + + +  + + + + 
  Lipid oxidation   + + + +  + + + + 
  Calcification             + + + + +     + + 
  Inflammatory changes  + + + +  + + + + 
  Systemic inflammatory markers     +      + + 
  C pneumoniae and  
   other infectious agents       +        + 
  Endothelial dysfunction     + +   + + + + 
  Genetic polymorphisms     + +     + + + 
  Prominent cell type   Fibroblast  Smooth muscle cell 
Clinical risk factors 
  Renal insufficiency   + + + +  + + + + 
  Elevated serum lipoprotein levels   + + +   + + + + 
  Smoking      + + +   + + + + 
  Hypertension       + +   + + + + 
  Diabetes mellitus        +            + + + + + 
  Gender         +    + + + + 
  _____________________________________________________________________ 
 
 
 
3.9 Genetic factors 
 
Recent studies have revealed that genetic factors may contribute to the development of 
AS106-110. Early development of aortic valve calcification may be related to vitamin D 
receptor genotypes106. In postmenopausal women, polymorphisms in the oestrogen 
receptor alpha (ORalpha) gene and in the TGF-β1 gene have been related to increased 
presence of aortic valve sclerosis. Regarding apoE alleles, the literature is contradictory. 
In contrast to two previously published studies which observed a higher prevalence of 
apoE e2 and e4 alleles in AS patients107, 111, a recently published larger trial failed to find 
an association between apoE alleles and AS112. Finally, mutations in the gene for the 
NOTCH1 transcriptional factor have been described in individuals with familial bicuspid 
aortic valve or aortic valve calcification, suggesting that NOTCH1 regulates embryonal 
aortic valve formation as well as later calcification of mature aortic valves109. 
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4. Additional potential contributors to the pathogenesis of AS 
 
4.1 Mast cells 
 
Mast cells are bone marrow-derived inflammatory cells, which circulate in blood and 
lymphatic vessels as progenitor cells and then migrate into tissues, where they 
differentiate into mature mast cells113 under the stimulus of specific cytokines such as 
stem cell factor (SCF)114. Mast cells were first recognized for their central role in allergic 
reactions115, but recent studies have enlarged their field of action into many inflammatory 
processes and lipoprotein metabolism116, 117. Mast cells are most often encountered in 
tissues at the interface of the host and the environment in locations such as the skin and 
the mucosa of the respiratory and gastrointestinal tracts as well as in the proximity of 
blood and lymphatic vessels118. Based on their location and protease content, mast cells 
are divided into mucosal and connective tissue phenotypes119. The characteristic feature 
of mast cells is the presence of cytoplasmic secretory granules, which contain several 
preformed and newly synthesized mediators such as histamine, neutral proteases 
(tryptase, chymase, cathepsin G, and carboxypeptidase A), leukotrienes, chemokines, and 
cytokines such as TNF-α and interleukin-8 (IL-8)118. All mast cells, and only mast cells, 
contain tryptase, whereas chymase is present in only a fraction of mast cells, the 
proportion of chymase-containing mast cells depending on their anatomic location119. 
 
Normally, mast cells are in a resting state and become activated in allergic reactions or 
various inflammatory states. The activation, called degranulation, is a prerequisite for 
mast cells to exert their acute actions. Thus, upon activation, mast cells secrete into their 
surroundings a vast array of preformed mediators by a rapid process of anaphylactic 
degranulation and by a slow process called piecemeal degranulation120. Rapid 
degranulation is characterized by swelling and fusion of the secretory granules, with 
subsequent formation of tubular channels, which envelope the chains of granules. These 
channels then open rapidly, whereupon histamine and the other soluble components of 
the granules diffuse into the extracellular space. The remaining components of 
exocytosed granules, i.e. the neutral proteases and heparin proteoglycans, remain bound 
to each other and form “granule remnants”, in which the neutral proteases, such as 
chymase, can be active. These “granule remnants” eventually become phagocytosed by 
surrounding cells, including macrophages, smooth muscle cells, fibroblasts, and 
endothelial cells. The degranulated mast cells then reconstitute their released preformed 
mediators by de novo synthesis and are soon capable of repeating the degranulation 
process121. Mast cell activation can be initiated by IgE-mediated crosslinking of IgE 
receptors (FCε receptor I)118, by histamine-releasing factors secreted by adjacent T 
lymphocytes or macrophages122, 123, different cytokines and chemokines, or components 
of the complement system (C3a and C5a)118.   
 
Recent investigations have suggested that mast cells have a role in lipoprotein 
metabolism as well as in the development and pathogenesis of coronary artery disease124. 
Thus, mast cells are able to induce the formation of macrophage foam cells125, 126, and 
chymase released from activated mast cells can degrade high-density lipoprotein-3 
(HDL-3) particles, rendering these particles unable to mediate the cholesterol efflux from 
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foam cells127. Furthermore, the granule remnants released from degranulated mast cells 
are able to bind apo B-100-containing lipoproteins (LDL) and to carry these lipoproteins 
into the phagocytes present in the intimal layer of coronary arteries128. In atherosclerotic 
coronary artery lesions, the number of mast cells and, particularly, degranulated mast 
cells is higher than in normal coronary arterial intima. Moreover, mast cells are found in 
the shoulder regions of coronary atheromas and at sites of acute coronary atheromatous 
rupture, where they may have participated  in the weakening of atherosclerotic lesions 
leading to plaque rupture and acute coronary events129, 130. In summary, mast cells appear 
to participate in lipid accumulation and chronic inflammation during atherogenesis in 
coronary arteries, and these cells could hence also have a role in the atheroinflammatory-
like process leading to sclerosis and stenosis of aortic valves. 
 
4.2 ACE and other Ang II-forming systems 

 

 
Figure 3.  Schematic representation of the RAS system. 
 
RAS is a central regulator of blood pressure, vascular contractility, and fluid balance, the 
actions of which are modified by several drugs used in the treatment of cardiovascular 
diseases, including hypertension and heart failure. In addition to systemic RAS, there 
exists local RAS, which exerts several actions on many organs, including the heart, 
vasculature, kidneys, and nervous system131. Local RAS can act independently of 
circulating RAS or maintain crosstalk with systemic RAS131. 
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The first substrate of the RAS system, angiotensinogen, is released from the liver and 
cleaved in the circulation by renin to form the decapeptide Angiotensin I (Ang I). 
Subsequently, ACE, a membrane-bound metalloproteinase, activates Ang I to generate 
the octapeptide Ang II, which is the main effector peptide of RAS. The major actions of 
Ang II are mediated by two seven-transmembrane domain receptors, the Ang II type 1 
and 2 receptors (AT-1R and AT-2R)131. A schematic diagram of the RAS system and the 
proposed actions of the two AT receptors is shown in Figure 3. While the predominant 
actions of Ang II, such as vasoconstriction and aldosterone release, are mediated through 
AT-1R, the consequences of AT-2R activation have remained much less well understood. 
In the heart, AT-1R induces cell proliferation, hypertrophy, and fibrosis, whereas AT-2R 
has been reported to mediate opposite effects, although the results regarding the role of 
AT-2R as an agent antagonistic to AT-1R are rather contradictory131, 132. Besides forming 
the profibrotic factor Ang II, ACE degrades the antifibrotic peptide bradykinin (BK)133 
and may thus promote fibrosis even by this mechanism. 

 
Ang II has several proinflammatory and profibrotic properties, which may contribute to 
atheroinflammatory processes in the arterial wall and potentially also in aortic valve 
lesions. ACE, Ang II, and AT-1R are expressed at strategic sites of human atherosclerotic 
coronary arteries, including the shoulder regions of atherosclerotic plaques, and in close 
proximity to the presumed rupture sites of plaques98. Furthermore, the notion that Ang II 
colocalized with IL-6 in the plaques, and that Ang II induced synthesis and release of IL-
6 from macrophages and smooth muscle cells suggests that Ang II may contribute to 
inflammatory processes within the vascular wall98. Moreover, Ang II is able to induce the 
expression of the monocyte chemoattractant protein (MCP-1), so enhancing the 
infiltration of circulating monocytes into lesions101. Since Ang II has been shown to 
enhance the uptake of modified LDL by macrophages134 and to reduce cholesterol efflux 
from macrophages135, Ang II may promote lipid accumulation to atherosclerotic lesions. 
Ang II may also induce the expression of adhesion molecules136 and osteopontin137 and 
increase collagen synthesis by stimulating the expression of TGF-β103. Supporting the 
role of RAS in mediating cardiac fibrosis, ACE and TGF-β were upregulated in parallel 
with increased collagen synthesis in myocardial samples of patients with chronic pressure 
overload due to AS138. Importantly, several animal studies have confirmed that Ang II-
mediated cardiac hypertrophy and fibrosis secondary to chronic pressure overload are 
prevented by pharmacological agents inhibiting the actions of Ang II, notably by ACE 
inhibitors or AT-1R antagonists139.  

 
In addition to ACE, two other enzymes, i.e. chymase and cathepsin G, both present in 
mast cells, contribute to the local generation of Ang II and may also degrade BK140. Mast 
cell-derived chymase is a serine protease which is stored inside the secretory granules of 
mast cells and released upon the activation and degranulation of these cells. Increased 
activity of chymase has been detected in atherosclerotic arterial lesions and failing hearts, 
and accordingly, chymase has been suggested to participate in Ang II-mediated 
atherosclerosis and cardiac remodeling, respectively141, 142. By promoting the infiltration 
and stimulation of mast cells and by inducing the release of TGF-β142, chymase may also 
mediate fibrosis independently of Ang II. Besides chymase, the neutral protease cathepsin 
G is capable of generating Ang II locally in tissues143. Cathepsin G was recently detected 
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in atherosclerotic human carotid arteries and cathepsin G-mediated Ang II formation was 
suggested to be involved in atheroma formation144.  Besides possessing the capability to 
generate Ang II, cathepsin G has potent elastolytic activity and may participate in tissue 
remodeling145, 146.  

 
Since local inflammation, lipid accumulation, and fibrosis are central features of AS, it is 
conceivable that activation of the Ang II-forming systems in aortic valves could 
contribute to the pathogenesis of the disease. This hypothesis is supported by the recent 
finding of O’Brien and coworkers, who showed that ACE, Ang II, and AT-1Rs are 
present in stenotic aortic valves99. So far, the presence of other Ang II-forming systems, 
i.e. chymase and cathepsin G, in aortic valves has been obscure. 
 
 

 
 
Figure 4.  Degradation of BK by ACE, chymase, cathepsin G, and NEP. In addition, 
ACE, chymase, and cathepsin G generate Ang II from Ang I, whereas NEP degrades 
natriuretic peptides. 

 
 
4.3 Neutral endopeptidase 
 
Neutral endopeptidase (NEP) is a metallopeptidase, which contains zinc in its active 
center and cleaves peptides at the amino side of their hydrophobic amino acids. In tissues 
and cells, NEP is bound to plasma membranes through a hydrophobic transmembrane 
domain at its NH2-terminal end, but blood and urine also contain soluble forms of 
NEP147. Similarly to ACE, NEP is able to degrade BK into its inactive metabolites 
(Figure 4). In addition, NEP cleaves numerous other active molecules, including 
natriuretic peptides such as ANP and BNP, angiotensin, endothelin, enkephalins, and IL-
1β147, 148. NEP may also modulate inflammatory processes and participate in chemotactic 
responses and phagocytosis148. NEP is widely distributed in different tissues of the body, 
including the kidney, central nervous system, intestine, lung, male genital tract, 
chondrocytes in articular cartilage, and exocrine glands. NEP is predominantly expressed 
in epithelial cells and fibroblasts147, 148, but it is also present in smooth muscle cells and 
endothelial cells149. NEP activity and protein have been detected in all three layers of the 
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rat aortic wall, in which local NEP activity may regulate the concentrations of vasoactive 
peptides149. Importantly, NEP is expressed in both normal and failing human hearts, and 
the mRNA expression and activity of NEP are elevated in failing human hearts showing 
myocardial fibrosis and hypertrophy150. Indeed, previous observations demonstrated that 
NEP is the major enzyme responsible for the local degradation of BK in the extracellular 
space of both human and rat hearts151, 152. Further support for the role of NEP  in 
mediating cardiac fibrosis comes from hypertensive rat models, in which 
pharmacological inhibition of NEP, with or without concomitant ACE inhibition, resulted 
in regression of cardiac hypertrophy and fibrosis as well as in reduced local inflammation 
in cardiac tissue153, 154. Similarly to its effect on the cardiac muscle, activation of NEP 
could also promote the fibrotic thickening of aortic valves, which ultimately leads to AS. 
 
 
 
 

 
 
Figure 5. The kinin system. Diagram of kallidin (Lys-BK) and bradykinin (BK) and their 
degradation into their cleavage products by aminopeptidase M (APM), ACE, NEP, and 
CPN (Modified from Kokkonen and Kovanen 2000)133. Kallidin binds to both BK-1R 
and BK-2R, whereas BK binds to BK-2R, and BK-(1-8) binds to BK-1R.  
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Figure 6. The two BK receptors, BK-2R and BK-1R, and their proposed actions in the 
cardiovascular system. BK binds to antifibrotic BK-2R, whereas BK-(1-8) binds to 
profibrotic BK-1R. Carboxypeptidase N (CPN) and carboxypeptidase M (CPM) cleave 
BK to BK-(1-8). ACE and NEP degrade BK to its inactive form BK-(1-7).   
 
4.4 Bradykinin receptors  
 
Kinins are a group of small vasoactive peptides, which are formed in plasma and tissues 
and exert both short-term and long-term effects on the cardiovascular system. The most 
common kinins include kallidin (Lys-BK) and bradykinin (BK). In tissues, locally formed 
kallidin is rapidly cleaved into BK by aminopeptidase M (APM)151, and the 
concentrations of kallidin are therefore low compared with the other major kinins in the 
heart155. BK is further degraded into biologically active BK-(1-8) by either 
carboxypeptidase N (CPN) in plasma or carboxypeptidase M (CPM) in tissues156.  In 
contrast, cleavage of BK by ACE or NEP leads to generation of the inactive degradation 
products BK-(1-7) and BK-(1-5). A schematic view of kinins and their degradation by 
enzymatic cleavage is presented in Figure 5133.  
 
Kinins exert their actions through selective activation of two seven-transmembrane 
domain G-protein-coupled receptors, the bradykinin type 1 (BK-1R) and  
type 2 (BK-2R) receptors157, 158. Kallidin (Lys-BK) binds to both BK-1R and BK-2R,  
whereas BK, the substrate of both ACE and NEP, binds to BK-2R.159 BK-1Rs are also 
activated by kallidin-( 1-9) [Lys-des-Arg(9)BK] and BK-(1-8) [ des-Arg(9)BK]160. The 
physiological actions of BK-2R are better characterized and understood than those of 
BK-1R, which has only become an object of attention during the past few years. The 
cardioprotective effects of the kinins BK and Lys-BK are mediated through BK-2R, 
which is constitutively expressed on vascular endothelial cells, smooth muscle cells, 
fibroblasts, and cardiac myocytes133. Activation of BK-2R induces vasodilatation by 
triggering the production and release of nitric oxide (NO) from endothelial cells159. 
Furthermore, binding of BK to BK-2R exerts both antiproliferative161 and 
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antihypertrophic162 effects on myocytes and fibroblasts. Genetic knockout of BK-2R in 
mice leads to left ventricular (LV) fibrosis, hypertrophy, and heart failure, implying that 
BK-2R-mediated signaling is essential for the functional and structural integrity of the 
heart163. In rats with cardiac pressure overload, LV expression of BK-2R is increased in 
compensated hypertrophy but declines significantly during transition to heart failure with 
a concomitant increase in LV fibrosis164. Similarly, the expression of BK-2Rs in LV is 
attenuated in human end-stage heart failure165. 
 
The biological role of the other kinin receptor, BK-1R, has remained largely obscure, but 
it has been suggested to mediate cardiotoxic effects, thus counteracting the effects of BK-
2R166, 167. In experimental animal models, however, effects of BK-1R parallel to those of 
BK-2R have also been described168. The proliferative and profibrotic potentials of BK-1R 
are activated by its ligand, BK-(1-8)160, 166, 169. In contrast to constitutively expressed BK-
2R, BK-1R is expressed only at low levels in normal tissues but becomes induced in 
pathological conditions such as tissue injury, inflammation, and ischemia160, 170, 171. 
Accordingly, in spontaneously hypertensive rats, the expression of BK-1Rs is highly 
induced during the onset of myocardial fibrosis and transition to heart failure172. 
Furthermore, BK-1R mRNA expression was augmented in failing human hearts, in which 
BK-1R localized mainly to the endothelial cells of intramyocardial coronary vessels and 
was upregulated by the inflammatory cytokine TNF-α173. Indeed, BK-1R participates in 
the modulation of inflammatory responses171, and overexpression of BK-1Rs makes mice 
more susceptible to inflammation174. BK-1R has also been identified at sites of fibrosis in 
transbronchial biopsies from patients with progressive systemic sclerosis and sarcoidosis, 
whereas BK-1R was undetectable in bronchial samples from normal subjects175. 
Furthermore, by modulating the proliferation and survival of endothelial cells, BK-1R 
signaling has been shown also to participate in post-ischemic neovascularization in mice 
with limb ischemia176.  
 
Schematic representation of the two BK receptors and their proposed actions in the 
cardiovascular system are shown in Figure 6. Considering the known localization and 
function of BK-1R and BK-2R, signaling via these receptors could potentially also exert 
actions in valvular tissue. Hitherto, the possible expression and function of BK receptors 
in aortic valves have remained obscure.  
 
4.5 Cathepsins 
 
Cathepsin G is a neutral serine protease, which is stored in the azurophilic granules of 
neutrophils and in the secretory granules of mast cells and is released upon the activation 
of these cells177, 178. Importantly, purified cathepsin G has been shown in vitro to rapidly 
convert Ang I to Ang II and also, more slowly, to generate Ang II directly from 
angiotensinogen177, 179, 180. Therefore, besides ACE and mast cell-derived chymase, 
neutrophil- or mast cell-derived cathepsin G may contribute to local Ang II-generation in 
tissues. Moreover, cathepsin G possesses elastolytic and proteoglycanolytic activity of its 
own and may also potentiate the elastolytic activity of elastase145, 146, 181. Thus, by 
degrading extracellular matrix components such as elastin and by generating the 
profibrotic mediator Ang II, cathepsin G may play a role in tissue remodeling.  Cathepsin 
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G was recently detected in atherosclerotic human carotid arteries in association with 
angiotensinogen, AT-1 receptors, and ACE and was suggested to participate in atheroma 
formation144. Furthermore, in atherosclerotic plaques, cathepsin G secreted by activated 
mast cells may induce focal endothelial desquamation by degrading VE-cadherin and 
fibronectin and thus contribute to the progression of atherosclerosis and its 
complications182.  In abdominal aortic aneurysms, in turn, the activity of cathepsin G was 
significantly augmented, suggesting that cathepsin G participates in the degradation of 
elastin fibers in the aortic wall, thus leading to enlargement of the aneurysms183.   
 
The cathepsins S, K, and V are cellular cysteine proteases, which contain an essential 
cysteine residue at their active site and are localized in lysosomes and endosomes, in 
which they degrade intracellular and endocytosed proteins184-187. Although the majority of 
these cysteine proteases localize intracellularly, they may also function outside cells. 
Indeed, active cysteine proteases have been detected in culture media of smooth muscle 
cells, endothelial cells, and macrophages188. Cathepsins S, K, and V are potent elastolytic 
enzymes, which can efficiently degrade elastin fibers and also possess collagenolytic 
activity189, 190. Interestingly, cathepsin V, which is the most recently identified  member 
of the cysteine protease family, possesses the most potent elastase activity as yet 
described191. Cysteine proteases function optimally at acidic pH, but cathepsin S retains it 
elastolytic activity even at neutral pH184. Thus, cathepsins can also function outside cells 
and degrade extracellular elastin either at neutral pH (cathepsin S) or in a locally formed 
acidic microenvironment188. Accordingly, monocyte-derived human macrophages 
develop potent elastolytic capacity during in vitro culture and use predominantly cystein 
proteases to degrade extracellular elastin192. Cathepsin S may also participate in 
neoangiogenesis by degrading the capillary basement membranes and by promoting 
endothelial cell invasion and further neovessel growth193. In normal conditions, the 
degree of cathepsin-mediated matrix degradation is strictly regulated by their natural 
inhibitor, cystatin C, which is the endogenous inhibitor of the cysteine protease 
cathepsins and is expressed in virtually all organs of the body194, 195. However, in 
pathological situations, the balance between elastin-degrading cathepsins and their 
inhibitor cystatin C may be disturbed, leading to uncontrolled matrix degradation188, 196. 
 
Recent animal and human studies have assigned a role for cathepsins in diseases 
characterized by pathological elastin degradation. Indeed, in human atherosclerotic 
lesions, the expression and activity of the cathepsins S and K are augmented at sites of 
arterial elastin damage, whereas the levels of cystatatin C are markedly reduced 195, 197. In 
atherosclerotic lesions, the cathepsins S and K are mainly localized to macrophages, 
endothelial cells, and vascular smooth muscle cells, in which their production is markedly 
induced by atheroma-associated cytokines such as IL-1β188, 197. Furthermore, the 
expression levels of cathepsin S and K are accentuated in aortic aneurysms, where these 
cathepsins may cause weakening and further dilatation. This hypothesis is further 
supported by the deficiency of cystatin C in aneurysmatic aortas  and by the negative 
correlation between the serum levels of cystatin C with the diameter of the abdominal 
aorta196. 
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Interestingly, in bone, cathepsin K is expressed in osteoclasts and regulates the 
extracellular matrix metabolism necessary for normal bone growth and mineralization198. 
In contrast, cystatin C is present in both preosteoblasts and mature osteoblasts199 and is 
able to prevent osteoclast formation and the osteoclast-dependent degradation of bone 
matrix induced by cathepsin K200. In mice, deficiency of cathepsin K results in impaired 
bone resorption and an osteopetrotic-like phenotype. Furthermore, in  patients with 
single-point mutations in the cathepsin K gene, absence of cathepsin K activity leads to 
severe osteopetrosis201-203. Thus, cathepsins, notably cathepsin K, and their inhibitor 
cystatin C play an essential role in the regulation of normal bone homeostasis, suggesting 
that these molecules could also participate in calcification and bone formation outside the 
skeleton.  Until the present work, no information has been available on the presence and 
possible role of any of the cathepsins in stenotic aortic valves. 
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4.6 Complement system  
 

 
 
Figure 7. The complement system. A schematic diagram of the main components of the 
compelement system and its activation via three different pathways. The activation of 
each pathway leads to release of the anaphylatoxins C3a and C5a and to generation of the 
terminal membrane-attack complex C5b-9 (modified from Oksjoki et al, Curr Opin 
Lipidol 2003;14:477-482) .   

 
 
The complement system is a family of approximately 30 proteolytic enzymes and 
regulatory molecules, which operate in microbial defence and in tissue clean-up and 
repair. These enzymes also participate in various inflammatory and immune processes. 
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Activation of complement is a prerequisite for its biological actions, and it occurs as a 
chain reaction by proteolytic cleavage of the subsequent complement components by the 
previous components in the chain. Complement activation is able to commence via the 
classical pathway triggered by immunoglobulins or CRP204, or via the alternative 
pathway activated by foreign substances, such as modified lipids205. A third possible 
route of complement activation begins via the lectin pathway when mannose-binding 
lectin recognizes foreign structures on bacterial surfaces206. Regardless of the activation 
pathway, complement activation leads to a rapid self-amplifying cascade of events, in 
which several powerful proinflammatory mediators are formed and released. The 
culmination of the complement cascade is the ultimate generation of the terminal 
membrane-attack complex C5b-9, which forms pore-like structures on cell surfaces and, 
at high concentrations, is able to destroy target cells by causing cell lysis or by inducing 
their apoptosis via a caspase-dependent pathway207. Interestingly, lower “sublytic” 
concentrations of C5b-9 do not kill cells  but rather increase their proliferation208 and 
induce an inflammatory response with the secretion of several proinflammatory cytokines 
209.  A schematic representation of the complement system in shown in Figure 7. 
 
The early part of the complement cascade generates the cleavage products C3b and iC3b, 
which act as opsonins and participate in the recognition and phagocytosis of target 
structures, including foreign particles and pathogens, and also cellular debris and 
apoptotic cells in tissues210. In addition, complement activation leads to release of 
anaphylatoxins, i.e. C3a and C5a, which act on their specific receptors on the surface of 
target cells to produce several proinflammatory and immunomodulatory effects. Thus, 
C3a and C5a are potent chemotactic factors for T lymphocytes211, monocytes212, and mast 
cells213, and are able to induce mast cell activation214, 215. Furthermore, anaphylatoxins 
stimulate the secretion of proinflammatory cytokines from macrophages216-218 and, on 
endothelial cells, induce expression of adhesion molecules, which facilitate the 
recruitment of inflammatory cells into tissues across the endothelial barrier219.  
 
Recent studies have revealed that the complement system may also play a role in the 
pathogenesis of atherosclerotic disease210, 220-223. Accordingly, deposition of the terminal 
complement complex C5b-9 has been detected in the early lesions of developing 
atherosclerosis224, and complement activation has even been suggested to be the initiating 
event in atheroma formation225. Indeed, while the complement system is not significantly 
activated in normal arterial wall, marked activation occurs in atherosclerotic lesions223, 
and fulminant activation is present in vulnerable and ruptured atherosclerotic plaques222. 
Furthermore, the cells in atherosclerotic lesions are able to respond to complement 
activation products, as receptors for the anaphylatoxins C3aR and C5aR are present in 
atherosclerotic plaques but absent from normal arterial intima226. Recently, 
pharmacological inhibition of complement activation yielded  both positive227, 228 and 
negative229  results in attempts to retard the development of experimental atherosclerosis. 
In human studies, inhibition of complement activation has attenuated local inflammation 
in rheumatoid arthritis230. Overall, the complement system has an important role in 
chronic inflammatory processes, including atherosclerosis, and it is reasonable to 
presume that its activation could also contribute to the development of aortic valve 
lesions. 
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III AIMS OF THE STUDY 
 
The aim of the present thesis was to investigate the local inflammatory process in stenotic 
aortic valves and to identify new components contributing to the inflammatory response. 
Moreover, the substudies elucidated the mediators and mechanisms of adverse 
extracellular matrix remodeling in stenotic valves and examined the interaction between 
inflammatory mediators and matrix remodeling in the pathogenic course of AS. The 
specific focus was on the following five questions: 
 
1) Are mast cells present in aortic valves, and are their numbers increased in stenotic 
valves? Are mast cell-derived mediators, such as chymase and cathepsin G, present in 
stenotic valves, and could these mediators contribute to the pathogenesis of AS? (Studies 
I and II) 
 
2) Are profibrotic Ang II-forming enzymes, i.e. ACE, chymase, and cathepsin G, locally 
produced in aortic valves, and is their expression induced in AS? (Studies I and II) 
 
3) Are elastin-degrading cathepins (G, S, K, and V) present in stenotic aortic valves and 
are they capable of destroying elastin fibers in these valves? (Studies II and III) 
 
4) Apart from activation of profibrotic systems, does inactivation of antifibrotic systems 
occur in stenotic valves? Are NEP and BK receptors (type 1 and 2) detected in aortic 
valves, and are their expression levels altered in AS? (Study IV) 
 
5) Is the complement system activated in stenotic aortic valves? Are complement 
activation products found in diseased valves, and could they induce an inflammatory 
response in valvular cells? (Study V).



Materials and Methods 33 

IV MATERIALS AND METHODS 
 
The different methods utilized in this doctoral thesis and their use in the five original 
publications are illustrated in Table 2. These methods are only briefly described here, and 
a more extensive explanation with appropriate references is provided in the Methods 
sections of the original publications. If a more detailed description of the method has 
been published elsewhere, the reference is provided in Table 2.  
 
Table 2. Methods used in the original publications I-V 
_______________________________________________________________________ 
Method         Used in publications      Reference 
________________________________________________________________________ 
 
Immunohistochemistry   I, II, III, IV, V 
Double immunofluorescence   II, III, IV, V 
Histological stainings   II, III, V 
Analysis of collagen and elastin  II, III 
 fibers     
Computer-assisted morphometry  I, II, III 
Confocal microscopy    II, IV    Lipp231 
Autoradiography    I, IV   Backlund232, Zhuo233  
RNA isolation    I, II, III 
RT-PCR     I, II, III, IV, V 
Real-time RT-PCR    III, IV 
Culture of mast cells    II    Dahl234 
Culture of skin fibroblasts   II 
Fluorometric microassay of   III    Werle235 
 cathepsin activity 
Isolation of myofibroblasts   IV, V 
Culture of myofibroblasts   IV, V 
Enzyme immunoassay   IV, V 
  
 _____________________________________________________________________ 
 
 
Samples and study population 
 
Stenotic aortic valves were obtained from 86 patients undergoing valve replacement 
surgery for symptomatic, clinically significant AS at Helsinki University Central Hospital 
between August 2000 and January 2003. All patients had isolated non-rheumatic AS, and 
patients with more than mild aortic or mitral regurgitation or mitral stenosis were 
excluded. In addition, individuals with a history of myocardial infarction or 

angiographically identified coronary artery disease (any proximal coronary artery stenosis 
exceeding 50% of the luminal diameter at angiography) were excluded from the study 
population. Other exclusion criteria included complicated diabetes, renal insufficiency 
(serum creatinine >170 µmol/l), endocarditis, and malignancy. All patients underwent 
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echocardiography and cardiac catheterization with coronary angiography. The invasive 

and noninvasive methods and measurements are described in full detail elsewhere236. The 
clinical characteristics of the patients are shown summarized in Table 3. 
 
 
Table 3. Characteristics of patients with AS (n=86) 
_______________________________________________________________________ 
      Mean ± SD or n of patients  Range 
________________________________________________________________________ 
Age, yr      67 ± 10   39 - 82   
Sex, male/female    40/46 
NYHA class, 1/2/3/4    2/53/29/2 
Aortic valve area index, cm²/m²  0.36±0.10   0.16-0.57 
Mean pressure gradient, mmHg  49 ± 16   15 - 95   
LV ejection fraction, %   60 ± 12   21 - 80 
LV mass index, g/m²    155 ± 37   83 - 235 
Pulmonary wedge pressure, mmHg  13 ± 7    4 - 36 
Prevalence of 
      LV hypertrophya    64 (75 %) 
      Hypertensionb    28 (33%) 
Bicuspidc/tricuspid valve/4 cusps  13/72/1 
Calcification 1/2/3/4d                    3/18/19/46   
Smoking no/yese    71/15 
LDL cholesterol (mmol/l)   3.1 ± 0.09   1.3 – 5.0 
Medication 
       ACE inhibitor     13 (15%) 
       AT1 blocker    6 (7%)            
       ß-blockers     54 (63 %) 
       Diuretics     29 (34 %) 
       Statins     17 (20 %)    
       Digitalis                 5 (6 %)     
________________________________________________________________________ 
a echocardiographic left ventricular mass index exceeding 110 g/m² in women or 134 
g/m² in men237 
 b History of antihypertensive treatment 
c Congenitally bicuspid valves 
d Calcification of the valve; 1=no, 2=mild, 3=moderate, 4=severe 
e No= Had never smoked or had quit smoking at least 6 months before the valve 
replacement surgery. Yes= Smoked regularly at the time of the valve replacement 
surgery. 
 
 
Non-stenotic control valves were obtained from patients undergoing cardiac 
transplantation due to dilated (n=12) or ischemic (n=1) cardiomyopathy, or from organ 
donors without cardiac disease whose hearts could not be used as grafts (n=4) because of 
advanced age, suspected ischemia, or resuscitation. All organ donors had died either of 
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cerebrovascular accident or trauma. Only valves without any visible disease were 
accepted as controls. Of these control valves (Table 4), 11 (all samples thus far obtained) 
were used in publication I, 17 (the previous and the newly collected control valves) in 
publication II, and 13 (4 small samples had run out) in publications III and IV. The 
remaining 12 control valves were used in publication V. In addition to these non-sclerotic 
valves, 4 valves with early sclerotic lesions without obstruction of ventricular outflow 
were obtained from patients undergoing cardiac transplantation due to dilated 
cardiomyopathy or from organ donors without known cardiac disease whose hearts could 
not be used as grafts. These early sclerotic valves were only used in publication V in 
order to study the activation of the complement system in valves with early lesions of AS. 
 
The investigation conforms to the principles outlined in the Declaration of Helsinki. The 
protocol was approved by the Ethics Committee of Helsinki University Central Hospital, 
and the participating patients gave informed consent.  
 
Table 4. The origin and number of non-sclerotic control valves used in the five 
publications. 
  
Origin Number Total Publication 
Transplant 
Organ donor 

9 
2 

11 I 

Transplant 
Organ donor 

13 
4 

17 II 

Transplant 
Organ donor 

10 
3 

13 III 

Transplant 
Organ donor 

10 
3 

13 IV 

Transplant 
Organ donor 

9 
3 

12 V 

 
 
Immunohistochemistry 
 
Immunohistochemistry of frozen sections of aortic valves or paraformaldehyde (PFA)-
fixed myofibroblasts coated on slides was performed with a standard immunoperoxidase 
method. Briefly, the slides were fixed either in methanol for 10 minutes or in ice-cold 
acetone for 2 minutes. Endogenous peroxidase activity was then blocked by incubation in 
2% H2O2 in methanol for 30 minutes. The slides were washed in phosphate-buffered 
saline (PBS) and, in order to block non-specific binding of antibodies, were then 
incubated with 3% blocking serum (normal horse, rabbit, or goat serum) for 30 minutes at 
room temperature. Subsequently, the slides were incubated with primary antibody diluted 
in corresponding blocking serum overnight at +4°C. After washing of the sections with 
PBS, a biotinylated secondary antibody  was applied for 30 minutes, followed by washes 
with PBS and incubation with an avidin-biotin-peroxidase conjugate (ABC Elite, Vector 
Laboratories) for 30 minutes. Thereafter, to obtain a color signal, the standard peroxidase 
enzyme substrate, 3-amino-9-ethylcarbazole (AEC) was added, and the sections were 
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counterstained with hematoxylin and mounted in Aquamount. The sections were then 
examined by light microscopy. The different primary antibodies and their concentrations 
used in the stainings are listed in the original publications. In all immunohistochemical 
stainings, nonimmune mouse, rabbit, or goat immunoglobulins served as negative 
controls. 
 
Double immunofluorescence 
 
For simultaneous localization of two different molecules in aortic valves or in isolated 
valvular myofibroblasts, a double-staining immunofluorescence method was used. In this 
method, the primary antibodies were detected using various isotype-specific Alexa-
conjugated secondary antibodies (Molecular Probes Europe BV, Leiden, The 
Netherlands), each at a concentration of 10 µg/ml. Briefly, after fixation in methanol for 
10 minutes, the slides were washed with PBS, and 3% blocking serum was added and 
incubated for 30 minutes. The slides were then incubated with a mixture of the primary 
antibodies overnight at +4°C. After washing with PBS, a mixture of secondary antibodies 
was added and incubated for 60 minutes. The nuclei were then stained with 4',6-
diamidino-2-phenylindole dihydrochloride (DAPI), and the sections were mounted using 
fluorescent mounting media examined under a fluorescent microscope equipped with 
appropriate fluorescent filters. The primary antibodies used in the double 
immunofluorescence stainings are given in the original publications. In all double 
immunofluorescence stainings, irrelevant isotype-matched mouse immunoglobulins or 
non-immune goat or rabbit immunoglobulins served as negative controls.  
 
Histological stains  
 
Cryostat sections of aortic valves were stained for elastin and collagen fibers with a 
commercially available elastic stain, using van Gieson solution as counterstain. In this 
method, frozen sections were overstained in hematoxylin-iodine-ferric-chloride solution 
in a dye-like reaction. Differentiaton of elastin fibers was then accomplished by use of 
excess mordant (a dilute ferric chloride solution) to break the tissue-mordant-dye 
complex elsewhere, and the stain was retained only in elastic fibers, which appeared dark 
purple. The collagen fibers in the tissue were then stained with commercially available 
van Gieson solution, which produces a red or pink color. Thereafter, the slides were 
rinsed in 95% alcohol, dehydrated to xylene, and mounted.     
 
In order to stain the lipids present in the valvular leaflets, frozen sections of the valves 
were fixed in 4% formaldehyde for 30 sec, rinsed in running water, and placed in 100% 
propylene glycol for 5 min. The sections were then stained in a commercially available 
Oil Red O solution for 30 min, rinsed in 85% propylene glycol, counterstained with 
hematoxylin, and mounted. 
 
Analysis of collagen and elastin fibers  
    
Cryostat sections of stenotic and normal aortic valves were stained for elastin and 
collagen fibers as described above, and relative proportions of collagen and elastin were 



Materials and Methods 37 

determined using computer-assisted morphometry. Moreover, the integrity of elastin 
fibers was evaluated qualitatively by inspection of light microscopy images, and the level 
of valvular elastin degradation was assessed by means of semi-quantitative grading.  
 
To determine whether the cathepsins G, S, K, and V can degrade aortic valvular elastin 
fibers in vitro, cryostat sections of normal aortic valves were treated with 1 µM human 
recombinant cathepsins G, S, K, and V in the presence and absence of cystatin C 
(cathepsins S, K, and V). The sections were incubated in a humid chamber at +37˚C for 
24 h, rinsed with PBS, fixed, and stained for elastin and collagen fibers. The elastin and 
collagen fibers present in the treated sections were quantified, and their integrity was 
analyzed using computer-assisted morphometry.  
 
Computer-assisted morphometry 
 
The exact numbers of tryptase-, chymase-, and cathepsin G-positive mast cells in the 
frozen sections of aortic valves were quantified by counting positive cells under a light 
microscope and by then measuring the area of each section by computer-assisted 
morphometry. In addition, the relative proportions of elastin and collagen fibers in the 
valvular sections were evaluated from light microscopy images using computer-assisted 
morphometry (Image-Pro Plus, version 4.5). 
 
Confocal microscopy 
 
Subcellular distributions of tryptase and cathepsin G in mast cells as well as NEP, BK-
1R, and BK-2R in myofibroblasts were visualized using confocal microscopy. Double-
labeled specimens were serially excited with krypton/argon laser, and images were 
recorded with a cooled CCD camera. Merged images were generated, using the Adobe 
Photoshop software. 
 
Autoradiography 
 
For autoradiography, 20 µm sections of frozen aortic valves were cut on a cryostat and 
thaw-mounted onto slides. Thereafter, quantitative in vitro autoradiography of ACE and 
NEP was performed using a previously described technique232. Briefly, for ACE 
autoradiography, a tyrosyl residue of the ACE inhibitor lisinopril (compound 351A) was 
iodinated with the chloramine T method and purified on columns. Sections of valves 
were then pre-incubated for 15 minutes at room temperature in 10 mM sodium phosphate 
buffer, pH 7.4, containing 150 mM natrium chloride (NaCl) and 0.2% bovine serum 
albumin (BSA), followed by incubation for 1 hour at room temperature in a fresh volume 
of the same buffer containing 0.3 µCi/ml of the radiolabeled ACE inhibitor 125I-351A . 
Non-specific binding was determined in parallel incubations in the same buffer 
containing 1 mM Na2-EDTA. To remove unbound radioligand, the sections were washed 
after incubation four times for 1 minute in ice-cold buffer without BSA and 125I-351A 
and then dried under a stream of cool air.  
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For NEP autoradiography, RB104, a potent inhibitor of NEP, was iodinated with the 
chloramine T method with minor modifications and purified.  Slide-mounted aortic valve 
sections were pre-incubated in 50 mM Tris-HCl buffer for 50 minutes at room 
temperature, followed by two-hour incubation at room temperature in Tris-HCl buffer 
containing 40 µCi of 125I-RB104. The slides were washed four times with Tris-HCl 
buffer for one minute and once with distilled water for 5 seconds and dried under cool air. 
Non-specific binding was determined in parallel incubations in Tris-HCL buffer 
containing 100 mM Na2EDTA and 2.5 mM phenanthroline. Quantitative  in vitro 
autoradiography of the Ang II type 1 and 2 receptors (AT-1R and AT-2R) in frozen aortic 
valve sections was performed using a previously described method 233.  
 
To quantify the binding of the respective radiolabeled ligand, the sections were placed on 
a Fuji Imaging Plate for 3 hours and visualized using a FUJIFILM BAS-5000 
phosphoimager. Specific binding was calculated as total binding minus non-specific 
binding.  
 
RNA isolation 
 
Total RNA was isolated from the aortic valves of 84 patients and of all control subjects. 
RNA isolation from 2 patient samples failed due to extensive calcification of the valves. 
RNA isolation was performed with an ultra-pure TRIzol reagent and a commercial 
RNeasy Fibrous Tissue Mini Kit including deoxyribonuclease (DNase) digestion 
according to the manufacturer’s instructions. Total RNA from aortic valve myofibroblasts 
was isolated using a commercial RNeasy Mini Kit including DNase digestion. 
Subsequently, 0.25 µg (for RT-PCR) or 0.5 µg (for real-time RT-PCR) of the purified 
total RNA was transcribed into cDNA with a Superscript TM pre-amplification system. 
 
Conventional and competitive RT-PCR 
 
Conventional (cathepsins S, K, and G, cystatin C, C3aR, C5aR, GAPDH) and 
competitive (ACE, chymase, collagen I and III, TGF-β1) RT-PCR was performed using 
standard PCR methods. The PCR products were verified by DNA sequencing to represent 
the appropriate target. The RT-PCR assays were standardized to the expression level of 
the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The PCR 
products were quantified with a Gel Doc 2000 gel documentation system (Bio-Rad) and, 
when using the competitive method, the logarithm of the competitor-to-target ratio was 
plotted against the logarithm of the competitor DNA molecules. The sequences of the 
primers used are given in the original publications. 
 
Real-time RT-PCR 
 
The mRNA expression levels of cathepsin V, NEP, BK1R, and BK2R were determined 
by real-time RT-PCR using a relative quantification method with GAPDH as an 
endogenous control238. The primers and probes were purchased from commercial gene 
expression assay services and are listed in the original publications. Analyses were 
performed in 25 µl reaction volume in 96-well plates (Applied Biosystems) using 



Materials and Methods 39 

TaqMan© Universal Master Mix with uracyl-N-glycosylase (UNG) treatment. The 
samples were run on an ABI Prism 7500 Sequence Detection System using a two-step 
program consisting of 15 sec at 95°C and 55 sec at 60°C for 40-45 cycles. The threshold 
was set to the geometric phase of the amplification curve, and the amount of target was 
calculated using the formula 2-∆∆C

T 
238.  

 
Mast cell culture  
 
Human cord blood-derived CD34+ progenitor cells  were cultured as described 
previously234, with some modifications. The cultured mast cells were viable (> 95%), 
contained 4 pg histamine/cell, and stained positively for tryptase and chymase. Cell 
cultures were negative for mycoplasma. Cigarette smoke-treated PBS (Ca2+-Mg2+ -free) 
was prepared by connecting a burning cigarette attached to a piece of plastic tubing to a 
50-ml syringe containing 10 ml of PBS. After repeated cycles (7 times) of cigarette 
smoke suction into the syringe, with vigorous mixing (15 sec) between each cycle, the 
PBS containing the water-soluble components of cigarette smoke was used in the 
experiments. Mast cells (106 cells/sample) were incubated with cigarette smoke-treated 
PBS (800 µl) and the cigarette components nicotine (0.05-100 µg/ml) and acetaldehyde 
(0.1-1 mM) in 24-well plates for 30, 60, and 120 min at 37°C. Histamine was determined 
fluorometrically by registering the fluorescence generated by the o-phtaldehyde complex. 
A commercial kit for the detection of cytotoxicity was used to exclude the possible 
cytotoxic effects caused by the experimental conditions on mast cells.  
 
Skin fibroblast culture  
 
Human skin fibroblasts were grown in monolayer and maintained in a humidified 
atmosphere (5% CO2) at 37°C in 25 cm2 stock flasks containing 5 ml of standard growth 
medium. The cells (5th and 6th passages) were incubated either with recombinant human 
cathepsin G (50 nM) in the presence or absence of losartan (10 µM) or with cigarette 
smoke-treated media (2.5%), nicotine, or acetaldehyde, for 24 h at 37°C.  Total RNA was 
isolated, and the mRNA expression levels of TGF-ß1 and the collagens I and III were 
analyzed by competitive RT-PCR. 
 
Fluorometric microassay of cathepsin activity  
 
In order to quantify the activity of cysteine protease cathepsins in frozen sections of 
aortic valves, a fluorometric microassay was performed. For this purpose, freshly cut 10 
µm cryostat cross-sections from control and stenotic aortic valves were placed into 96-
well microtiter plates, and 50 µl of 20 mM MES buffer, pH 6.0, containing 2.5 mM 
EDTA, 150 mM NaCl, 0.035% Brij, and 2.8 mM freshly prepared DTT was added. In 
inhibition experiments, trans-epoxysuccinyl-L-leucylamido(4-guanidino)butane (E64), a 
specific inhibitor of cysteine protease cathepsins, was added to give a final concentration 
of 20 µM. The reaction was started by adding 50 µl of substrate solution containing 3.2 
µM of the synthetic cathepsin substrate Z-Phe-Arg-7-amido-4-methylcoumarin (AMC), 
and fluorescence was measured kinetically at 37ºC for 50 minutes using a microplate 
reader with an excitation wavelength of 360 nm and an emission wavelength of 465 nm. 
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Enzyme activities in the samples were calculated using a standard curve established with 
free AMC. As positive controls, human recombinant cathepsin S and cathepsin V were 
used at concentrations of 10-20 nM.  
 
Isolation of myofibroblasts 
 
For myofibroblast culture, additional stenotic aortic valves were obtained from AS 
patients at valve replacement surgery, and non-stenotic control valves were obtained from 
patients undergoing aortic valve replacement due to aortic regurgitation. Isolation of 
myofibroblasts was performed immediately after surgical removal of the aortic valves 
using an outgrowing method. Freshly cut aortic valves were placed in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal bovine 
serum, 1% non-essential amino acids, 1% penicillin, 1% streptomycin, and 1% 
fungizone. The valves were rinsed in serum-free medium and placed in 0.2% type I 
collagenase diluted in a 1:1 mixture of phosphate-buffered saline PBS and medium for 30 
min at +37°C. The endothelial cells covering the valve surfaces were removed by lightly 
scraping both surfaces of the valve leaflets. Thereafter, the valves were placed into 
collagenase solution (10 ml), and 20 mg of trypsin, 60 µl of CaCl2 stock, and 400 mg of 
free fatty acid (FFA)-free albumin bovine were added, followed by incubation for 30 min 
at 37°C.  The leaflets were then rinsed in the medium and cut gently into 1-8 mm3 pieces, 
which were allowed to grow in six-well plates covered by the above medium. After 
outgrowing of the valvular interstitial cells, the cells were trypsinized, transferred into 
new six-well plates, and cultured. Immunohistochemistry with antibodies against alpha 
smooth muscle actin and vimentin was used to confirm the myofibroblast phenotype of 
the isolated cells.  
 
Myofibroblast culture 
 
The isolated myofibroblasts were cultured on six-well plates until the passages 5-6 using 
the above described cell culture media. Subconfluent cells were serum-starved and then 
incubated with TNF-α, mast cell releasate (prepared as described previously239), cigarette 
smoke-treated media (prepared as described above), BK, BK-(1-8), the BK-2R antagonist 
icatibant, the BK-1R antagonist [des-Arg10]-HOE140, the NEP inhibitor 
phosphoramidon, human C3a, or medium alone for 24 h at 37°C. Thereafter, the media 
were collected from the wells and the experiment was terminated by adding 350 µl of the 
commercial RLT buffer with 3.5 µl of β-mercaptoethanol into each well, and RNA was 
isolated from the cells as described above. 
 
Enzyme immunoassay 
 
The concentrations of inflammatory cytokines in myofibroblast culture media were 
quantified using commercially available enzyme immunoassays for macrophage colony-
stimulating factor (M-CSF), monocyte chemotactic protein 1 (MCP-1), interleukin-1β 
(IL-1β), IL-6, and IL-8 according to the manufacturers’ instructions. 
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Statistics 
 
Statistics were calculated with the SPSS software, version 11.0. Group differences were 
analyzed using Student’s t test for normally distributed data and the Mann-Whitney U-
test for skewed data. Normality of distributions was tested with the Kolmogorov-Smirnov 
method. Differences were considered statistically significant when P-values <0.05. For 
correlations, either Pearson’s (r) or Spearman’s coefficients (rs) were calculated, 
depending on the data distribution.
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V RESULTS 
 
1 Inflammation 
 
1.1 Mast cells in aortic valves (I and II) 
 
Immunohistochemistry using anti-tryptase antibodies, a specific marker of mast cells, 
revealed that mast cells are present in aortic valves, and that their numbers are 
significantly higher in stenotic valves than in control valves [5.1 (0.6-41.9) vs. 0.9 (0-2.4) 
mast cells/mm2, median (range), p<0.001] (Figure 4A, in paper I). In addition to tryptase, 
a variable fraction of the mast cells (52±40%, mean±SD) contained chymase, which is 
consistent with the previous findings in coronary artery atherosclerotic plaques129. 
Importantly, the number of chymase-positive mast cells was also higher in stenotic than 
in control aortic valves [3.6 (2.5-16.5) vs. 1.5 (0.4-2) chymase-positive mast cells/mm2, 
p<0.001] (Figure 4B, in paper I). Furthermore, valvular mast cells contained cathepsin G, 
which was more abundant in stenotic than in normal valves (9.2±6.4 vs. 3.8±1.6 
cathepsin G-positive cells/mm2, p<0.001, Figure 2, in paper II) and was stored inside 
mast cell granules in the valves, as demonstrated by confocal microscopy (Figure 3, in 
paper II). In control valves, mast cells localized to the subendothelial space, whereas in 
stenotic valves, mast cells were distributed throughout the valve and accumulated 
particularly around the calcified areas (Figure 5, in paper I). In striking contrast to the 
control aortic valves, in which mast cells were generally resting, the majority of mast 
cells in the stenotic valves (75%, range 60-80%) were in an activated state, i.e. they were 
degranulated (p<0.001, Figure 6, in paper I). Furthermore, using confocal microscopy, 
we were able to demonstrate cathepsin G-positive granules released into the nearby 
extracellular space of a mast cell (Figure 3, in paper II). 
 
1.2 Complement system is activated in stenotic aortic valves (V) 

 
The terminal product of complement activation, C5b-9, was faintly detectable in control 
aortic valves as a thin layer between the fibrosa and spongiosa layers, but it was more 
abundantly expressed in early sclerotic aortic valves. Moreover, advanced stenotic aortic 
valves contained extensive and intensive deposits of C5b-9, which were most prominent 
in the fibrosa, but were also detectable in the two other layers, being concentrated 
particularly in the vicinity of calcified areas (Figure 1, in paper V). Both in early sclerotic 
and stenotic aortic valves, C5b-9 showed strict colocalization with lipid accumulation, as 
shown by Oil Red O staining (Figure 1, in paper V).  
 
Since the end product of complement activation (C5b-9) was found in diseased valves, 
we hypothesized that two potent anaphylatoxins, C3a and C5a, which are generated in the 
course of complement activation, could act on valvular cells via their respective 
receptors, C3aR and C5aR. Indeed, RT-PCR analysis revealed that both C3aR and C5aR 
are locally expressed in non-diseased and stenotic aortic valves, the expression levels of 
C3aR being significantly higher in stenotic than in non-stenotic valves [2.2±0.4 vs. 
1.1±0.2 arbitrary units (AU), p<0.05] (Figure 2A, in paper V). The mRNA expression 
levels of C5aR, however, did not differ significantly between stenotic and control aortic 
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valves. Immunohistochemical stainings demonstrated C3aR and C5aR protein in both 
normal and stenotic aortic valves (Figure 2B-E, in paper V). In control valves, only a few 
scattered cells were positive for C3aR and C5aR, whereas in stenotic valves, strong 
staining of both anaphylatoxin receptors was detected particularly in areas rich in 
inflammatory cells (Figure 2B-E, in paper V). In both control and stenotic valves, C3aR 
and C5aR localized to macrophages, some T cells, and endothelial cells (Figure 3, in 
paper V). Unexpectedly, while myofibroblasts in neither group expressed C5aR, 
myofibroblasts in stenotic, but not in normal valves, expressed C3aR (Figure 4, in paper 
V). 
 
Subsequently, we aimed to elucidate the potential inducers of C3aR expression in 
valvular myofibroblasts and studied their expression of C3aR in cell culture conditions 
under various stimuli. Cultured myofibroblasts expressed low, but detectable levels of 
C3aR, and were negative for C5aR (Figure 5 in paper V). The expression of C3aR 
mRNA in cultured myofibroblasts was significantly (10-fold) upregulated by TNF-α 
(10±0.6 vs. 0.96±0.94 AU, p<0.001). Furthermore, addition of cigarette smoke-treated 
cell culture medium to myofibroblasts induced a 3-fold increase in their C3aR mRNA 
expression levels (2.8±1.1 vs. 0.96±0.94 AU, p=0.02) (Figure 6, in paper V). Finally, 
incubation of cultured myofibroblasts with human C3a for 24 h resulted in a significant 
increase in the secretion of the proinflammatory cytokines MCP-1 (p<0.001), IL-6 
(p=0.003), and IL-8 (p=0.03) by these cells (Figure 7, in paper V). In contrast, the 
secretion of M-CSF and IL-1β remained unchanged.  
 
2 Extracellular matrix remodeling 
 
2.1 Activation of profibrotic Ang II-forming systems in stenotic aortic valves 
(I and II) 

 
2.1.1 ACE and Ang II receptors (I) 

 
RT-PCR analysis demonstrated that ACE is locally produced in aortic valves, and that 
ACE mRNA expression is highly upregulated in stenotic vs. normal aortic valves (3.8-
fold, p=0.001) (Figure 2, in paper I). Moreover, autoradiography of frozen sections of 
aortic valves revealed that ACE in aortic valves is enzymatically active, and that ACE 
activity is markedly augmented in diseased valves (3-fold, p<0.001) (Figure 1, in paper 
I). Furthermore, autoradiography showed that profibrotic AT-1Rs are substantially 
upregulated in stenotic valves compared to controls (5.5-fold, p<0.05), whereas 
antifibrotic AT-2Rs are undetectable in both valve types (Figure 1, in paper I). 
Immunohistochemical stainings of ACE and macrophages in adjacent sections of an 
aortic valve revealed that ACE and macrophages colocalize in these valves (Figure 7, in 
paper I). 
 
2.1.2 Mast cell-derived chymase (I) 

 
As presented above, mast cells in aortic valves contained chymase, another Ang II-
generating enzyme, which was more abundant in stenotic than in normal aortic valves 
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(Figure 4, in paper I). Moreover, RT-PCR analysis revealed the mRNA expression levels 
of chymase to be highly upregulated in stenotic valves (7.6-fold, p<0.001) compared to 
controls (Figure 3, in paper I). A positive correlation appeared between the mRNA 
expression levels of chymase and ACE (r=0.325, p=0.001).  

 
2.1.3 Mast cell-derived cathepsin G (II) 

 
Activated mast cells in stenotic aortic valves also contained cathepsin G (Figure 2 and 3, 
in paper II), a third Ang II-forming enzyme. Local production of cathepsin G in the 
valves was further confirmed by RT-PCR, which showed that the expression levels of 
cathepsin G mRNA are significantly higher in stenotic than normal aortic valves 
(p<0.001) (Figure 1, in paper II). Furthermore, the mRNA expression levels of TGF-β1, 
collagen I, and collagen III were elevated in stenotic valves (p<0.001 for each) and 
correlated positively with the mRNA levels of cathepsin G (Figure 1, in paper II). The 
expression levels of cathepsin G, TGF-β1, and collagens were particularly high in 
stenotic valves affected by severe calcification (Table 4, in paper II). Moreover, TGF-β1 
and type II TGF-β serine/threonine kinase receptors (TβRII) were present in areas rich in 
cathepsin G-positive mast cells in stenotic valves (Figure 4, in paper II). Incubation of 
cultured human skin fibroblasts with recombinant human cathepsin G resulted in a 
significant increase in the expression of TGF-β1 mRNA (p=0.04) and a small increase in 
collagens I and III mRNAs, which were inhibited by the AT-1R antagonist losartan 
(Figure 4, in paper II). 
 
2.2 Inactivation of antifibrotic systems in stenotic aortic valves (IV) 

 
2.2.1 NEP is upregulated in stenotic aortic valves (IV)  

 
Real-time RT-PCR analysis demonstrated that NEP is locally produced in both stenotic 
and non-stenotic aortic valves, and that NEP mRNA levels are higher in stenotic than in 
control valves [median (range) 1.9 (0.2-123) vs. 1.0 (0.01-3.8) arbitrary units (AU), 
p=0.02] (Figure 1, in paper IV). Furthermore, quantitative autoradiography of 
enzymatically active NEP in frozen sections of aortic valves revealed that NEP activity is 
markedly augmented in stenotic leaflets compared to controls (4.5-fold, p<0.001) (Figure 
2, in paper IV). Interestingly, logNEP activity correlated negatively with the aortic valve 
area of index (r=-0.24, p=0.026), i.e. NEP activity in the valves increased with increasing 
severity of aortic valve stenosis. In control valves, NEP was undetectable by 
immunohistochemistry, whereas in stenotic valves, positive staining of NEP was found in 
the endothelium lining the valves as well as in cells deeper in the leaflets (Figure 3, in 
paper IV). Positive staining of NEP in isolated aortic valve myofibroblasts could be 
confirmed by confocal microscopy (Figure 3, in paper IV).  
 
Cultured aortic valve myofibroblasts expressed NEP mRNA, and its expression was 
significantly induced by TNF-α (p=0.0003). Furthermore, NEP mRNA expression could 
be induced by adding mast cell releasate (i.e. constituents secreted by activated mast 
cells) to the myofibroblast culture (p=0.04) (Figure 7A, in paper IV). Finally, incubation 
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of cultured myofibroblasts with a NEP inhibitor (phosphoramidon) resulted in decreased 
expression of the profibrotic molecule TGF-β1 (p=0.04) (Figure 8D, in paper IV). 
 
2.2.2 Expression of BK type 1 and 2 receptors in aortic valves and their 
stimulation with exogenous kinins (IV) 
 
Expression of the two bradykinin receptors (BK-1R and BK-2R) at the mRNA and 
protein levels was found in normal and stenotic aortic valves. In stenotic valves, BK-1R 
mRNA expression was markedly augmented compared to non-diseased valves [median 
(range) 42 (1.5-417) vs. 8.2 (0.4-55) AU, p=0.04] (Figure 1B, in paper IV), and it 
correlated positively with the mRNA levels of NEP (r=0.55, p<0.001) and also with those 
of BK-2R (r=0.48, p=0.002). Moreover, BK-2R mRNA expression was increased in 
diseased valves compared to controls [14 (4.2-58) vs. 9.6 (3.8-31) AU, p=0.047] (Figure 
1C, in paper IV). The upregulation of BK-1R in stenotic valves relative to control valves 
was clearly more marked than that of BK-2R (5.1-fold vs. 1.5-fold).  
 
 BK-1R protein was also more abundant in stenotic than in control valves, and double 
immunofluorecence stainings localized BK-1R to valvular myofibroblasts and endothelial 
cells lining the valve leaflets (Figure 4, in paper IV). In addition, BK-1R colocalized with 
the endothelial cells of the numerous neovessels seen in stenotic valves (Figure 4, in 
paper IV). Intense staining of BK-1R was detected in ossified areas of stenotic leaflets, in 
which BK-1R localized to chondroblast-like cells (Figure 5, in paper IV). Myofibroblasts 
isolated from both control and stenotic aortic valves stained positively for BK-1R (Figure 
5, in paper IV), and real-time RT-PCR confirmed the production of BK-1R mRNA by 
these cells. In comparison with cells derived from control valves, myofibroblasts isolated 
from stenotic valves expressed larger amounts of BK-1R even at a basal state (P=0.02). 
Furthermore, exposure to TNF-α resulted in accelerated BK-1R mRNA production in 
both cell types, although the induced level of BK-1R was markedly higher in cells 
derived from stenotic than from control aortic valves (p=0.007) (Figure 7B, in paper IV).  
 
BK-2R stained faintly in control aortic valves and more distinctly in stenotic leaflets, in 
which it localized to myofibroblasts (Figure 6, in paper IV). BK-2R mRNA and protein 
could also be detected in isolated aortic valve myofibroblasts. In contrast to BK-1R, the 
basal level of BK-2R mRNA expression was lower in myofibroblasts derived from 
stenotic than from control aortic valves (p=0.02), but TNF-α induced BK-2R expression 
in both cell types (p=0.002 for cells derived from control valves and p=0.0004 for cells 
derived from stenotic valves) (Figure 7C, in paper IV). 
 
 Subsequently, in cultured myofibroblasts, we tested the effects of exogenously added 
kinins [BK and BK-(1-8)] and BK receptor antagonists on the expression of selected 
profibrotic components involved in valve remodeling (Figure 8A-D, in paper IV). 
Stimulation of myofibroblasts with BK for 24 hours decreased the mRNA expression 
levels of collagen I (p=0.009, panel A) and collagen III (p=0.04, panel B), an effect that 
could be inhibited by adding simultaneously icatibant, a BK-2R antagonist. Moreover, 
incubation of myofibroblasts with icatibant alone increased the expression of collagen I 
mRNA compared to medium alone (p=0.01, panel A). In addition, BK, the ligand of BK-
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2R, and particularly BK-(1-8), the ligand of BK-1R, stimulated the secretion of IL-6 by 
myofibroblasts (p=0.02 and p=0.01, respectively). The observed BK-induced increase in 
IL-6 secretion was not inhibited by simultaneous addition of icatibant. In contrast, 
addition of the BK-1R antagonist [des-Arg10]-HOE140 blocked the BK-(1-8) dependent 
increase in IL-6 secretion (p=0.03). 
 
2.3 Elastin fibers are degraded and disoriented in stenotic aortic valves (II 
and III)  

 
2.3.1 Collagen/elastin ratio is increased in stenotic aortic valves 

 
Analysis of collagen and elastin fibers in aortic valves by computer-assisted 
morphometry revealed that, compared to non-diseased valves, stenotic valves contained 
more collagen (66.9 ± 5.1 vs. 49.7 ± 6.4%) and less elastin (33.7 ± 5.1 vs. 50.3 ± 6.4%) 
fibers (p<0.001 for both, Table 3, in paper II). This finding was consistent with the data 
obtained by RT-PCR, which showed augmented collagen synthesis in stenotic leaflets 
(p<0.001). Stenotic valves were characterized by a distinctive pattern of elastin 
degradation and disarray, whereas the elastin fibers in normal valves were intact (Figure 
5, in paper II). Semi-quantitative grading of the level of elastin degradation demonstrated 
that, in the majority of the stenotic valves, the level of elastin degradation was moderate 
to severe, wheras no elastin degradation was observed in the control valves (p<0.001, 
Figure 5, in paper II). The collagen/elastin ratio of stenotic valves associated with 
smoking, and valves obtained from currently smoking patients therefore contained more 
collagen and less elastin fibers than valves from non-smokers (p=0.02) (Figure 6, in 
paper II).  

 
2.3.2 Cathepsin G – an elastolytic enzyme – is present in stenotic aortic valves 
(II) 

 
As mentioned above, cathepsin G mRNA expression was upregulated in stenotic valves, 
and cathepsin G mRNA levels correlated positively with the mRNAs of TGF-β1 and 
collagen I and III. Furthermore, a positive correlation appeared between the levels of 
cathepsin G mRNA and the collagen/elastin ratio of the valves (r=0.317, p=0.001). In 
addition, the number of cathepsin G-positive mast cells in the leaflets correlated 
positively with the collagen/elastin ratio of the valves (r=0.587, p<0.001), and cathepsin 
G-positive mast cells accumulated in areas with prominent elastin degradation (Figure 5, 
in paper II). The distinctive pattern of elastin degradation observed in stenotic leaflets 
could be mimicked in vitro by incubating frozen sections of non-diseased aortic valves 
with recombinant human cathepsin G, which decreased the valvular elastin content from 
48.5 ± 1.6 to 17.5 ± 1.1% (p=0.002) (Figure 5, in paper II). 
 
2.3.3 Cigarette smoke activates mast cells and fibroblasts 

 
Incubation of human mast cells with cigarette smoke-saturated PBS stimulated mast cells 
to release up to 45% of their histamine content, reflecting cigarette smoke-induced mast 
cell degranulation (Figure 7, in paper II). Nicotine, a major component of cigarette 
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smoke, was by itself able to activate mast cells, whereas acetaldehyde, another cigarette 
smoke-related compound, had no effect on the degranulation of these cells (Figure 7, in 
paper II). Subsequently, we tested the ability of cigarette smoke and its constituents to 
stimulate TGF-β1 mRNA expression in cultured human skin fibroblasts. We observed 
that cigarette smoke and particularly nicotine (p<0.05) and acetaldehyde (p<0.01) 
induced TGF-β1 mRNA expression in fibroblasts during 24 hours’ incubation in a dose-
dependent manner (Figure 7, in paper II). 
 
2.3.4 Increased expression and activity of the elastolytic cathepsins S, K, and V 
in stenotic aortic valves (III) 
 
RT-PCR analysis revealed that the cysteine protease cathepsins S, K, and V are locally 
produced in both stenotic and non-stenotic aortic valves. The mRNA expression levels of 
cathepsin S and cathepsin K were significantly higher in stenotic than in control aortic 
valves [median (range) 2.3 (0.4-14.6) vs. 1.4 (0.3-6.5) arbitrary units (AU), p<0.05; and 
2.9 (1.2-21.3) vs. 1.9 (0.9-5.7) AU, p<0.05, Figure 1A, in paper III]. In addition, cystatin 
C mRNA was more abundant in stenotic than in control valves [3.6 (1.1-18.0) vs. 2.2 
(1.1-9.5) AU, p<0.05]. Due to the scant expression of cathepsin V mRNA, the differences 
in cathepsin V expression between control and stenotic valves were determined more 
accurately by real-time RT-PCR, which revealed marked upregulation of cathepsin V in 
diseased valves in comparison to controls [4.5 (0.4-79.1) vs. 0.9 (0.03-14.5) AU, p<0.01, 
Figure 1B, in paper III]. The mRNA levels of all three cathepsins correlated positively 
with each other and also with the expression levels of cystatin C (p<0.001 for all).  
 
Subsequently, we used immunohistochemistry and double immunofluorescence to 
localize the studied cathepsins in the valvular sections. In control valves, cathepsin S was 
detected only in the superficial endothelium lining the valve leaflets, whereas in stenotic 
valves, positive staining of cathepsin S was also found in deeper areas rich in 
inflammatory cells (Figure 2, in paper III). Double immunofluorescence demonstrated 
that, in these inflammatory areas, cathepsin S localized to macrophages (Figure 2, in 
paper III). Approximately one third of the macrophages in these areas also stained 
positively for cystatin C (Figure 5, in paper III). Furthermore, cathepsin S (Figure 2, in 
paper III) and cystatin C (Figure 4, in paper III) were present in the bony areas of stenotic 
valves, in which they localized to chondroblast-like cells. In both control and stenotic 
valves, cathepsin V was detected in the endothelial cells lining the valve leaflets. In 
stenotic valves, cathepsin V was also abundantly expressed in the endothelial cells 
forming neovessels within the valves (Figure 3, in paper III). In contrast, the cathepsin 
inhibitor cystatin C was only present in the superficial endothelium lining the valves but 
clearly absent from the cells forming the neovessels (Figure 5, in paper III).  
 
In order to determine whether cathepsins are enzymatically active in valves, we 
determined cathepsin activity in tissue sections using fluorometric microassay. Total 
cathepsin activity was observed in both control and stenotic aortic valves. When 
compared to controls, cathepsin activity was markedly accentuated in stenotic leaflets 
(p<0.001) (Figure 6B, in paper III). Finally, we tested whether exogenously added 
cathepsins could actually degrade elastin fibers in aortic valves in vitro (Figure 6A and 
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on-line supplemental Figure III in paper III). Incubation of frozen sections of normal 
aortic valves with the recombinant human cathepsins S, K, and V resulted in elastin 
degradation similar to that observed in stenotic valves and a marked reduction of the 
elastin content of the valves. Incubation of sections with cathepsin S decreased the 
valvular elastin content from 45±17% to 25±12% (p<0.01). Similarily, incubation of 
sections with cathepsin K and cathepsin V decreased the valvular elastin content from 
45±17% to 33±13% (p<0.01) and 34±13% (p<0.01), respectively. The elastin 
degradation effects of all cathepsins tested were inhibited by adding exogenous cystatin C  
to the incubation system (Figure 6A, in paper III).  
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VI DISCUSSION 
 
1 Inflammation 

 
1.1 Mast cells in aortic valves (I and II)  

 
Mast cells are multipotent effector cells, which are involved in allergic reactions as well 
as in various inflammatory processes and lipoprotein metabolism116. The capability of 
mast cells to synthesize, store, and secrete a vast array of proinflammatory, profibrotic, 
and proangiogenic mediators118 provides these cells with an exquisite capacity to act at 
the scene of chronic inflammation. Such scene has been discovered in atherosclerotic 
coronary artery plaques, in which the accumulation and activation of mast cells have been 
suggested to contribute to the progression of the atherosclerotic lesion and to subsequent 
rupture of the plaque240, 241. Our novel data extends the role of mast cells into a new field, 
i.e. the pathobiology of AS. Accordingly, we found mast cells to be present in aortic 
valves, and their number was significantly increased in stenotic leaflets. Importantly, in 
contrast to the control valves, in which mast cells were generally resting, the vast 
majority of mast cells in the stenotic valves were in an activated, degranulated state. This 
finding is of particular importance, since the activation of mast cells is a prerequisite for 
them to release the contents of their cytoplasmic granules and, thus, to exert their actions. 
Among the various mast cell-derived mediators, TNF-α49, 242, TGF-β73, VEGF92, and IL-
1β48 have been shown to participate in the pathogenesis of aortic valve calcification and 
stenosis. According to the present findings, mast cells may participate in adverse 
remodeling of aortic valves by secreting the proteases tryptase, chymase, and cathepsin 
G, which may directly degrade the extracellular matrix of valves243, 244.  Furthermore, 
tryptase and chymase can effectively activate various MMPs245, 246, the expression and 
activity of which have been shown to increase in stenotic aortic valves83, 87, 89. Activated 
mast cells themselves may also secrete MMP-1 and -9 247, 248, but the presence of MMPs 
in the mast cells of aortic leaflets was not investigated here. 
 
As sources of several proinflammatory cytokines, mast cell could potentially orchestrate 
the local inflammatory process in aortic valve lesions by recruiting and activating other 
inflammatory cells to the site. Indeed, mast cells are able to stimulate the secretion of 
MCP-1 by fibroblasts and thereby to induce the infiltration of monocytes into tissues249, 
and they can also induce neutrophil chemotaxis by secreting IL-8250. Furthermore, mast 
cells can activate endothelial cells to express adhesion molecules, which may facilitate 
the recruitment of other inflammatory cells to valvular lesions251. Indeed, the two 
adhesion molecules ICAM-1 and V-CAM-1 are expressed in stenotic aortic valves56. By 
secreting angiogenic factors such as basic fibroblast growth factor (bFGF)252 and 
VEGF253, mast cells could also participate in the neovascularization of valves, which is a 
prominent feature of AS and is suggested to be mediated via VEGF-dependent 
mechanisms92. Support for the role of mast cells in plaque neovascularization originates 
from studies on coronary atherosclerotic lesions, in which mast cells are found in 
neovascularized areas of plaques in close proximity to newly formed microvessels254. In 
addition, since mast cells are capable of inducing apoptosis of endothelial cells255, they 
could facilitate the endothelial injury of valves as an early event preceding the formation 
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of sclerotic valvular lesions. Finally, mast cells could contribute to lipid deposition on 
stenotic valves, since mast cells can induce the formation of macrophage foam cells125, 126 
and disturb the cholesterol efflux from foam cells by degrading HDL particles256. 
 
Since cellular activation is pivotal for mast cell action, it is important to contemplate on 
the possible triggers of mast cell activation and degranulation in the valvular 
environment. The classic process of mast cell stimulation commences via binding of IgE-
antigen complexes to the IgE receptors present on the mast cell surface257. Regarding 
aortic valve stenosis, this allergy- and anaphylaxis-related mechanism is highly unlikely. 
A more likely pathway of mast cell degranulation is their activation by other 
inflammatory cells in their vicinity, including T lymphocytes and macrophages122, 123. 
Importantly, both T cells and macrophages are already seen in early lesions of aortic 
valve sclerosis, and they occur more abundantly in advanced stenotic valves, where they 
appear to be in an activated state1, 47, 70. Furthermore, modified lipoproteins such as 
oxidized LDL may activate mast cells in diseased leaflets258. Finally, components of the 
complement system are capable of activating mast cells118 and, as presented in this thesis, 
the complement system is activated in stenotic aortic valves, and products of complement 
activation are found in diseased valve leaflets. Taken together, the conditions essential for 
mast cell activation appear to prevail in stenotic aortic valves. 

 
1.2 Complement system is activated in stenotic aortic valves (V) 

 
Considering the distinctive accumulation and activation of mast cells in stenotic aortic 
valves, we sought to determine the presence of potential mast cell-stimulating factors in 
these valves. As discussed above, previous studies have shown that macrophages and T 
lymphocytes are abundantly present in diseased valves. Our discovery of the presence of 
the end product of complement activation, C5b-9, in stenotic valves confirmed that 
complement is activated in diseased valves and suggested that the activation of mast cells 
in valves could commence via stimulation by complement-derived effectors. 
Furthermore, the extent and intensity of C5b-9 staining was markedly increased as the 
valves became more seriously affected, suggesting that the complement system could 
contribute to AS at its various stages of progression. Importantly, C5b-9 showed strict 
colocalization with lipids in diseased valves, which phenomenon is of particular interest, 
since the lipids accumulated in atherosclerotic arterial wall are able to activate 
complement via the alternative pathway259. Similarly, the lipids trapped in valvular 
lesions may serve as local complement activators in valves. Other conceivable activators 
of the complement system in valves include CRP204, which has been detected in stenotic 
but not in normal aortic valves63 and also apoptotic cells260 and cell debris261. In a recent 
study, apoptotic cells were found in approximately one third of stenotic aortic valves93, 
suggesting that apoptosis-related complement activation could ensue in diseased leaflets. 
Finally, oxidized LDL (oxLDL)-IgG immune complexes may trigger activation of the 
classical complement pathway262, and at least oxidized LDL has been detected in stenotic 
aortic valves2. 
 
Complement activation generates two potent anaphylatoxins, C3a and C5a, and, 
according to our findings, cells in aortic valves possess the potential to respond to these 
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anaphylatoxins, since both of their receptors, C3aR and C5aR, were present in valvular 
areas rich in inflammatory cells. Importantly, C3aR mRNA expression was augmented in 
stenotic leaflets, and myofibroblasts in stenotic but not in normal valves expressed C3aR. 
These findings suggest that, in aortic valves, C3aR expression by myofibroblasts is 
inducible rather than constitutive and also reveal that the induced expression is closely 
linked to the disease process itself. Among the potential inducers of C3aR expression in 
valvular myofibroblasts, we observed that the inflammatory cytokine TNF-α, which is 
abundantly expressed in stenotic valves49 and may promote calcification of valves263, 
induced a 10-fold increase in C3aR mRNA expression. Furthermore, cigarette smoke, 
which is associated with an increased collagen/elastin ratio of aortic valves and is capable 
of directly activating mast cells (paper II), was also able to induce C3aR expression (3-
fold) in myofibroblasts. These findings may provide some biological basis for the notion 
that cigarette smoking constitutes an independent risk factor of AS6. 
 
Regarding the potential effects of complement activation in aortic valves, several local 
proinflammatory actions may ensue. To specify, C5b-9 may either destroy target cells264 
or, at lower concentrations, rather cause their proliferation and induce cellular secretion 
of proinflammatory cytokines208, 209. Furthermore, C3a and C5a may act as chemokines 
and recruit and activate inflammatory cells211, 212 as well as promote the expression of 
adhesion molecules on endothelial cells219. Importantly, anaphylatoxins are capable of 
inducing the secretion of pro-inflammatory cytokines216-218 and, indeed, we found that 
stimulation of myofibroblasts with C3a resulted in enhanced secretion of three powerful 
cytokines, MCP-1, IL-6, and IL-8.  
 
To summarize, the novel findings presented in this thesis show that the complement 
system is activated in stenotic aortic valves. This activation leads to the generation of the 
proinflammatory end product C5b-9 and also to the release of the anaphylatoxins C3a and 
C5a, which can act on valvular cells expressing their receptors C3aR and C5aR, 
respectively. Myofibroblasts in diseased but not normal valves expressed C3aR, the 
induction of which may result from inflammation and external risk factors of AS such as 
the cigarette smoke. Acting on cultured myofibroblasts, C3a triggered a profound 
inflammatory response, which may potentially contribute to the atheroinflammatory 
process of AS. 
 
2 Extracellular matrix remodeling 
 
2.1 Activation of profibrotic Ang II-forming systems in stenotic aortic valves 
(I and II) 

 
2.1.1 ACE and Ang II receptors (I) 

 
Recently, the presence of ACE in stenotic but not in normal aortic valves was 
demonstrated by immunohistochemistry99. Based on the colocalization of ACE with apoB 
in valvular lesions and the association of ACE with plasma LDL particles, the authors 
suggested that ACE should enter the valves as bound to LDL particles. In the present 
thesis (paper I), we showed that ACE is also locally produced in aortic valves, and that 
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ACE mRNA expression is augmented in stenotic valves. Furthermore, autoradiography 
revealed that ACE in aortic valves is enzymatically active, and that local ACE activity is 
augmented in stenotic leaflets. Besides forming profibrotic Ang II, ACE degrades the 
antifibrotic peptide bradykinin and may therefore promote valvular fibrosis and adverse 
remodeling by two different pathways. Regarding inflammation, Ang II stimulates the 
secretion of several inflammatory cytokines and chemokines265, 266 and induces the 
expression of adhesion molecules136. ACE, by forming Ang II, could also enhance lipid 
accumulation in valvular lesions, since Ang II increases LDL uptake by macrophages134 
as well as reduces the cholesterol efflux from these cells135. The detrimental effects of 
Ang II are generally transmitted via AT-1R, and, importantly, active AT-1Rs were here 
upregulated in stenotic valves (Figure 1C, in paper I), whereas the levels of antifibrotic 
AT-2Rs were below the detection limit in both stenotic and non-stenotic valves.  
 
2.1.2 Mast cell-derived chymase (I) 

 
Mast cell-derived chymase is an alternative Ang II-forming enzyme, which contributes to 
local Ang II generation in tissues267. As discussed above, activated mast cells in aortic 
valves contain chymase, which was more abundantly expressed in stenotic than in normal 
aortic valves. In addition to forming Ang II, chymase may contribute to valvular fibrosis 
by promoting mast cell migration and degranulation268 and by generating an active form 
of TGF-β269, 270. These observations render it possible that chymase-mediated profibrotic 
mechanisms could participate in the pathogenesis of AS. In experimental animal models, 
the administration of a specific chymase inhibitor has been shown to retard myocardial 
collagen deposition and fibrosis271. In addition to promoting fibrosis, chymase may 
participate in adverse remodeling of valves by activating matrix-degrading 
metalloproteinases such as MMP-1246, 272. Furthermore, chymase causes apoptosis of 
vascular smooth muscle cells273 and cardiomyocytes274 and could potentially also induce 
apoptosis in aortic valves, thus providing an impetus to complement activation260. 
Finally, since chymase released by activated mast cells may induce erosion of coronary 
artery endothelium182, chymase of subendothelial mast cells could cause injury of the 
endothelial lining of aortic valves and thus participate in the development of early aortic 
valve lesions. 

 
2.1.3 Mast cell-derived cathepsin G (II) 

 
Besides ACE and chymase, cathepsin G, a third enzyme capable of generating Ang II, 
was present in aortic valves, and the expression of cathepsin G mRNA was upregulated in 
diseased leaflets (paper II). In the light of the observed association of cathepsin G and 
TGF-β1 in valves and the previous findings that Ang II may mediate collagen synthesis 
by stimulating the production of TGF-β1275, it is conceivable that cathepsin G-mediated 
Ang II formation could contribute to valvular fibrosis. Indeed, in the present work 
incubation of cultured human skin fibroblasts with recombinant human cathepsin G 
resulted in accentuated production of TGF-β1 mRNA, which was inhibited by losartan, a 
specific AT-1R antagonist. Besides stimulating collagen synthesis and fibrosis, TGF-β1 
may also participate in AS progression by inducing calcification of aortic valves73. 
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Taken together, all three Ang II-generating systems were upregulated in stenotic valves, 
supporting the idea that Ang II-mediated valvular remodeling is an important component 
of the pathogenesis of AS. This elevated Ang II-generating capacity in affected valves 
results at least partially from infiltration of activated mast cells into the lesions, since 
valvular mast cells were identified as the major source of both chymase and cathepsin G 
in valves. Furthermore, by inducing the secretion of MCP-1 from fibroblasts276, mast 
cells may also inveigle monocyte-derived macrophages into valvular lesions and thereby 
increase the number of ACE-containing macrophages in the leaflets. 

 
2.2 Inactivation of antifibrotic systems in stenotic aortic valves (IV) 

 
2.2.1 NEP is upregulated in stenotic aortic valves (IV)  

 
In addition to promoting fibrosis, ACE and also chymase and cathepsin G140 may 
participate in the inactivation of antifibrotic systems by degrading BK in valves. Since 
previous studies have shown that NEP is mainly responsible for the local BK degradation 
in the heart muscle151, 152, we sought to determine whether NEP is expressed and 
activated in stenotic aortic valves. These new investigations revealed that NEP is 
expressed in aortic valves and upregulated in diseased leaflets. Furthermore, NEP was 
activated in stenotic leaflets, and NEP activity in valves increased with a decreasing 
aortic valve area, i.e. with increasing severity of aortic valve stenosis. Besides degrading 
BK, NEP inactivates several other molecules, including natriuretic peptides and 
endothelin, and may thus contribute to the pathogenesis of AS by various mechanisms. 
 
We then analyzed NEP mRNA expression in cultured aortic valve myofibroblasts after 
stimulation with potential mediators associated with the pathogenesis of AS. We 
observed that TNF-α, a proinflammatory cytokine which is present in stenotic valves and 
may accelerate AS progression49, 277, induced a significant increase in NEP mRNA 
expression in myofibroblasts. Furthermore, based on our above described findings of the 
possible role of mast cells in the pathogenesis of AS, we tested the potential of mast cell-
derived mediators to regulate NEP expression in valvular cells. In these experiments, 
NEP mRNA expression in myofibroblasts was stimulated by constituents secreted by 
activated mast cells. These findings suggest that accumulation and activation of mast 
cells in valve lesions may precede and promote the upregulation of NEP and a 
consequent profibrotic response in aortic valves. Thus, inflammation and mast cell 
recruitment likely represent a primary phenomenon in valvular pathology, while 
upregulation of the profibrotic processes and inactivation of the antifibrotic systems 
potentially ensue secondary to the ongoing inflammatory process. This hypothesis is 
further supported by the work of Otto et al., who discovered inflammatory cells, 
including T lymphocytes and macrophages, in early aortic valve lesions1. 

 
2.2.2 Expression of BK-1R and BK-2R in aortic valves and their stimulation with 
exogenous kinins (IV) 
 
Since the two oppositely acting BK receptors, the profibrotic type 1 and the antifibrotic 
type 2 receptors, were both expressed on aortic valve myofibroblasts, locally formed 
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kinins may exert both pro- and antifibrotic effects on valves. Thus, the final outcome of 
kinin-mediated effects on valves depends on the valvular levels of the respective BK 
receptors and on the local levels of their ligands, i.e. kinins. Both BK-1R and BK-2R 
were upregulated in stenotic valves, but the increase of BK-1R mRNA in stenotic relative 
to control valves was markedly higher than the increase of BK-2R mRNA (5.1-fold vs. 
1.5-fold). In addition, the observed upregulation of BK-degrading pathways in stenotic 
aortic valves is also likely to shift the balance toward BK-1R-mediated effects, i.e. 
promote fibrosis of the leaflets and ultimately also stenosis of the valve.  
 
The function of BK-1R and particularly its role in cardiovascular diseases has remained 
largely undefined. Besides promoting local inflammation and fibrosis, BK-1R may 
participate in other mechanisms involved in the development of valvular lesions. Indeed, 
BK-1R was here found in the endothelial cells forming the numerous neovessels inside 
stenotic valves and may thus, similarly to participating in the neovascularization of 
ischemic limbs176, mediate neovessel formation in diseased valves. Moreover, strong 
staining of BK-1R was detected in chondroblast-like cells in ossified areas of stenotic 
leaflets, suggesting a role for BK-1R signaling also in the calcification and bone 
formation of valves. In contrast to constitutively expressed BK-2R, BK-1R is expressed 
at low levels in normal tissues but becomes induced in pathological conditions, such as 
inflammation and ischemia160, 170, 173. Indeed, in comparison with cells derived from 
control valves, myofibroblasts isolated from stenotic valves expressed higher 
concentrations of BK-1R even at the basal state. Furthermore, exposure to the 
inflammatory cytokine TNF-α resulted in accelerated BK-1R mRNA expression, 
particularly in cells derived from stenotic valves. Thus, cells derived from stenotic valves 
expressed more BK-1R and were more sensitive to TNF-α-induced upregulation of BK-
1R than were cells derived from control valves. These findings suggest that the 
augmented BK-1R expression in diseased valves results, at least partially, from enhanced 
secretion of inflammatory cytokines by the infiltrating inflammatory cells present in the 
valves. Importantly, mast cells have been identified as a source of TNF-α, and, at least in 
atherosclerotic plaques, TNF-α-secreting mast cells appear to contribute to plaque 
remodeling278. 
 
In contrast to the expression of BK-1R, basal BK-2R mRNA expression was lower in 
myofibroblasts derived from stenotic than from control aortic valves. However, TNF-α 
induced BK-2R expression in both cell populations. This finding of inflammation-
induced BK-2R expression in valvular cells, independent of their origin, suggests that the 
upregulation of BK-2R in stenotic valves is likely to represent a self-protective 
mechanism in an attempt to protect the affected valvular leaflets from further 
inflammatory damage. Another possibility is that the observed upregulation of BK-2R 
mRNA in stenotic valves has resulted from feedback regulation in response to augmented 
degradation of its ligand, BK, in diseased valves. BK-2R signaling exerts both 
antiproliferative and antihypertrophic effects on myocytes and fibroblasts161, 162, and 
blockade of BK-2R results in left ventricular hypertrophy and fibrosis in mice163, 279. 
Consistent with these observations, addition of exogenous BK to valvular myofibroblasts 
resulted in decreased collagen expression, which was reversed by a BK-2R antagonist 
icatibant (Figure 8A-B, in paper IV). Interestingly, the BK-2R antagonist alone 
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upregulated collagen I expression in myofibroblasts, suggesting the presence of autocrine 
effects by endogenously produced BK. Furthermore, addition of both BK and BK-(1-8) 
to cultured myofibroblasts induced the secretion of IL-6, a cytokine with both 
proinflammatory280 and profibrotic281, 282 properties. This proinflammatory effect was 
inhibited by a BK-1R antagonist but not by the BK-2R antagonist, revealing that the 
ability of BK to induce IL-6 secretion by myofibroblasts was not mediated via BK-2R 
(Figure 8C, in paper IV). It is conceivable that, under these culture conditions, BK was 
converted to BK-(1-8) (e.g. by carboxypeptidase M) and, accordingly, the increased 
secretion of IL-6 was actually a response to locally formed BK-(1-8). 
 
In conclusion, we observed a substantial upregulation of BK-1Rs and a smaller increase 
of BK-2Rs in stenotic aortic valves. The enhanced expression of BK-1Rs may promote 
fibrosis and inflammation in valves and even stimulate calcification and 
neovascularization of their leaflets. In contrast, the increase of antifibrotic BK-2R may 
represent a compensatory antifibrotic response resulting from accentuated degradation of 
its ligand, BK, by ACE and NEP.  

 
2.3 Elastin fibers are degraded and disoriented in stenotic aortic valves (II 
and III)  

 
2.3.1 Collagen/elastin ratio is increased in stenotic aortic valves 

 
Consistent with our observation of the activation of the profibrotic mechanisms in 
stenotic valves, the actual consequence of their activation, i.e. fibrosis, was also evident 
in diseased leaflets. Indeed, the mRNA expression of collagen I and III and the amount of 
collagen fibers were increased in stenotic valves compared to non-diseased valves. When 
considering the significance of the present finding of an elevated collagen/elastin ratio in 
stenotic valves, it is worth of recapitulating the anatomy of normal aortic valves (see 
Review of the literature). While the collagen fibers in the fibrosa layer provide stiffness 
to the valve, the elastin fibers in the ventricularis layer enable pliable movements of the 
leaflets and their adaptation to the systolic and diastolic movements of the heart. 
Accordingly, an increased collagen/elastin ratio in stenotic valves may contribute to 
increased stiffness and decreased flexibility of the leaflets. In compliance with the present 
observations, the increased collagen/elastin ratio in affected valves results from both 
increased collagen synthesis and augmented degradation of elastin fibers. Indeed, the 
level of elastin degradation in stenotic valves was generally moderate to severe, whereas 
no elastin degradation was observed in non-diseased valves. In this thesis, however, only 
the expression levels of mature collagen I and III were analyzed, but the amount of 
immature propeptide and telopeptide structures of the collagens was not investigated. In a 
recent work by Eriksen et al, increased collagen expression in stenotic leaflets was shown 
to associate with augmented collagen turnover and elevated levels of immature 
telopeptide structures of collagen I82. Thus, besides their quantity, the quality of newly 
synthesized collagen may contribute to ECM fuctions in affected valves.  Interestingly, in 
our study population, the collagen/elastin ratios of stenotic valves were higher in patients 
with a positive smoking history, a finding which is supported by epidemiological studies 
identifying smoking as a risk factor for AS6. 
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2.3.2 Cathepsin G – an elastolytic enzyme – is present in stenotic aortic valves 
(II) 
 
As discussed above, cathepsin G may participate in the pathogenesis of AS by generating 
Ang II. Furthermore, cathepsin G possesses elastolytic activity and may thus act on 
affected valves in two ways. Supporting the association of cathepsin G with elevated 
collagen synthesis and accentuated elastin degradation in valves, cathepsin G mRNA 
levels correlated positively with the mRNAs of TGF-β1, collagen I and III, as well as the 
collagen/elastin ratio of the valves. Furthermore, activated cathepsin G-positive mast 
cells accumulated in areas of diseased valves where elastin fibers were degraded. 
Importantly, incubation of thin tissue sections of normal aortic valves, in which elastin 
fibers were initially intact, with exogenous cathepsin G resulted in a similar pattern of 
elastin degradation and disarray as was observed in stenotic leaflets.  
 
Taken together, cathepsin G may participate in adverse remodeling of aortic valves by 
two independent mechanisms, first, by forming profibrotic Ang II, which has the 
potential to induce TGF- β1 expression and thus to enhance collagen synthesis, and 
second, by directly degrading elastin fibers in valves. Both of these pathways tend 
ultimately to lead to an increased collagen/elastin ratio with thickening and stiffening of 
valve leaflets.  

 
2.3.3 Cigarette smoke activates mast cells and fibroblasts 
 
The present observation on the association of the collagen/elastin ratio in aortic valves 
with smoking led us to contemplate the possible mechanisms behind cigarette smoke-
induced collagen synthesis and elastin degaradation. First, we hypothesized that cigarette 
smoke with its various toxic constituents could directly activate mast cells and hence lead 
to increased secretion of mast cell-derived profibrotic and elastolytic enzymes including 
tryptase, chymase, and cathepsin G. Indeed, stimulation of cultured mast cells with 
cigarette smoke-treated media resulted in activation and degranulation of these cells. 
Among the numerous components of cigarette smoke, we tested specifically the effect of 
nicotine and acetaldehyde on cultured mast cells and discovered that nicotine by itself 
was able to activate mast cells, whereas acetaldehyde did not induce mast cell 
degranulation. Second, another potential mechanism of cigarette smoke-induced valvular 
remodeling was revealed when incubation of fibroblasts with cigarette smoke-saturated 
media, nicotine, or acetaldehyde led to augmented expression of profibrotic TGF-β1. 
  
To summarize, cigarette smoke activated mast cells, thus enabling the secretion of mast 
cell-derived profibrotic (i.e. tryptase, chymase, cathepsin G) and elastolytic (cathepsin G) 
mediators. Furthermore, the nicotine present in cigarette smoke induced a profibrotic 
response in cultured fibroblasts. Therefore, by acting on these two cell types, which are 
abundantly present in stenotic valves, cigarette smoke may accelerate adverse remodeling 
of aortic valves and thereby promote AS progression. These findings are of potential 
clinical relevance, since smoking is an independent risk factor of AS and has been shown 
to predict fast progression of the disease6, 31. 
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2.3.4 Increased expression and activity of elastolytic cathepsins S, K, and V in  
stenotic aortic valves (III) 
 
Considering the observed excessive degradation of elastic fibers in valves, it is 
conceivable that, besides cathepsin G, other elastolytic enzymes also contribute to 
valvular remodeling. Indeed, previous studies have demonstrated increased expression 
and activity of matrix-degrading MMPs in stenotic aortic valves49, 83, 89. Enhanced 
expression of MMPs in diseased valves is, however, accompanied by overexpression of 
their inhibitor, TIMP-183, suggesting that the adverse remodeling of valves at least 
partially depends on alternative pathways unrelated to the activity of MMPs. Regarding 
this hypothesis, we aimed to determine the role of other elastolytic cathepsins, namely 
cathepsin S, K, and V, in the pathogenesis of AS. 
 
The present investigations revealed that active cathepsins are present in aortic valves, and 
that their expression and activity are markedly augmented in stenotic leaflets. These 
observations suggest that elastolytic cathepsins may participate in the pathological 
remodeling of valves leading to stiffening of the leaflets and subsequent obstruction of 
ventricular outflow. Indeed, the spontaneous elastin degradation observed in isolated 
stenotic leaflets per se could be mimicked by adding exogenous cathepsins to normal 
aortic valves, which otherwise showed no elastin degradation. Furthermore, cathepsin V 
was also strongly expressed in the endothelial cells forming the neovessels inside the 
stenotic valves, whereas cystatin C was absent from these areas. These findings suggest 
that a local imbalance between elastolytic cathepsins and their inhibitor cystatin C may 
have promoted the invasion of endothelial cells and neovessel growth in diseased valves. 
The possible role of cathepsins in neovascularization is supported by the previous finding 
that cathepsin S was able to degrade capillary basement membranes and to promote 
neoangiogenesis in mice193. Moreover, we observed that cathepsin S and cystatin C were 
present in chondroblast-like cells in ossified areas of stenotic valves. This finding merits 
particular attention, since cathepsins, notably cathepsin K, play a pivotal role in bone 
growth and remodeling198 and could therefore potentially participate in bone formation 
even at sites distal from the skeleton, including aortic valves.  
 
Our finding of increased cathepsin expression parallel to elevated levels of cystatin C in 
valves differs from the process taking place in atherosclerotic lesions, in which enhanced 
cathepsin levels have been shown to associate with attenuated expression of cystatin C196. 
However, the present observation that tissue sections of stenotic aortic valves contained 
active cathepsins suggests that even the enhanced cystatin C levels are not sufficient to 
completely inhibit the augmented cathepsin activity in valves. Moreover, close 
examination of the localization of cathepsins and cystatin C in diseased valves revealed 
the presence of local areas expressing active cathepsins but lacking cystatin C, while 
cystatin C was found particularly in areas with preserved elastic fibers (Figure 5, in paper 
III). Thus, the incomplete inhibition of cathepsins in diseased valves may have led to 
uncontrolled elastin degradation and the observed distinctive pattern of elastic fiber 
disorganization and destruction.  
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In conclusion, cathepsins are expressed and activated in stenotic aortic valves and may 
participate in AS progression by degrading elastin fibers in leaflets. Enhanced cystatin C 
expression in valves appears to be inadequate to fully inhibit cathepsin-mediated elastin 
degradation. Besides their matrix-degrading effects, cathepsins may participate in bone 
formation and remodeling in stenotic valves. Finally, the localization of cathepsin V in 
neovessels suggests a role for this cathepsin in valvular neovascularization. 
 
3 Limitations 
 
In the present thesis, the study population of AS patients was carefully characterized and 
homogeneous, and only patients with isolated non-rheumatic AS were included. 
However, the availability of non-stenotic control valves was limited, since cadaver 
samples could not be used in the experiments due to postmortem RNA degradation, and 
only fresh surgical samples were therefore accepted. As fresh samples of normal non-
stenotic valves are rarely available, the control group in the present studies consisted of 
both organ donors without cardiac diseases and patients undergoing cardiac 
transplantation. However, only valves without visible morphological changes were 
accepted as controls. Regarding medical therapy, the heterogeneity of the two control 
subgroups was notable, and the patients undergoing cardiac transplantation were 
generally on ACE inhibitor or AT-1R antagonist medication, while the organ donors had 
not received these agents. Although no statistically significant differences in any of the 
investigated parameters were found between the two control subgroups, we cannot fully 
exclude the possibility that the medication had affected the results. Furthermore, 20% of 
the patients with AS were receiving statins, whereas only 2 % of the controls were on 
statin medication, and it is hence conceivable that statin treatment has partly blunted the 
observed differences between the groups. 
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4  Future perspectives – possibilities for pharmacotherapy of AS 
 
Currently, no approved medical treatment for AS exists, and the ultimate remedy is valve 
replacement surgery. Thus, there is an urgent need for deeper understanding of the 
pathophysiological mechanisms which precede and promote the progression of AS, and 
which could be targeted by pharmacological interventions. The results presented in this 
thesis support the hypothesis that AS is an actively regulated disease potentially 
amenable to pharmacologic treatment. Retardation of disease progression could be 
achieved by attenuating the inflammatory process in the valves or by modifying the 
expression of the proteins that induce valvular fibrosis and calcium deposition. 
Furthermore, interventions to prevent cholesterol accumulation in tissue or to restrain the 
activation of the renin-angiotensin system (RAS) in valves could potentially retard 
progression of the disease. Possible targets of medical therapy in aortic valves are 
presented in Table 5. 
 
Table 5. Potential mechanisms of aortic valve stenosis at which pharmacological 
treatment of AS could be targeted 
 

 
● Accumulation and deposition of lipoprotein-derived lipids 
● Angiotensin II-mediated effects 
● Calcification  
● Accumulation and activation of inflammatory cells 
● Extracellular matrix remodeling 
● Endothelial injury  
● Neovascularization  
 

 
Against the background of the pathobiological similarities between AS and 
atherosclerosis35 as well as the identification of hypercholesterolemia as a risk factor of 
AS6, 31, it is conceivable that HMG-CoA reductase inhibitors (statins) could modify AS 
progression. Evidence supporting the role of statins in AS originates from both 
experimental5, 69, 76-78, 283-286and clinical287-293 studies. Several retrospective human studies 
using echocardiography or electron beam tomography have shown that statin use 
associates with slower progression of aortic valve calcification or stenosis (Table 6). In 
contrast, the only prospective randomized placebo-controlled trial of statins in AS 
published hitherto failed to find a benefit from atorvastatin treatment294. This trial, 
however, has been criticized for its relatively short intervention and small sample size, 
with only 77 patients being given statin therapy. In another prospective but non-
randomized trial, AS patients with elevated serum LDL cholesterol levels were treated 
with rosuvastatin, which slowed down the hemodynamic progression of AS and 
attenuated the levels of systemic inflammatory markers in these patients293. In summary, 
before clinical recommendations regarding statin therapy in AS can be given, larger 
prospective randomized trials are warranted. Currently, there are at least two such trials 
ongoing; the SEAS study, which investigates simvastatin and ezetimibe in 1800 patients 
with asymptomatic AS, and the ASTRONOMER study, in which rosuvasatin is used295. 
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Completion of these trials will provide additional information on the efficacy of lipid-
lowering therapy in AS. It is noteworthy that retrospective trials have yielded inconsistent 
results on the effect of statins on disease progression and its relation to serum cholesterol 
levels35. This inconsistency suggests that, besides their cholesterol-lowering effect, the 
pleiotrophic actions of statins296, such as attenuation of local inflammation, antioxidant 
effects, and improvement of endothelial function in the superficial valvular layer, may at 
least partially mediate the actions of this class of drugs on diseased valves. 
 
Besides statins, regimens targeted toward components of RAS have been proposed as 
candidate drugs in AS. Traditionally, the use of ACE inhibitor or AT-1R antagonists has 
been contraindicated in AS due to the postulated risk of hypotension. This assumption, 
however, has not been based on controlled data, and recent clinical studies suggest that 
ACE inhibitors are well tolerated by patients with AS and may even improve their 
haemodynamic status and exercise tolerance297-301. Pharmacologic agents aimed to inhibit 
Ang II action have two potential beneficial ways of action in AS. First, inhibition of ACE 
or AT-1Rs may prevent LV hypertrophy and fibrosis caused by a chronic pressure 
overload in AS and thereby preserve LV systolic and diastolic functions. Indeed, Ang II-
induced fibrosis and hypertrophy appear to play a role in LV remodeling in AS, and 
activation of RAS parallel to augmented collagen expression has been observed in the LV 
myocardium of AS patients138. Recent observations suggest that, instead of being an 
adaptive response, LV hypertrophy in AS more likely represents a maladaptive and 
disadvantageous response secondary to chronic pressure overload236. Accordingly, 
pharmacological regimens that reduce hypertrophy, such as ACE inhibitors, may 
favorably alter the myocardial response and the clinical course of the disease139.  
 
Second, by depressing local ACE activity in aortic valves, ACE inhibitors could act 
directly on diseased valves and reduce local inflammation and fibrosis in tissue302. In a 
recent retrospective study, the use of ACE inhibitors was associated with slower 
progression of aortic valve calcification303. In contrast, another retrospective trial failed to 
find a difference in the hemodynamic progression of AS between patients with and 
without ACE inhibitor therapy292. Considering the small number and small samples of 
these studies, additional research is mandatory. Theoretically, as the three Ang II-forming 
enzymes (i.e. ACE, chymase, and cathepsin G) are upregulated in stenotic valves, AT-1R 
antagonists, which prevent the actions of Ang II irrespective of the enzyme responsible 
for its generation, could be even superior to ACE inhibitors in this disease. In patients 
with myocardial infarction, however, AT-1R antagonists have not proven superior to 
ACE inhibitors in preventing ventricular remodeling304, and additional models of 
treatment, even in patients with AS, may hence be warranted. Inhibition of valvular NEP 
or prevention of mast cell activation and direct inhibition of chymase and cathepsin G in 
valves with advancing lesions may represent such additional means to pharmacologically 
modify AS progression.   
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Table 6. The effect of LDL-lowering with statins on the progression of AS 
 

 Method 
to grade AS 

N Age 
(y) 

Dura- 
tion (y) 

Study groups Results p Ref 

Pohle 
20011 
 

EBT calcium 
 

104 65 1.25  
 
LDL ≤3.36 mmol/l 
(68% on statins) 
LDL >3.36 mmol/l 
(32% on statins) 

Increase in valve 
calcium/year 
9±22% 
 
43±44% 

≤0.001  
289 

Shavelle 
20021 
 

EBT calcium 65 67 2.5  
 
Statin therapy (43%) 
No statin therapy 

Increase in valve 
calcium/year 
12.1% 
32% 

0.006  
291 

Aronow 
20011 

ECHO 180 82 2.8  
 
1)LDL <3.2 mmol/l, no 
statin 
2)LDL ≥3.2, on statin 
3)LDL ≥3.2, no statin 

Increase in peak 
gradient (mmHg/y) 
1) 3.1±1.1 
 
2) 3.4±1.0 
3) 6.3±1.4 

<0.0001  
287 

Novaro 
20011 

ECHO 174 68 1.8  
 
Statin therapy (33%) 
No statin therapy 

Decrease in valve area 
(cm2/year) 
0.06±0.16 
0.11±0.18 

0.03  
288 

Bellamy 
20021 

ECHO 156 77 3.7  
 
Statin therapy (24%) 
No statin therapy 

Decrease in valve area 
(cm2/year) 
0.04±0.15 
0.09±0.17 

0.04  
290 

Rosen-
hek 
20041  

ECHO 211 70 2.0  
 
Statin therapy (39%) 
No statin therapy 

Increase in aortic 
velocity (m/s/year) 
0.10±0.41 
0.39±0.42 

<0.0001  
292 

Cowell 
2005 2 

CT and 
ECHO  

155 68 2.1  
1) Atorvastatin 80mg/d 
(50%) 
2) No statin therapy 

Increase in valve 
calcium/year 
1) 22±21% 
2) 22±20% 
Increase in aortic 
velocity (m/s/y) 
1) 0.20±0.20 
2) 0.20±0.21 

 
P=NS 
 
 
 
P=NS 

 
294 

Moura 
20073 

ECHO 121 74 1.4  
1) Rosuvastatin 20 
mg/d if LDL>3.36 
mmol/l 
2) No statin therapy if 
LDL<3.36 mmol/l 

Decrease in valve area 
(cm2/year) 
1) 0.05±0.12 
2) 0.10±0.09 
Increase in aortic 
velocity (m/s/y) 
1) 0.04±0.38 
2) 0.24±0.30 

 
0.041 
 
 
 
0.007 

 
293 

1retrospective, 2prospective, randomized, 3prospective, non-randomized 
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 VII SUMMARY AND CONCLUSIONS 
 
This thesis aimed to elucidate some of the pathogenic mechanisms of AS, with a specific 
focus on the role of inflammation, extracellular matrix remodeling, and the actions of the 
RAS on valves. Based on our findings and the above discussion, the following summary 
and conclusions can be presented. Recapitulation of the main findings and their 
interpretation are illustrated in Figure 8. 
 
1) Mast cells are present in aortic valves and accumulate in stenotic valves in large 
numbers. Importantly, while the activation of mast cells in normal valves is rare, the 
majority of mast cells in stenotic valves are in an activated state (i.e. degranulated), and 
thus capable of secreting proinflammatory cytokines and proteases. Indeed, the mast cells 
in diseased valves contain chymase and cathepsin G, which may contribute to the 
pathogenesis of AS. 
 
2) In stenotic valves, the Ang II-forming potential is augmented since the increased 
expression and activation of ACE is accompanied by upregulation of two alternative Ang 
II-generating enzymes, namely chymase and cathepsin G. As a powerful mediator of 
inflammation and fibrosis, Ang II may participate in the development of AS. Besides 
generating Ang II, cathepsin G may contribute to the adverse remodeling of stenotic 
valves by degrading elastin fibers in diseased leaflets. 
 
3) Activation of several elastolytic enzymes concur in stenotic valves as an elastin-
degrading battalion, the actions of which may result in enhanced valvular stiffness. 
Notably, apart from the upregulation of cathepsin G, the expression and activity of the 
elastolytic cathepsins S, K, and V are augmented in stenotic valves. Moreover, the 
distinctive pattern of elastin degradation observed in stenotic valves could be mimicked 
by adding exogenous cathepsins to normal aortic valves, which initially contained intact 
elastin fibers. 
 
4) Increased collagen expression and accelerated activation of elastolytic enzymes in 
diseased valves leads to an elevated collagen/elastin ratio in stenotic valves. This valvular 
collagen/elastin ratio is associated with smoking, which is a previously identified risk 
factor of AS. Furthermore, cigarette smoke and particularly nicotine activate cultured 
mast cells and induce the expression of profibrotic TGF-β1 in fibroblasts. Thus, cigarette 
smoke, by stimulating the release of mast cell-derived proinflammatory and profibrotic 
mediators and by increasing TGF- β1 expression by fibroblasts, may act locally in valves 
and accelerate the progression of stenotic changes in their leaflets.  
 
5) In parallel with the activation of the profibrotic systems (i.e. ACE, chymase, cathepsin 
G, TGF-β1), inactivation of the antifibrotic systems (i.e. BK) occurs in diseased valves. 
Accordingly, we observed increased expression and activation of BK-degrading 
enzymes, particularly ACE and NEP, in stenotic valves. The expressions of BK-2R and 
particularly BK-1R are increased in stenotic valves compared to controls. Isolated 
valvular myofibroblasts express NEP and both BK receptors, which can be upregulated 
by the inflammatory cytokine TNF-α (NEP and BK receptors) and by activated mast cells 
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(NEP). These findings suggest that the upregulation of NEP and BK-1R results from the 
ongoing inflammatory process in the valve and may promote fibrosis and adverse 
valvular remodeling, while the increase in BK-2R expression may represent a 
compensatory but, unfortunately, inadequate antifibrotic response. 
 
6) The complement system, which is a potent stimulator of mast cell deganulation, is 
activated in stenotic aortic valves, since deposition of the terminal complex of 
complement activation C5b-9 was observed in these valves. Moreover, receptors for the 
complement-derived peptides C3a and C5a are expressed in aortic valves and in isolated 
valve myofibroblasts, with C3aR being restricted exclusively to myofibroblasts in 
stenotic valves. In cultured myofibroblasts, TNF-α and cigarette smoke induce C3aR 
expression, supporting the role of local inflammation and external risk factors of AS in 
the regulation of complement-mediated actions in valves. Importantly, stimulation of 
myofibroblasts with C3a, the ligand of C3aR, results in enhanced secretion of the 
proinflammatory cytokines MCP-1, IL-6, and IL-8. These findings suggest that 
complement activation is an element of aortic valve stenosis, and cells in diseased valves 
become susceptible to the actions of the complement system along with the development 
of stenotic lesions. 
 

 
Figure 8. Summary of the main findings of the thesis and the interplay of the newly-
identified contributors to AS pathogenesis. (1) Activated mast cells release chymase and 
cathepsin G (Cath G), which, along with the angiotensin-converting enzyme (ACE), 
generate profibrotic angiotensin II (Ang II) (2). (3) Cathepsin G and the other elastolytic 
cathepsins S, K, and V degrade elastin fibers in valves. (4) Cigarette smoke activates 
mast cells and induces TGF-β1 expression in fibroblasts. ACE and (5) neutral 
endopeptidase (NEP) inactivate bradykinin (BK), thus promoting fibrosis in valves. (6) 
The complement system, a potent stimulator of mast cells, is activated in stenotic valves. 
Local inflammation and cigarette smoke induce expression of C3aR, a receptor for the 
complement component C3a, thereby accentuating the complement-mediated 
proinflammatory actions on diseased valves.     
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General conclusion 
 
The experiments performed in this thesis work were designed on the basis of recently 
published investigations, which have resulted in the modern concept of AS being an 
active inflammatory disease. Most importantly, mast cells were discovered in diseased 
aortic valves, and these multipotent effector cells were suggested to play several active 
roles in the pathogenesis of AS. Another novel observation was that local RAS is 
activated in diseased aortic valves. Finally, other potential key elements of valve 
remodeling, such as active cathepsins and NEP-BK system, as well as an actived 
complement system, were found to be present in affected aortic valves. Identification of 
the activators of these AS-initiating and -progressing mechanisms is a challenge for 
future work. Ultimately, deeper understanding of the pathobiology of AS will aid in 
designing novel therapeutic approaches to combat this disease. 
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