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Abstract

Calcific aortic valve disease (CAVD) is the most common valvular heart disease in the Western
world. Although it shares mainly the same risk factors as coronary heart disease (CHD), i.e.
similar initial events in both diseases but with time, they lead to different clinical outcomes. Thus,
when it affects the coronary arteries, the disease leads to an obstructive or rupture-prone plaque
whereas in the aortic valve, it causes massive calcification and ossification. This obstructs the
blood flow from the left cardiac ventricle, causing myocardial hypertrophy, and if left untreated,
heart failure and death. Many of the pathobiological differences between CAVD and CHD remain
unknown. Currently, there are no effective lifestyle- or pharmacologic treatments for CAVD and
the only therapy is a valve replacement operation.

In this thesis, several studies utilizing large-scale methods were undertaken to profile the
molecular events leading to CAVD. Surgically removed valves from patients in different stages of
the disease were obtained and gene transcripts, microRNA-molecules and several proteins were
identified as being differentially expressed. Several of these were investigated further, including
two pro-inflammatory CC-type chemokine ligands 3 and 4 (CCL3 and CCL4), microRNA-125b,
several granzyme-proteins and heat-shock protein 90.

The results of this thesis provide a large dataset of hundreds of molecular changes associated
with CAVD. It is proposed that they can be used as a basis for the generation of new hypotheses
and assist in the design of experiments to clarify the mechanisms driving CAVD.

Keywords: Aortic valve, calcification, chemokines, granzyme, heat-shock protein 90,
microarray, microRNA, proteomics, aortic stenosis
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Tiivistelmä

Aorttaläpän kalkkeutuva ahtauma on länsimaiden yleisin sydänläppäsairaus. Riskitekijät ovat
pääosin samat kuin sepelvaltimotaudissa, ja molemmat saavat alkunsa samalla tavalla. Ajan
myötä ne kuitenkin johtavat varsin erilaisiin kliinisiin ilmenemismuotoihin: sepelvaltimoihin
kasvaa ahtauttavia ja repeytymisherkkiä plakkeja, kun taas aorttaläppään muodostuu runsaasti
kalkkia ja luuta. Se haittaa verenvirtausta sydämen vasemmasta kammiosta aorttaan, mikä aihe-
uttaa sydänlihaksen paksuuntumista. Hoitamattomana tauti johtaa lopulta sydämen vajaatoimin-
taan ja kuolemaan. Monet syyt eroihin sepelvaltimotaudin ja aorttaläpän ahtauman välillä ovat
edelleen tuntemattomia. Tällä hetkellä aorttaläpän ahtaumaan ei ole olemassa tehokasta elinta-
pa- tai lääkehoitoa, ja ainoa hoitomuoto onkin vioittuneen aorttaläpän korvaaminen proteesilla.

Tässä väitöskirjatyössä tehtiin useita laaja-alaisia molekyylitason profilointitutkimuksia, joil-
la selvitettiin aorttaläpän ahtaumaan mahdollisesti johtavia mekanismeja. Aineistona oli leikka-
uksessa potilailta poistettuja, erilaisissa taudin vaiheissa olevia aorttaläppiä. Niistä kerättiin tie-
toja kaikkien geenien ilmentymisestä, mikroRNA-molekyyleistä sekä koko proteomitason muu-
toksista. Useat tunnistetuista molekyyleistä valittiin jatkotutkimuksiin niiden tarkempien ominai-
suuksien selvittämiseksi. Näitä olivat tulehdusta välittävät kemokiinit CCL3 ja CCL4, 
mikro-RNA-125b, useat grantsyymiproteiinit sekä lämpöshokkiproteiini 90.

Väitöskirjatyön tuloksista voidaan muodostaa ainutlaatuinen aineisto sadoista erilaisista aort-
taläpän ahtaumaan johtavista molekyylitason muutoksista. Sitä voidaan hyödyntää uusien tutki-
mushypoteesien muodostamisessa sekä aorttaläpän ahtauman tarkempien mekanismien selvittä-
miseen tähtäävien kokeellisten tutkimusten suunnittelussa.

Asiasanat:  aorttaläpän ahtauma, grantsyymit, kalkkeutuminen, kemokiinit, mikroRNA,
mikrosiru, proteomiikka
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1 Introduction 

The human aortic valve is located at the base of the aorta, between the aortic root 

and the left cardiac ventricle. Its function is to open during systole of the heart, 

allowing blood to flow through into the aorta. During diastole, the aortic valve 

closes, preventing any blood from leaking back into the ventricle. It can be 

estimated that the valve has to open and close 2-3·109 times during a lifetime of 

70-80 years. This places an enormous demand on the valvular tissue to maintain 

its non-stop function for so many decades. To achieve this feat, the biology of the 

aortic valve possesses several unique properties 

In some cases, a lifetime of stressors can cause the valvular tissue to undergo 

pathological changes. Some of them, such as a mild thickening of the valve, never 

cause any clinical symptoms but in certain cases, they cause the development of 

calcific aortic valve disease. This is caused by similar risk factors leading to 

coronary heart disease i.e. hypercholesterolemia, smoking and diabetes. Some 

congenital abnormalities of the valve predispose to early valvular disease. 

Approximately 1-2% of the population has a bicuspid valve instead of the more 

common tricuspid valve. This is the strongest known risk factor for valvular 

disease. 

Calcific aortic valve disease (CAVD) involves the same initial events as those 

encountered in coronary heart disease. The oscillating shear stress on the aortic 

side of the valves causes the valvular endothelium to be more permeable to 

circulating low-density lipoprotein (LDL) particles, than the ventricular side. 

Once inside the valve, these particles become oxidatively modified and are 

recognized by the immune system as ‘a foreign object in the wrong place’. This 

evokes an inflammatory response but if it persists, it leads to several other 

pathological changes in the valve, ultimately causing massive calcification and 

bone formation. This impairs valvular function, leading to left ventricular 

hypertrophy, heart failure, even death. Once the calcification progress is initiated, 

the disease becomes self-perpetuating and there are no known pharmacologic or 

lifestyle-treatments that can effectively hinder its progress. The only treatment is 

a valvular replacement operation, which in global terms, is the second most 

common cardiac operation only surpassed by coronary revascularization. 

The work in this thesis was carried out to elucidate the molecular 

mechanisms of CAVD using several omics- level methods; transcriptomics, 

proteomics and microRNA-profiling. 
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1.1 Human aortic valve biology 

1.1.1 Development 

The anatomy, function and even certain pathological abnormalities of human 

aortic valve have their roots in early organogenesis. The aortic valve develops as 

a part of the primordial heart which begins to form around week 2 of gestation 

(reviewed in Srivastava (2006)). Cells in the anterior lateral plate mesoderm 

differentiate into a group of cells called the first heart field (FHF) and by week 3, 

they give rise to a structure called the heart tube – the earliest functional stage of 

heart development. The heart tube serves as a scaffold for migrating cells from a 

second heart field (SHF) that begins the formation of cardiac chambers. 

The development of all cardiac valves originates in the heart tube (reviewed 

in Schroeder et al. 2003; Armstrong & Bischoff 2004; Combs & Yutzey 2009; 

Wirrig & Yutzey 2011)). The tube consists of an inner layer of endocardial cells 

and an outer layer of myocardial cells divided by an extracellular matrix (ECM) 

known as cardiac jelly. The heart tube forms a crescent shape with an outflow 

tract (OT) and an atrioventricular canal (AVC). Cardiac jelly in OT and AVC 

expands to form structures known as cardiac cushions (reviewed in Person et al. 

2005; Combs & Yutzey 2009). They are the first stages of heart valve 

development and the cushions in the AVC end of the heart tube give rise to the 

mitral and tricuspid valves. Subsequently, the OT cushions later develop into the 

pulmonary and aortic valve. Growth of the cushions is driven by a process called 

epithelial to mesenchymal transition (EMT) in which endothelial cells migrate 

into the interstitium (reviewed in Armstrong & Bischoff 2004). The first 

individual aortic valve leaflets become evident at 5-6 weeks of fetal development 

and the elongation and remodeling of valvular structure continues into early 

postnatal stage. Interestingly, aortic valve development shares many similarities 

with osteogenic cell lineages (reviewed in Lincoln et al. (2006)) – a feature very 

relevant to valvular disease. The main stages of cardiac development, with the 

emphasis on the aortic valve are shown in Figure 1. 
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Fig. 1. Main stages of cardiac development with the emphasis on the aortic valve. 1) 

The initial features of a heart can be detected around day 15 of embryonic 

development. Cells of the first heart field (FHF) form a crescent shape with parts 

determined to be ventricles (V) and atria (A). Cells from the second heart field (SHF, 

yellow color) are located medially and anterior to FHF. 2) By day 21, a tubular and 

functional heart is formed. It consists of an outflow tract (OT) and an atrio-ventricular 

canal (AVC) that contains structured determined to form the left ventricle and both 

atria (right atria, RA and left atria, LA). Cells from SHF migrate in the tube (arrows). 3) 

After a month of development, OT has formed a primordial right ventricle (RV) and 

cardiac tube (CT) next to left ventricle (LV). Cells from the neural crest (NC) have 

migrated to form parts of the aorta (green) with SHF cells, particularly the aortic arch 

arteries. NC cells also form the endocardial and aortic valve cushions. 4) By day 50 of 

development, the four-compartments of the heart have become fully formed. 

Endocardial and aortic valve cushions have formed fully functional valves at the root 

of the pulmonary and aortic arteries. The colors indicate the cellular origins of 

structures with cross-sectional area and collateral vasculature shown in dark blue. 

Figures modified from Wirrig & Yutzey 2011 and Srivastava (2006). 
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The development of cardiac valves is regulated by numerous signaling 

molecules (for a comprehensive list, see Schroeder et al. (2003)) with many of 

them shared with bone, cartilage and tendon formation (reviewed in Lincoln et al. 

(2006)). Most developmental regulators are beyond the scope of this review but 

the role of specific mutations predisposing to calcific aortic valve disease will be 

discussed later. 

1.1.2 Macro- and microscopic structure 

Anatomy 

The human aortic valve is located between the left ventricle and the ascending 

aorta, known as the aortic root (several anatomical reviews have been dedicated 

to this topic e.g. Sutton et al. 1995; Becker 1996; Anderson et al. 2004; Chester et 

al. 2014; Loukas et al. 2014). During systole of the left ventricle, the valve is 

opened by the increase in ventricular pressure. Conversely, during diastole, the 

pressure declines in the left ventricle, closing the valve and preventing blood from 

leaking back into the ventricle. 

The complete aortic valve is a dynamic structure that consists of several 

conjoined functional units but in terms of function and pathology, the three cusps 

that close the aortic root are the most relevant. Due to their shared developmental 

origins, both pulmonary (located at the root of the pulmonary artery and right 

cardiac ventricle) and aortic valves are anatomically similar and called semilunar 

valves. This name describes their semilunar or crescent-like structure that is 

attached to a crown-shaped annulus that circles the ventricular side of the aortic 

root. Unlike the mitral and tricuspid valve, the aortic (or pulmonary) valve does 

not have any attached tendon structures (chordae tendinae) to prevent prolapse. 

Adjacent aortic valve cusps meet at a commissure located at the sinotubular 

junction that separates the aorta from the valve complex. Situated between the 

junction and each aortic valve cusp, there are a total of three bulges known as the 

sinuses of Valsalva. Two of these sinuses contain an ostium to the coronary 

arteries and the aortic root also has a critical function in maintaining coronary 

perfusion (Bellhouse et al. 1968). Depending on the artery or if there is no artery, 

both the sinuses and valve cusps are distinguished by terming them left, right or 

non-coronary. The free edges of the cusps are called lunulae and they seal the 

valve as it closes. The middle point of each lunula has a bundle of fibrous tissue 
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called the nodule of Arantius. Three of these nodules come together during 

diastole to ensure tight valvular closing. 

The complex anatomy of the aortic valve has led to some inconsistent 

terminology that may even compromise interpretation of scientific data (Sievers 

et al. 2012). For clarity, this thesis follows the most widely utilized consensus 

(Sievers et al. 2012) where ‘aortic valve’ refers only to the three valve leaflets and 

‘aortic root’ includes all conjoined components (sinuses of Valsalva, interleaflet 

lunulae, sinotubular junction, leaflet attachments, leaflets and the annulus on the 

ventricular side). 

Histology and Extracellular Matrix of the Valve 

At the tissue level, all cardiac valves are fibrous sheets covered with endothelial 

cells (ECs). Due to the slightly different demands imposed on the valves by their 

mechanical environment, they have slightly differing compositions and 

organization of the fibrous layer (for comprehensive, comparative reviews of all 

heart valves, see Misfeld & Sievers 2007; Schoen 2008). 

When measured from the nodular tip (thickest point), the average thickness of 

the healthy human aortic valve in 20-59 year olds is 0.87 mm and from the middle 

of the cusp (thinnest point) only ~0.43 mm (Sahasakul et al. 1988). In order for 

this extremely thin structure to withstand the mechanic stress of continuous 

opening and closing, the fibrous layer of the valve is organized in such a way that 

ensures dynamic movement but also transfers some of the stress to other parts of 

the aortic root. Several authoritative reviews on aortic valve pathology (Freeman 

& Otto 2005; Towler 2013)  and biomechanics (Schoen & Levy 1999; Schoen 

2008; Gould et al. 2013; Hasan et al. 2014) conclude that the aortic valve has 

three distinct layers of connective tissue visible when viewed through a light 

microscope; lamina fibrosa (on the aortic side), lamina spongiosa (middle) and 

lamina ventricularis (ventricular side). Misfeld & Sievers (2007) have postulated 

that up to five layers of connective tissue (additionally, lamina radialis and lamina 

arterialis) should be distinguished. However this is based on very old histological 

data (Gross & Kugel 1931) that may well be considered unreliable by modern 

standards. For the remainder of this review, only fibrosa, spongiosa and 

ventricularis will be considered as separate layers of valvular connective tissue. 

These layers also form the ECM of the aortic valve. 

In more detail, the ECM ultrastructure is highly interconnected and the 

histologically distinctive three-layer structure becomes difficult to discern.  
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However, each layer has a predominant molecular component, which have been 

summarized elsewhere (Schoen 2008). Briefly, the main components for 

ventricularis, spongiosa and fibrosa are elastin, glycosaminoglycans and collagen, 

respectively. It is also possible to separate the rarely studied ‘mesostructures’ 

between these components (Doehring et al. 2005). According to studies in porcine 

models, it is also feasible that the ultrastructural organization of the valves 

changes with age (Stephens et al. 2011). 

As with structure, the ECM layers do not have strictly distinct functional 

roles but certain features predominate. Elastin provides the necessary stretching 

ability to the ventricularis but it also serves as a scaffold to maintain valvular 

collagen in place (Scott & Vesely 1995; Vesely 1998). The spongiosa layer acts as 

a shock- and vibration-absorbing cushion that distributes the hemodynamic stress 

across the valve leaflets (Stella & Sacks 2007; Tseng & Grande-Allen 2011). 

Finally, the fibrosa is the main load-carrying layer that has a highly dynamic 

pressure-dependent circumferential collagen structure (Sacks et al. 1998). 

Valvular endothelial cells 

ECs cover the lumen of all arteries, arterioles, lymphatic vessels and venae. They 

have certain generic functions such as regulation of vessel tone, angiogenesis and 

response to inflammation (for general reviews on endothelial biology, see 

(Sumpio et al. 2002; Hake 2003; Michiels 2003; Eelen et al. 2015)). However, 

their exact phenotype is determined by their location (reviewed in Tse & Stan 

2010) – a feature that seems to have risen early in vertebrate evolution (Yano et 

al. 2007). As is the case in other tissues, also in the aortic valve, ECs have 

specialized roles for both health and disease (reviewed in Butcher & Nerem 2007; 

Bischoff & Aikawa 2011; Gould et al. 2013) 

One of the most characteristic features of valvular endothelial cells (VECs) is 

that their morphological- and gene expression profiles are different on the aortic 

and ventricular side. In humans, VEC morphology during fetal development and 

growth correlates with hemodynamic shear stress to form flat, elongated cells on 

the ventricular side of the valve leaflets and cuboidal cells on the atrial side 

(Maron & Hutchins 1974). VECs also have a unique organization. In the arterial 

wall, ECs are aligned with blood flow, which can be reproduced in vitro in a co-

culture with smooth muscle cells (Imberti et al. 2002). In a canine model, VECs 

have been found to be aligned perpendicular to blood flow (Deck 1986). In one 

very elegant study by Butcher et al. (2004), porcine vascular and valvular 
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endothelial cells were compared under fluid shear stress in vitro. The vascular 

ECs were found to align with the flow but VECs organized in a perpendicular 

pattern, evidence of their characteristic phenotype that persisted even in a 

completely different environment. 

The specificity of VEC phenotype compared to vascular ECs or even VECs on 

opposing sides of valve cusps is also reflected in their proliferative capacity and 

gene expression profile. Unspecified VECs isolated from porcine heart have been 

found to grow significantly faster than aortic ECs and that they had their own 

preferred growth substrate (Farivar et al. 2003). In a more detailed study on 

porcine heart valves, the aortic side VECs were found to express less inhibitors of 

cardiovascular calcification than ventricular side VECs (Simmons et al. 2005). 

However, the aortic side VECs also expressed more anti-oxidative genes and 

other putatively protective genes. These differences can be explained by the fact 

that the aortic side is subject to oscillating, rather than laminar shear stress (for a 

thorough review see (Butcher et al. 2008; Balachandran et al. 2011; Arjunon et al. 

2013)). This makes also the protective mechanisms intermittent and the aortic 

side more vulnerable to disease. In a similar study, laminar shear stress was found 

to modulate VEC gene expression to produce an anti-calcific profile (Butcher et 

al. 2006). The response was different to aortic ECs, which suggests VECs have 

adapted unique features due to their environment. 

As the valvular endothelium is constantly subjected to significant 

hemodynamic stress, VECs need to be regularly replenished. This can be done by 

proliferating VECs but based on several cell culture differentiation experiments, 

(Bischoff & Aikawa 2011) there is convincing evidence that a subset of VECs are 

actually progenitor cells that have the ability to recapitulate developmental EMT. 

This leads to the conclusion that valvular endothelium also has a significant role 

as a reservoir of new cells migrating inside the valve. 

Valve interstitial cells 

The ECM of aortic valve cusps is populated by a heterogeneous class of 

mesenchymal cells, called valve interstitial cells (VICs, reviewed in Mulholland 

& Gotlieb 1996; Taylor et al. 2003). Their main functions are maintenance of 

valve ECM, mediation of certain physical characteristics of valve cusps and 

response to injury. VICs share many similarities with other mesenchymal cells 

and display non-specific features of both smooth muscle cells and myofibroblasts. 

In comparison with the mesenchymal cells present in pericardium and skin, VICs 
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seem to have a distinct surface antigen expression profile and an ability to 

respond to vasoactive agents (Taylor et al. 2000). In a very detailed review, Liu et 

al. (2007) have suggested that up to five distinct phenotypes of VICs can be 

distinguished: embryonic progenitor endothelial/mesenchymal cells, quiescent 

VICs (qVICs), progenitor VICs (pVICs), activated VICs (aVICs) and osteoblastic 

VICs (obVICs). 

As previously stated, the aortic valve develops from the cardiac cushion 

which grows mostly by endothelial cells undergoing EMT and migrating into the 

cardiac jelly. Embryonic progenitor endothelial/mesenchymal cells are interstitial 

cells that still have an EMT ability. 

In a fully developed, healthy valve, the most prominent type of VIC is the 

qVIC. Its main functions are to maintain the physiological valve structure and 

function. qVIC cells undertake this task  by constructing and degrading the ECM 

in a controlled fashion. VICs also actively inhibit angiogenesis in the valve which 

can be attributed specifically to qVICs (Liu et al. 2007). At present, the best 

described molecular mechanism to mediate this anti-angiogenic effect is via the 

expression of chondromodulin-I, which counteracts the pro-angiogenic effects of 

growth factors such as vascular endothelial growth factor A (VEGF-A) (Yoshioka 

et al. 2006). 

Many VIC functions are disrupted in valvular disease and these processes 

will be reviewed in later chapters. In addition, many of the roles of aVICs, pVICs 

and obVICs are relevant only in disease and therefore will be discussed later. 

Nerves 

As there are several active cell types on the surface and within the aortic valves, it 

is not surprising that the nervous system also extends into the cusps. In two 

publications, the innervation of human aortic valves has been extensively mapped 

using a variety of different techniques (Kawano et al. 1996; Marron et al. 1996). 

It has been found that the entire length of valve cusps is covered by nerves mostly 

along the ventricularis-layer of ECM. However, the coapting edges seem to lack 

nerve endings. There are also some differences in the relative nerve densities 

between individual cusps; the non-coronary cusp being less innervated than the 

left- and right coronary cusps. This difference is likely explained by the origins of 

the cusp nerves. Most of these nerves arise from the ventricular endocardial 

plexuses (Marron et al. 1996) which means that in order to reach the non-

coronary cusp, they must first extend through the left- and right coronary cusps. A 
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small fraction of valvular nerves seems to originate from the adventitial layer of 

the aorta (Kawano et al. 1996). 

The mapping study by Marron et al. (1996) was also the first to provide some 

clues about the function of valvular nerves in humans. These workers found that 

many fibers reach extremely close (< 0.2 μm) to both VICs and VECs suggesting 

that they are indeed under nervous control. Previously, a similar association had 

been observed in porcine aortic valves (De Biasi & Vitellaro-Zuccarello 1982). 

Blood vessels 

VECs and VICs are metabolically active cells and therefore they need a constant 

supply of oxygen and nutrients as well as the concomitant removal of waste 

products. On the valvular surface, VECs are in direct contact with blood, which 

provides a means for both supply and removal but certain VICs require a separate 

microvascular transport system. 

In a seminal study using porcine valves, Weind et al. (2000) described the 

aortic valve microvasculature in comprehensive detail. They reported that while 

all valves contained blood vessels, these were mostly limited to the basal region 

of the cusps. This observation was in concordance with the fact that valves are 

thicker in the basal portion, which indicates that passive diffusion would not be 

sufficient to provide oxygen to VICs in these regions. In a follow-up study, 

(Weind et al. 2001) aimed at measuring exact values for oxygen diffusivity and 

consumption of porcine aortic valve tissue, the authors refuted their previous 

results as they had been based on in vitro data. In a further study, (Weind et al. 

2002) correlated the microvascular bed density to the thickness of the valve 

section where the microvascular vessels are present. They found that 

microvascular density is directly correlated with thickness and that a vascular bed 

will be present whenever valve thickness exceeds 0.5 mm. By applying an oxygen 

diffusion theory (Popel 1989) and in vivo measurements from canine arterial wall, 

Weind et al. calculated that a valve cusp with thickness of 0.4 mm would still be 

able to provide VICs with oxygen by means of passive diffusion. As a consistent 

observation, they also reported that all valvular vessels were found in the 

spongiosa (middle) layer of ECM. These results were later supported by an in 

silico model of aortic valve oxygen consumption and diffusion (Filion & Ellis 

2003). 
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Lymph vessels 

The lymphatic system forms “the second vasculature” in addition to the blood 

vessels. The lymphatic system performs critical functions in transporting protein-

rich tissue fluids, immune cells and dietary fats (for general reviews in disease 

and health, see (Cueni & Detmar 2008; Alitalo 2011). A healthy aortic valve can 

be likened to very low- or completely avascular tissues such as cartilage which 

are generally devoid of lymphatic vessels. Early studies attempting to detect their 

presence were conducted using injections of ink into pig, canine or human heart 

valves and observing its uptake into putative lymph vessels. Indeed, the results 

consistently indicated that aortic valves completely lacked all signs of a lymphatic 

system (Johnson & Blake 1966; Bradham et al. 1970). Interestingly, more recent 

studies using immunohistochemical methods have questioned this belief by 

detecting certain lymphatic markers in control valves that have no pathological 

features. For example, (Kholová et al. 2011) found vascular structures positive for 

podoplanin – a widely used marker for lymphatic endothelial cells (as reviewed in 

Astarita et al. 2012). Furthermore, (Syväranta et al. 2012) described a single 

control valve that contained structures positive for lymphatic vessel endothelial 

hyaluronan receptor 1 LYVE-1 and vascular endothelial growth factor receptor 3 

(VEGFR-3), both useful markers for lymphatic vessels (Sleeman et al. 2001). 

Taken together, the studies on healthy aortic valve lymphatic system seem to 

indicate that the presence of lymph vessels cannot be excluded. However, it is 

likely that they are either too small to be detected by ink injections and/or present 

only in very rare situations. 

1.1.3 Function 

Dynamics of opening and closing 

In order to understand the function of the aortic valve, details of the dynamics of 

valvular opening and closing have been studied in sheep (Dagum et al. 1999; 

Pang et al. 2000; Lansac et al. 2002; Lansac et al. 2005) and dogs (Thubrikar et 

al. 1986). These animals have an anatomically human-like aortic valve and the 

movement of the entire aortic root during cardiac diastole and systole has been 

monitored by tracing the movement of sonometric crystals implanted in various 

locations of the aortic root. Other methods include computer modeling (Katayama 

et al. 2008) and ex vivo studies of human aortas (Robicsek & Thubrikar 1999). 
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There are studies indicating that shape of the aortic root changes in an 

asymmetric fashion depending on the trans-valvular blood pressure and structure 

of the root component (Dagum et al. 1999; Lansac et al. 2005). These changes 

result in a slight twisting motion of the aortic root in relation to left ventricular 

outflow tract, possibly to minimize stress to the cusps and blood turbulence. The 

aortic root also undergoes a significant expansion in volume already before the 

valves begin to open (Pang et al. 2000). Another transformation is a shift from a 

cone-like structure into a cylindrical shape as the left ventricle returns to systole 

from end-diastole (Lansac et al. 2002). The conical shape during systole forms a 

pressure gradient towards the “tip” of the cone (in the aortic side) and maximizes 

ejection of blood into the aorta. The subsequent cylindrical shape negates this 

gradient and initiates valve closing. 

The sinuses of Valsalva have an important function in the timely closing of 

the valve. The flow of blood through a now conical aortic root creates turbulent 

flow of blood that stresses the valve but the stresses are shared by the sinuses of 

Valsalva, contributing to the durability of root structures (Thubrikar et al. 1986). 

The sinuses are also important for the proper closing of the valve as either their 

simulated removal (Katayama et al. 2008) or immobilization in an ex vivo aorta 

(Robicsek & Thubrikar 1999) severely impaired valvular closure. Successful 

closing of the aortic valve contributes to the second “dub” of the characteristic 

“lub-dub” heart sound. Deviation in this noise can be used as a diagnostic tool of 

valvular dysfunction.  

Mechanobiology 

If one estimates that the average human heart rate throughout the day is between 

60-80 beats per minute (bpm), with a life expectancy of 70-80 years, one can 

calculate that the human heart beats 2-3·109 times in a lifetime. Each heartbeat 

accelerates blood to a peak velocity of 1.2 m/s through the aortic valve (Rossvoll 

et al. 1991). This means that the valve must endure not only strong shear stress 

but also flexion, pressure, tension, as well as impact. In order to cope with this 

demanding environment, valvular cells have adopted several features that allow 

them to maintain the valve structure. The dynamic interaction between the aortic 

valve cells and ECM and its mechanic environment is called valvular 

mechanobiology (thoroughly reviewed in Butcher et al. 2008; Balachandran et al. 

2011; Arjunon et al. 2013). 
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The main tissue-level features of mechanobiology are mediated via the 

organization of VECs (reviewed above) and the maintenance of the ECM 

structure. These have been studied mostly under in vitro or ex vivo conditions 

using both VECs and VICs as well as whole porcine aortic valves. It should be 

noted that only experiments using whole leaflets under ‘bioreactor’-conditions 

may be able to simulate the complex physical environment of an aortic valve. In 

an early seminal study of rat aortic valves, Schneider & Deck (1981) discovered 

that the rate of protein and glycosaminoglycan synthesis correlated with areas of 

functional stress. This result was confirmed by a much later study in which 

complete porcine aortic valves were subjected to various levels of constant static 

pressure (Xing et al. 2004). Proportional collagen synthesis was upregulated in 

the leaflets in a pressure-dependent manner. This type of pressure affects all 

valvular cells simultaneously which ignores one important aspect of shear stress 

i.e. it affects only VECs on the valvular surface. This has been addressed in 

experiments using a VEC-VIC co-culture (Butcher & Nerem 2006) and ex vivo 

porcine leaflets subjected to shear stress (data presented in review by 

(Balachandran et al. 2011)). Both models have convincingly demonstrated that 

firstly, also shear stress induces synthesis of ECM components. Secondly, this 

response requires the presence of VECs which subsequently leads to the 

conclusion that there is a very important mechanobiological cross-talk between 

VECs and VICs. 

In general, the amount of connective tissue in aortic valve and other locations 

of the heart is ultimately determined by the balance of synthesis and degradation 

of ECM protein (reviewed in Weber et al. 1995). It is therefore important to also 

pose the question of whether the degradation of ECM is also affected by 

mechanical forces? This has also been studied in an ex vivo porcine valve model 

under cyclic pressure and shear stress (Platt et al. 2006). When compared to 

valves under static culture conditions, it was found that shear stress 

downregulated the expression of ECM-degrading cathepsin L which correlated 

with ECM synthesis. Surprisingly, it was also found that shear stress upregulated 

the expression of matrix metalloproteinases (MMPs) -2 and -9 which are 

generally considered to be ECM-degrading enzymes (reviewed in Azevedo et al. 

2014). Conversely, cyclic pressure decreased the activity of cathepsin L and 

MMP-2/9 and since this phenomenon was also found in valves stripped of VECs, 

it indicated that this response did not seem to require the above-mentioned VEC-

VIC-crosstalk. Taken together, these findings highlight the complex nature of 

aortic valve ECM balance and its mechanobiological regulation. 
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Physical forces are “sensed” by the cells via various molecular mechanisms. 

Two main types of this molecular mechano-transduction have been proposed; 

centralized and de-centralized (originally reviewed by Davies 1995). According to 

this classification, centralized mechano-transduction means that there is a specific 

molecular sensor responding to a physical force. Its activation then leads to a 

downstream signaling cascade involving (usually) several secondary messengers, 

finally leading to the nucleus where the signal causes changes in gene 

transcription. Conversely, the de-centralized mechano-transduction is 

characterized by the entire cell architecture responding to an outside physical 

force that ultimately leads to signaling within the nucleus. 

To date, there are virtually no publications describing the exact molecular 

mediators of aortic valve mechano-transduction. In a molecular profiling study, 

VICs have been found to express vimentin (Latif et al. 2007), which is a 

structural component of intermediate cytoskeletal filaments and known to play a 

role in mechano-transduction (reviewed in Wang & Stamenovic 2002). This may 

imply that at least some of the VIC mechano-transduction would be the de-

centralized type. With regard to the mechanosensors on the cell surface (and thus, 

centralized mechano-transduction), the integrin family is one of the most 

important families of proteins (reviewed in Humphrey et al. 2014). They connect 

the ECM to cytoskeletal proteins and thus assist in the mediation of outside 

mechanical forces to the cell. Bovine and baboon aortic valve VICs are known to 

express several integrins (Wiester & Giachelli 2003) suggesting also the 

possibility for centralized mechano-transduction. 

While the full range of valvular mechanobiological responses remain to be 

elucidated, it is clear that they are critical to the vitality of the aortic valve. 

Intriguingly, it has been shown that if surrounding physical forces are removed, 

VICs begin to undergo apoptosis even although all other experimental conditions 

are kept constant (Konduri et al. 2005). 

A summary schematic of aortic valve structure and most relevant 

hemodynamic forces are shown in Figure 2. 
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Fig. 2.  A schematic cross-section depicting the anatomy and histology of a single 

valvular cusp with relevant shear forces (arrows). As the blood is pumped through the 

valve, it creates a turbulent, oscillating shear stress within the Sinus of Valsalva on 

the aortic side of the valve. This is different from the laminar shear that affects the 

ventricular side of the valve cusp. In addition, the slightly different types of valvular 

endothelial cells (VECs) are highlighted on the figure. Inside the valve, a population of 

valvular interstitial cells (VICs) are shown along with the three differing layers of 

extracellular matrix. The fibrosa layer is located closest to the aortic surface and 

ventricularis in the ventricular side. The Spongiosa layer is located between these two 

layers. 

1.1.4 Congenital abnormalities 

Bicuspid aortic valve 

The normal development of the aortic valve can be disrupted by certain genetic 

factors. The most common congenital valve malformation is a fusion of two of 

the normally tricuspid leaflets. This results in only one normal and one “double” 
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leaflet – a condition referred to as bicuspid aortic valve (BAV). The general 

features of BAV have been discussed in several authoritative reviews (Ward 2000; 

Fedak et al. 2002; Siu & Silversides 2010; Michelena et al. 2014; Prakash et al. 

2014). Most reviews conclude that the prevalence of BAV in the general 

population is 0.5-2% but this estimate is not based on any single conclusive study. 

Instead, the commonly cited number has been collated from a number of studies 

published over decades, including serial post-mortem examinations in adults 

(Roberts 1970; Pomerance 1972; Fenoglio et al. 1977; Larson & Edwards 1984) 

and echocardiographic surveys of children (Basso et al. 2004) and new-borns 

(Tutar et al. 2005).  In general, serial echocardiographic surveys have resulted in 

lower (< 1%) prevalence estimates than serial autopsies (1-2%). 

By tracing the pedigrees of probands with BAV, it has been concluded that it 

is a highly heritable condition and that the causes are almost entirely genetic 

(Cripe et al. 2004).  In a follow-up study, the genetic locus responsible for this 

hereditability has been located to chromosomal regions 18q, 5q and 13q (Martin 

et al. 2007). Interestingly, the specific anatomical phenotype of BAV varies. In 

autopsy studies, different types of BAV phenotypes have been described, 

depending on which cusps are fused together (right-, left- or non-coronary) and 

whether a detectable raphe is present between the fused cusps (Roberts 1970; 

Angelini et al. 1989; Sabet et al. 1999; Sievers & Schmidtke 2007). This 

phenotypic variation is also seen in genetic studies. By applying whole-exome 

sequencing, (Martin et al. 2014) investigated the occurrence of single causative 

mutations for BAV. Surprisingly, none were found, suggesting that BAV is indeed 

a complex genetic trait caused by several genetic factors. 

Other studies have found somewhat concordant results. In a comprehensive 

study, (Garg et al. 2005) found that loss-of-function mutations in the NOTCH1 

gene resulted in aortic valve calcification but in about 50% of carriers also in 

BAV. They further demonstrated that NOTCH1 had a significant role in valve 

development, consistent with the data that roots of both BAV and aortic valve 

disease may have their roots in genetics and early development. Interestingly, 

NOTCH1 is located at chromosomal locus 9q34.3 which is at odds with the 

findings of (Martin et al. 2007) and another pedigree studied by (Ellison et al. 

2007). This supports the notion that BAV is a complex genetic trait and that 

although well described pathophysiologically, NOTCH1 mutations can only cause 

a small portion of all BAV cases. 

In a genome-wide linkage analysis, (Guo et al. 2007) found that mutations in 

ACTA2 gene (located at 10q23.3) were causal in thoracic aortic aneurysms and 
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dissections. Interestingly, they found that in some cases, the same mutations also 

led to BAV. ACTA2 encodes the smooth muscle α-actin which is an important 

structural component of both aortic and valvular ECM. The study by Guo et al. 

(2007) also provided support for the complexity of BAV genetics. 

Several transgenic mouse models also demonstrate BAV but how well they 

mimic the situation in humans remains to be elucidated. These include important 

genes for cardiac development such as Gata5 (Laforest et al. 2011) and Tbx1 

(Jerome & Papaioannou 2001). It is important to note that these mice also 

demonstrate other abnormalities in their cardiac development. This is consistent 

with human data which suggests that BAV is usually associated with other 

complications, often in aortic wall structure (Niwa et al. 2001; Michelena et al. 

2011). Whether these complications arise from the same genetic causes or are 

secondary to the disturbed valvular function is a matter of debate (discussed in 

(Prakash et al. 2014)). 

There are some more severe genetic syndromes that also include BAV e.g. 

Turner-, Loeys-Dietz-, DiGeorge-, Andersen-Tawil-, Larsen-, Kabuki-syndromes 

and familial thoracic abdominal aortic aneurysm (Prakash et al. 2014). 

Uni-, quadri-, penta- and hexacuspid aortic valve 

In extremely rare cases, the aortic valve may also present a unicuspid (single-

leaflet) phenotype. In a systematic review of case-studies, Mookadam et al. 

(2010) have distinguished two types of unicuspid aortic valves (UAVs); one 

where all valves are fused together along their commissures leaving only a small 

opening in the middle and one where one of the commissures is left open as a slit. 

Based on a sample of all patients referred to echocardiography, the prevalence of 

UAV has been estimated to be 0.02% in the adult population (Novaro et al. 2003). 

In patients with aortic dissection, UAV has been present in 1.1% of cases (Roberts 

& Roberts 1991) and in patients undergoing surgery for aortic stenosis, UAV is 

present in 4-6% of cases (Roberts & Ko 2005b). To date, the genetics and 

underlying molecular causes of UAV have not been studied. 

Even rarer are the cases where there are more than three cusps in the aortic 

valve. In a very recent and to-date the most high-quality study, the prevalence of 

quadricuspid valve (QAV, four leaflets) was estimated to be 0.006% of patients 

undergoing echocardiographic study (Tsang et al. 2015). QAV was frequently 

associated with various cardiac abnormalities, such as malformation of other 

cardiac valves and septal defects. However the long-term prognosis of QAV 
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patients was excellent with only 16% of cases requiring valvular replacement 

surgery over a 5-year follow-up. Conversely, a previous systematic review of 

case-studies found valvular regurgitation in 75% of QAV cases requiring surgical 

valve replacement (Tutarel 2004). This number should be interpreted with caution 

as the methodological quality is less rigorous than in the work of Tsang et al. 

(2015). 

Individual case studies also describe patients with pentacuspid (five leaflets) 

valves that may (Wang et al. 2010) or may not display regurgitation (Cemri et al. 

2000). Certain textbooks mention even a hexacuspid (six leaflets) aortic valve 

(Oxorn & Joffe 2011) but to date, there are no original research papers presenting 

the data. As is the case with UAV, more detailed studies on the development and 

function of quadri-, penta- or hexacuspid aortic valves are non-existent. 

1.2 Calcific Aortic Valve Disease (CAVD) 

1.2.1 Overview of clinical features 

Under normal physiological conditions, the aortic valve maintains its normal life-

long function with only very minimal thickening. CAVD is a pathologic condition 

that consists of accelerated thickening of the valve leaflets, ultimately leading to 

left cardiac ventricle outflow obstruction (aortic stenosis, AS). It is the most 

common valvular heart disease in Europe and North America. The state-of-the-art 

research on the main clinical features and pathophysiological progression of the 

disease has been thoroughly summarized in the European Society of Cardiology 

(ESC) (Vahanian et al. 2012) and American Heart Association/American College 

of Cardiology (AHA/ACC) (Nishimura et al. 2014) Guidelines for the 

Management of patients with valvular heart disease, as well as the National Heart 

and Lung and Blood Institute (NHLBI) Executive Summary on CAVD 

(Rajamannan et al. 2011b). 

As a brief summary, the first signs of CAVD are small fibrotic, sclerotic 

changes (aortic sclerosis, Ascl) and minor thickening of the valve cusps. Initially 

the valve retains its anatomical function but as the disease progresses, calcific 

nodules begin to appear, obstructing the opening and closing of the valve. As the 

disease progresses, the amount of calcification increases and actual bone tissue 

begins to grow, obstructing valvular function even further. This results in a 

compensatory pathologic hypertrophy of the left ventricular wall, which is also 
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the point where the disease begins to produce clinical manifestations such as 

syncope, dizziness, exertional shortness of breath and/or angina. If left untreated, 

ultimately cardiac hypertrophy leads to heart failure and death. 

Progression of the disease can be monitored non-invasively using 

hemodynamic monitoring of valvular function by Doppler echocardiography. 

Changes in aortic jet velocity (the speed of blood flowing through the aortic 

valve), aortic valve area and pressure gradient over the valve are indicators of 

valvular obstruction. 

Epidemiology and prognosis 

Early research on the prevalence of aortic valve pathology was mainly based on 

autopsies (Pomerance 1972) or institutionalized patients (Aronow & Kronzon 

1991) which yield biased estimates. More informative data can be acquired 

through random sampling. (Lindroos et al. 1993) were the first to investigate the 

prevalence of aortic valve abnormalities in a non-selected population sample 

(n=552) and found that in 75-86 year old urban men and women, AS was present 

in 2.9% of study cohort, increasing to 4.6% in the 85-86 year age group. Later, 

Stewart et al. (1997) reported similar results in a much larger cohort (n=5201) 

concluding that AS was present in 2.0% of ≥ 65 year-old subjects and 2.6% in ≥ 

75 year-olds. The prevalence of Ascl was also studied and it was found in 26% of 

≥ 65 year-olds and 37% in subjects 75 years or older. To date, the largest study 

(n=5621) was conducted by Otto et al. (1999) who found that Ascl was present in 

29% and AS in 2.0% of the ≥ 65 year-old subjects. Based on these case-control 

studies, it can be concluded that the prevalence of Ascl and AS increases 

significantly with age. However, these types of studies do not reveal any details 

about the development of AS in individual subjects. 

Retrospective follow-up studies based on echocardiographic registries have 

been conducted to monitor the progression of CAVD from Ascl to AS in more 

detail. They have yielded somewhat different estimates based on the method used 

to monitor progression and follow-up time. Data from an echocardiographic 

registry was analysed by (Cosmi et al. 2002) who found that over a mean follow-

up time of 7 years, 16% of patients with Ascl developed AS. Similar studies have 

concluded that the respective number is 33% over 4 years (Faggiano et al. 2003) 

and 9% over 5 years (Novaro et al. 2007). 

The prognosis of untreated CAVD is very poor. The first data on the subject 

was published by (Ross & Braunwald 1968). They summarized post-mortem and 
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clinical studies prior to 1955 and demonstrated that AS was preceded by a long 

non-symptomatic period. After the first appearance of symptoms (at the time, the 

average age was 60 years), the survival of patients decreased dramatically 

depending on the exact clinical manifestations. Heart failure, syncope or angina 

as the first diagnosis led to a survival of 2, 3 and 5 years respectively. Later, 

(Carabello 2013) updated this data, concluding that the shape of survival curves 

are similar today but the earliest manifestation of symptoms has been delayed 

from 60 to 75 years on average. More recent studies have confirmed the poor 

prognosis of both hemodynamically significant and symptomatic AS. (Turina et 

al. 1987) examined a cohort of 190 patients and found that only 60% survived the 

first year after diagnosis and a mere 12% were event-free after 5 years. In a study 

by Horstkotte & Loogen (1988), patients with severe AS who declined treatment 

after diagnosis, had a mean survival of less than two years. Otto et al. (1997) 

reported a similar result; the 2-year odds of survival without treatment were only 

20% after diagnosis of severe AS (defined as aortic jet velocity >4.0m/s). In a 

supporting study published by Rosenhek et al. (2000), the survival rate decreased 

from 60% at one year to 20% at four years after diagnosis of severe AS. In terms 

of risk ratios, (Iivanainen et al. 1996) estimated that with a four year follow-up 

after diagnosis, severe AS increased the age- and sex-adjusted odds of cardiac 

death by four-fold in 75-86 year-olds. It has also been noted that even the 

diagnosis of Ascl without significant aortic obstruction is associated with a 50% 

increased risk of death and myocardial infarction (Otto et al. 1999). 

Taken together, these studies indicate that the prevalence of both Ascl and AS 

increases significantly with age. The risk of death or myocardial infarction (MI) is 

increased 2-fold already at the diagnosis of Ascl, but if symptomatic AS is found, 

the patient has about a 75% chance of death or suffering MI over the next 5 years. 

Risk Factors 

Although epidemiological studies show that the increasing prevalence of AS is 

associated with older age, it is also clear that most people avoid this disease 

completely. A number of studies have elucidated the risk factors that predispose to 

CAVD. Taken together, most studies agree that the most significant and clinically 

useful risk factors are age, male sex, LDL cholesterol, smoking, hypertension, and 

diabetes/metabolic syndrome (Deutscher et al. 1984; Hoagland et al. 1985; 

Aronow et al. 1987; Mohler et al. 1991; Lindroos et al. 1994; Stewart et al. 1997; 

Boon et al. 1997; Wilmshurst et al. 1997; Palta et al. 2000; Chui et al. 2001; 



38 

Aronow et al. 2001; Pohle et al. 2001; Peltier et al. 2003; Briand et al. 2006; Ngo 

et al. 2009). It is noteworthy that these are also the same ‘classical risk factors’ 

that predispose to coronary heart disease (CHD). 

Apart from the classical factors, some studies have also found risk factors 

that are more specific to CAVD and not part of routine clinical screening. These 

include mitral annular calcification (Boon et al. 1997), platelet nitric oxide (NO) 

resistance (Ngo et al. 2009) and serum calcium level (Lindroos et al. 1994; Palta 

et al. 2000). In addition to diabetes and the metabolic syndrome, other 

chronic/genetic diseases such as primary hyperparathyroidism (Niederle et al. 

1990; Stefenelli et al. 1997), Paget’s disease (Strickberger et al. 1987), 

alcaptonuric ochronosis (Casselman et al. 1999; Cercek et al. 2002), familial 

hypercholesterolemia (Kawaguchi et al. 1999; Rajamannan et al. 2003a; ten Kate 

et al. 2015), renal failure (Maher et al. 1987) and psoriaris (Khalid et al. 2015) 

have also been found to predispose to CAVD. Several studies have also found 

serum lp(a) to be a risk factor for CAVD (Gotoh et al. 1995; Stewart et al. 1997; 

Glader et al. 2003; Bozbas et al. 2007) and its directly causal role was confirmed 

in a large genomic study (Thanassoulis et al. 2013). People with genetically 

elevated lp(a) concentrations due to a single nucleotide polymorphism (SNP) in 

LPA gene were significantly predisposed to aortic valve calcification and AS. 

BAV seems to be the most significant of all risk factors. Its presence leads to 

the manifestation of Ascl already in the second and third decades of life as well as 

the very rapid progression to AS while the subject is still in his/her thirties (Beppu 

et al. 1993; Pachulski & Chan 1993). In a survey of consecutive aortic valve 

replacement operations, nearly half were bicuspid valves and in all operations 

performed on patients under 50 years of age, two thirds had BAV (Roberts & Ko 

2005a). As previously described, in some cases, mutations in the NOTCH1 gene 

may lead to BAV but the same mutations also predispose to CAVD, independently 

of valve morphology (Garg et al. 2005). These mutations can therefore be 

considered as risk factors for CAVD and AS but they are not routinely screened. 

As previously noted, follow-up studies have yielded varying results with 

respect to the progression of Ascl into AS (9-33% over 4-7 years). This, however, 

is not random but can be predicted based on clinical risk factors. Progression can 

be determined by LDL cholesterol and male gender (Messika-Zeitoun et al. 2007; 

Novaro et al. 2007), as well as the amount of valvular calcium at baseline 

(Messika-Zeitoun et al. 2007; Owens et al. 2010). 
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Diagnosis and Treatment 

Comprehensive recommendations and flowcharts with reference numbers for 

diagnosis of AS are presented in the AHA/ACC and ESC guidelines (Vahanian et 

al. 2012; Nishimura et al. 2014). Briefly, the first sign of AS is usually detected 

on cardiac auscultation as a systolic parasternal murmur that radiates to the 

carotid arteries with a single or paradoxically split second heart sound. This is an 

indication that the patient should undergo a cardiac echocardiographic 

examination; this is used to evaluate transvalvular pressure, aortic valve area, 

aortic jet velocity and general valvular and cardiac structure. Based on these 

results and overall symptoms, the patient is either followed-up regularly or 

indicated for valve replacement surgery (aortic valve replacement, AVR). AVR is 

the only currently approved curative treatment for AS. In asymptomatic patients, 

the risks of AVR outweigh benefit and it is therefore not generally recommended. 

However, if moderate to severe asymptomatic AS is diagnosed and the patient is 

referred to other cardiac surgery (e. g. coronary artery bypass), valve replacement 

should be performed at the same time. Conversely, if AVR is indicated, invasive 

angiography may be used to determine the need for simultaneous surgical 

coronary operations. There are no specific contraindications for AVR, including 

old age. 

In addition to cardiac auscultation and echocardiography, determining the 

serum brain natriuretic peptide (BNP) levels may be useful in identifying patients 

with likely rapid disease progression. The levels of this trophic factor have been 

found to be elevated in symptomatic patients (compared to their asymptomatic 

counterparts), correlate with disease severity and predict postoperative outcomes. 

However, BNP levels are also elevated in other cardiac conditions characterized 

by left ventricular pressure and volume overload, making it a non-specific marker 

for AS. There are other diagnostic tools e.g. exercise testing for non-symptomatic 

physically active patients. If exercise provokes symptoms, it is very likely that 

unprovoked symptoms will develop within a year. 

Alongside open-heart AVR operation, transcatheter aortic valve implantation 

(TAVI, also known as transcatheter aortic valve replacement, TAVR) has emerged 

as a less invasive feasible option. However, as longer follow-up times and studies 

in specific patient populations are still underway, the guidelines are fairly 

consistent in recommending TAVI primarily for patients with a high surgical AVR 

risk. There are also more contraindications listed for TAVI than AVR, including 

life expectancy of < 1 year, certain anatomic features such as active endocarditis 
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or aortic plaques and severe comorbidities that make improvement in quality of 

life less likely. Although recent preliminary studies with short follow-up periods 

in AS patients with BAV have been promising (Wijesinghe et al. 2010; Mylotte et 

al. 2014), it is still considered as a contraindication for TAVI. In a recent head-to-

head comparison of surgical versus transcatheter aortic valve replacement 

operation, no differences in adverse outcomes were detected (Thyregod et al. 

2015). While more studies accumulate, it seems highly likely that TAVI will 

become the preferred option. 

Currently, there are no approved pharmacologic treatments for CAVD. 

Antihypertensive drug treatment is recommended for patients with symptoms of 

heart failure and atherosclerotic risk factors should be treated, if present. Several 

retrospective analyses on the use of 3-hydroxy-3-methyl-glutaryl-Coenzyme A 

(HMG-CoA) reductase inhibitors (‘statin’-class drugs) used to lower LDL 

cholesterol yielded promising results (Aronow et al. 2001; Pohle et al. 2001; 

Novaro et al. 2001; Bellamy et al. 2002; Shavelle et al. 2002; Rosenhek et al. 

2004; Antonini-Canterin et al. 2005; Ardehali et al. 2012). In all these analyses, 

the use of statins has been associated with a slower progression of CAVD. These 

results were supported by a study with a slightly stronger design (open-label 

cohort study) which also demonstrated slower progression of CAVD (Moura et al. 

2007). However, as these types of studies are inherently unable to firmly establish 

causality, several prospective, randomized, double-blinded, placebo-controlled 

trials (RCTs) have been conducted to investigate the true efficacy of statin 

treatment (Cowell et al. 2005; Rossebo et al. 2008; Chan et al. 2010; Panahi et al. 

2013). All of these trials were negative, indicating that statin treatment is most 

likely ineffective for the progression of AS. The reasons for the apparent failure 

of statins will be discussed later in this review. 

Drugs that affect the renin-angiotensin system (RAS) are primarily used to 

treat hypertension and are often prescribed for AS patients due to the presence of 

CHD or symptoms of heart failure. As with statins, preliminary, retrospective 

studies showed that both angiotensin-converting enzyme (ACE) inhibitors 

(Wakabayashi et al. 2011) as well as angiotensin II receptor blockers (ARBs) 

(Nadir et al. 2011) were associated with a slower progression of CAVD. However, 

in double-blind, placebo-controlled RCTs, ARBs have failed to affect the disease 

(Helske-Suihko et al. 2015) but a modest benefit has been obtained with the ACE 

inhibitor, ramipril (Bull et al. 2015). Therefore, also the use of RAS-targeting 

drugs is not indicated for the treatment of AS per se. 
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A recent, retrospective cohort study has also showed promising results for 

bisphosphonates that are used to treat bone-loss in osteoporosis (Aksoy et al. 

2012). However, as is the case with all other drugs, also this effect needs to be 

confirmed in a more rigorous RCT setting. Several of these studies are currently 

underway, such as the Study Investigating the Effect of Drugs Used to Treat 

Osteoporosis on the Progression of Calcific Aortic Stenosis (SALTIRE II) trial 

(clinicaltrials.gov identifier NCT02132026) which is expected to complete in 

2017. 

1.2.2 Pathobiology 

Epidemiological risk factor profile for CAVD resembles that of atherosclerosis 

and the two diseases are commonly found together. In a prospective angiographic 

cohort study, significant coronary artery atherosclerosis was detected in roughly 

50% of asymptomatic AS patients (Otto et al. 1997).  Cross-sectional studies have 

revealed that Ascl is an independent predictor of CHD (Hsu et al. 2005) with 

estimates ranging up to 92% of Ascl patients having simultaneous coronary 

atherosclerosis (Roy et al. 2012). Despite their similarities, the ultimate 

pathobiological consequences of these two diseases are markedly different. 

Coronary atherosclerosis leads to inflammatory vascular lesions that either 

obstruct coronary blood flow (often called ‘stable’ or ‘nonstenotic’ plaques) 

causing ischemic symptoms or rupture-prone lesions (called ‘vulnerable’ or 

‘culprit’ plaques) that may cause an intravascular thrombosis leading to MI (for 

reviews on plaque morphology and pathobiology of MI, see (Libby & Theroux 

2005; Bentzon et al. 2014). Conversely, the ultimate result of CAVD is a calcific, 

even bone-like, obstructive valve that triggers further pathological cardiac 

adaptations. 

In the past, both CAVD and atherosclerosis have been considered to be 

passive, degenerative diseases. Atherosclerosis as a “cholesterol deposition” 

disease (for history of atherosclerosis research, see (Steinberg 2013)) and CAVD 

as age-dependent valvular degeneration. However, the active, inflammatory 

nature of both diseases has now become apparent (for CAVD, this has been 

highlighted in reviews by (Helske et al. 2007; Rajamannan et al. 2011a) and for 

atherosclerosis (Libby 2002; Libby 2012)). This active process and the unique 

environments in which they take place also explain the differences in the ultimate 

outcomes and clinical manifestations. The several overlapping pathobiological 

processes of CAVD are reviewed in the following chapters in roughly the same 
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order in which they take place. When feasible, some comparisons will be made to 

atherosclerotic processes in order to obtain a more complete view. 

Early lesion initiation – endothelial injury and lipid retention 

The first insights into the early stages of CAVD were reported in the seminal 

study by Otto et al. (1994). These workers used autopsy samples and reported that 

in non-stenotic valves, areas of focal thickening were characterized by several 

features also seen in atherosclerosis. More specifically, they noted large amounts 

of neutral lipid accumulation, thickening of fibrosa layer of valvular ECM and 

disorganization of the basement membrane immediately below the endothelium. 

These areas also revealed the accumulation of T lymphocytes as well as foam cell 

and non-foam cell macrophages. Furthermore, α-actin-positive cells were found; 

the authors concluded that these cells represented either smooth muscle cells or 

fibroblasts. Areas near focal thickening were also characterized by small 

calcifications. In control valves, only scattered macrophages were found in the 

fibrosa and ventricularis layers. 

Further studies have shown that in addition to neutral lipids (mainly 

triglycerides, revealed by Oil Red O staining in the Otto et al. (1994) study), early 

lesions also contain apolipoproteins B (apoB), (a) and E (O’Brien et al. 1996). It 

is well known that apoB is the main carrier protein of LDL cholesterol particles. 

In atherosclerosis research, it has become a central paradigm that the retention of 

apoB particles in the subendothelial intima is the sine qua non initiating factor of 

atherosclerosis (reviewed in Tabas et al. 2007). The main discovery supporting 

this hypothesis is that if certain electrically charged amino acids (AAs) in the 

apoB primary structure are replaced by neutral AAs, its ability to bind to arterial 

proteoglycan is abolished. As a consequence, atherosclerosis does not occur 

despite greatly increased plasma LDL (Skålén et al. 2002). The retention of apoB 

containing particles is followed by oxidative modification that renders the particle 

as ‘a foreign object in the wrong place’ triggering an inflammatory response. 

Apart from atherosclerosis, oxidized LDL (oxLDL) is also encountered in early 

stages of CAVD (Olsson et al. 1999). There are other proteoglycans that 

colocalize with oxLDL i.e. decorin (Mahmut et al. 2013) and biglycan (Derbali et 

al. 2010) indicating that they indeed bind and retain these particles within the 

valves. In concordance with these results, isolated LDL particles from aortic 

valves are larger in size and oxidatively modified, strongly suggesting that they 

also aggregate within the valves contributing to the initial inflammatory stimulus 
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(Lehti et al. 2013). Taken together, it can be confidently postulated that there are 

the same initiating events in CAVD and atherosclerosis. 

Further support for the initiating similarities between atherosclerosis and 

CAVD emerges from studies examining the location of lesions and its response to 

local hemodynamics. These studies also suggest that while the concentration of 

circulating LDL particles determines if lesions can develop, a local disruption of 

the endothelium by blood flow-induced shear stress determines where it takes 

place. In coronary arteries, atherosclerotic plaques do not develop in an even or 

random fashion, instead they are mostly located in arterial bends and branching 

regions. These areas are characterized by a decrease in local shear stress 

(reviewed in Malek et al. 1999; Chatzizisis et al. 2007). Endothelial cells respond 

to this phenomenon by initiating a pro-inflammatory gene expression profile, 

characterized by induction of several vascular adhesion molecules for circulating 

inflammatory cells (vascular cell adhesion molecule 1; VCAM-1, intercellular 

adhesion molecule 1; ICAM-1 and E-Selectin), increased uptake and permeability 

of LDL particles, ECM breakdown, apoptosis, “loosening” of intercellular 

junctions (to facilitate inflammatory cell infiltration), oxidative stress, impaired 

vasodilatation and increased thrombogenicity. 

While all of the above mentioned processes have not yet been described in 

great detail in actual valvular leaflets, several independent lines of evidence 

strongly suggest that oscillating shear stress has similar effects in CAVD 

initiation: 

1. Early lesions are invariably found on the aortic side of valvular leaflets (Otto 

et al. 1994) – the side with turbulent and therefore intermittently lower shear 

stress (reviewed in Balachandrian et al. 2011) 

2. BAV is associated, on average, with a two decade earlier manifestation of 

CAVD and a faster progression  (Beppu et al. 1993; Pachulski & Chan 1993). 

BAV creates a hemodynamically unique mechanobiological environment 

characterized by more extreme differences in shear stress compared to 

tricuspid valve (reviewed in Siu & Silversides 2010). 

3. In tricuspid valves, the non-coronary cusp is usually the most extensively 

affected by early valvular thickening (Cujec & Pollick 1988). As the right- 

and left-coronary cusps are adjacent to ostia leading to coronary arteries and 

therefore supplied with more blood flow, they may be protected by the more 

laminar shear stress. 
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Inflammation 

Inflammation is the physiological response to various insults, including physical, 

chemical and/or pathogen infiltration. In atherosclerosis, it has become widely 

recognized that while LDL retention is the initiating event for plaque 

development,  the subsequent process is an inflammatory condition in an attempt 

to rid the arterial wall of ectopic cholesterol. The initial stages of atherosclerosis 

are characterized by the accumulation of macrophage-derived foam cells which 

may regress after clearing the initial lipid deposits. However, if the burden of pro-

atherosclerotic factors persists, inflammation is unable to be resolved and this 

leads to the formation of an atheroma. In addition to macrophages, atherosclerotic 

lesions are also characterized by the presence of other cells of the immune system 

in the lesion, including T-cells, mast cells and B cells (this process is thoroughly 

reviewed by Libby 2002; Libby & Theroux 2005; Libby et al. 2009; Tabas 2010; 

Libby 2012). 

Several of the same inflammatory components are also seen in early CAVD, 

including T lymphocytes (Olsson et al. 1994; Otto et al. 1994), macrophages and 

foam cells (Otto et al. 1994), B cells (Natorska et al. 2015) and mast cells (Helske 

et al. 2004). Macrophages seem to localize in the vicinity of lipid depositions 

(Olsson et al. 1999) whereas T lymphocytes are detected near lipids (Olsson et al. 

1999) as well as calcifications (Olsson et al. 1994). Mast cells are more likely to 

be found throughout stenotic valves with more emphasis on calcific nodules 

(Helske et al. 2004) and B cells tend to be situated in close proximity with 

macrophages (Natorska et al. 2015). 

As inflammation is a complex phenomenon, descriptive studies have 

identified several of its molecular mediators within diseased aortic valves. For 

example, expression of adhesion molecules ICAM-1, VCAM-1 and E-selectin are 

upregulated (Ghaisas et al. 2000; Mazzone et al. 2004). Some studies have 

revealed specific mechanistic insights into the function of the inflammatory 

molecules. In one such study, an increased expression of interleukin-1 beta (IL-

1β) was detected in leukocytes within stenotic human aortic valves (Kaden et al. 

2003). When VICs were incubated with IL-1β, these cells began to secrete MMPs 

-1 and -2, which could also be detected by staining diseased valves. In a follow-

up study with a similar design, it was found that also tumour necrosis factor alpha 

(TNF-α) was detected in valvular macrophages and that it was able to stimulate 

MMP-1 expression (Kaden et al. 2005). These studies suggest that activated 
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inflammatory cells cause ECM degradation within aortic valves, partially 

contributing to the loss of elasticity as CAVD progresses. 

Several other studies have linked inflammatory molecules to valvular 

calcification and they will be reviewed in the following chapter. 

Calcification and osteogenesis 

The primary biological roles for osteogenesis and calcification are obvious; 

namely the development of teeth and bone. However, these processes can also 

occur in non-osseous tissues, and in these cases, its effects may be ultimately 

detrimental. In several reviews, prominent researchers in the field of calcification 

have suggested that vascular osteogenesis and calcification would actually be an 

initially benign last-resort ‘immune response’ in an attempt to limit potentially 

destructive inflammation in a defined area (Abedin et al. 2004; Sage et al. 2010; 

Demer & Tintut 2014). They note that a similar “wall of bone” can sometimes 

associate with abscesses, ulcers, tuberculosis or foreign body infections, parasitic 

worms and certain small tumors. In CAVD, however, the formation of bone is the 

main reason for the loss of valvular function and subsequent myocardial 

pathology. 

Depending on the exact anatomical location and the primary cause of the 

calcification, it seems that there are several partially overlapping mechanisms 

driving the process. While the research on these processes dates back over a 

century, a concept unifying these similar “calcific diseases” including 

atherosclerosis and CAVD was first noted in the early 1980’s (Anderson 1983). 

Apart from atherosclerosis, calcification is present in certain related vascular 

pathologies (reviewed in detail in Doherty et al. 2004; Johnson et al. 2006; 

Alexopoulos & Raggi 2009) but CAVD is clearly distinct in its massive extent of 

calcium accumulation and dysmorphic osteogenesis. In atherosclerotic plaques, 

fully developed lamellar bone structures are extremely rare. On the contrary 

(Mohler et al. 2001) were the first to demonstrate that in CAVD, dystrophic 

calcification precedes lamellar bone formation and that it becomes a very 

common feature in end-stage stenotic valves. Thus, while there are undoubtedly 

similarities in the different types of calcification, there must be some properties 

unique to aortic valve that makes this structure more susceptible to its extreme 

form. 

In stenotic valves (and calcified arteries), calcium is deposited in a 

mineralized form called hydroxyapathite (Anderson 1983), which is also the main 
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ECM structure in bone tissue. In order for calcium to be mineralized in the ECM, 

it must be released from intracellular reservoirs. Since this does not occur in 

healthy tissue or cell culture without any abnormal stimulus, this begs the 

question - what is ‘primary cause’ for calcium release? In CAVD, the most 

important source for extracellular calcium are most likely VICs that have been 

transformed into obVICs. As described earlier, VICs are of mesenchymal origin 

and therefore retain the ability to switch phenotypes into chondro- or osteo-genic 

cells. The existence of obVICs is based on descriptive studies in excised human 

aortic valves and in vitro studies using cultured VICs. The former studies have 

revealed that VICs in diseased valves begin to express many proteins (as 

evidenced at either the mRNA or the protein level). These include bone 

morphogenic proteins (BMPs) 2 and 4 (Mohler et al. 2001), bone sialoprotein, 

alkaline phosphatase, core-binding factor alpha 1 (Cbfa1) (Rajamannan et al. 

2003b), osteopontin (O’Brien et al. 1995; Srivatsa et al. 1997; Rajamannan et al. 

2003b; Pohjolainen et al. 2008) and osteocalcin (Srivatsa et al. 1997; Rajamannan 

et al. 2003b), which are recognized markers of osteoblastic cells.  

Continuing the causality even further, the next step is to determine which 

factors cause certain VICs to induce ectopic calcium deposition and how. In vitro 

studies have shown that VICs possess the ability to produce calcium in cell 

culture conditions, particularly in the presence of an inflammatory stimulus. If 

VICs are cultured in a media that contains TNF-related apoptosis-inducing ligand 

(TRAIL), they undergo apoptosis but leave behind calcium-containing cellular 

debris (Galeone et al. 2013). Furthermore, the pro-inflammatory interleukin 6 

(IL-6) is able to induce mineralization of VIC cultures even without apoptosis, 

most likely by promoting the secretion of calcium-containing particles into the 

culture media (El Husseini et al. 2014). Based on these studies, it seems very 

likely that the critical driving force of calcification is indeed inflammation. 

However, in one elegant study (Nadra et al. 2005), it was shown that uptake of 

calcium phosphate crystals by macrophages actually provoked an inflammatory 

response. This suggests that while inflammation clearly promotes calcification, 

some degree of reverse causality is also plausible, i.e. calcification promotes 

inflammation. 

Calcification may also promote itself as demonstrated by a cell-culture study 

where calcifying nanoparticles isolated from serum were added into a culture of 

porcine vascular smooth muscle cells and found to induce calcification (Hunter et 

al. 2014). While a similar process may well occur in CAVD as well, this 

particular mechanism remains to be demonstrated also in VICs. Taken together, 
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these results show that calcification of the aortic valve is not a simple 

unidirectional process but rather consists of several positive feedback loops that 

enhance each other. Ultimately, a perpetual pro-calcific mill is formed that keeps 

rolling until valvular tissue is removed. This self-promoting feedback loop also 

offers a simple explanation to the failure of lipid-lowering treatments in CAVD, 

as described earlier. Interestingly, also clinical follow-up studies have shown that 

the amount of baseline calcium in the valve is also a strong predictor of CAVD 

progression suggesting that some calcification may indeed promote more 

calcification (Messika-Zeitoun et al. 2007; Owens et al. 2010). 

In addition to initiating inflammation, circulating cholesterol also seems to 

have the direct ability to promote calcification. Some in vitro studies have shown 

that this phenomenon can be mediated by either free cholesterol or modified LDL 

particles. If extrapolated to in vivo conditions, it is likely that both contribute to 

calcification. A seminal discovery in this field was made by (Vyavahare et al. 

1997) who discovered that the calcification of bioprosthetic porcine transplant 

valves was completely inhibited by pretreating the valves with ethanol. In more 

detailed mechanistic experiments conducted within the same study, the authors 

noted that a key factor of the pretreatment was the removal of phospholipids and 

cholesterol from the valves. One particularly fascinating observation is that the 

prosthetic valves used by Vyavahare et al. were considered free of living cells 

since they had been subjected to a standard glutaraldehyde treatment, yet 

calcification still occurred. This can be explained by one of two mechanisms or a 

combination of both (discussed in a related editorial by (Demer 2001)): 

1. Some degree of calcification does not require any contribution of living cells 

but may be a passive process. Indeed, it has been shown that cholesterol 

molecules are found in the center of calcific nodules in atherosclerotic 

plaques (Sarig et al. 1994). This suggests that cholesterol can serve as a nidus 

where any circulating calcium adheres and accumulates. 

2. Active cells travel in the circulation, adhere to the valves and migrate within 

them. Later, they may function as active contributors of calcification by the 

mechanisms described above. 

Obviously, living cells are always present in natural human valves. A 

macrophage-modified isoform of cholesterol, 25-hydroxycholesterol, has also 

been shown to induce bovine aortic media cells to adopt an osteoblast-like 

phenotype (Watson et al. 1994). Later, it was shown that indeed, 25-

hydroxycholesterol could also promote calcification of human and canine 
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valvular cells (Mohler 3rd et al. 1999). Modification of LDL particles is also a 

contributor to calcification. Several recent studies have identified oxLDL as a 

potent inducer of VIC to obVIC differentiation (Nadlonek et al. 2013; Li et al. 

2015; Gao et al. 2015). 

There are many distinct and overlapping pathways that mediate various forms 

of VIC calcification. As described above, several markers of osteoblastic cells are 

upregulated in calcific aortic valve tissue. In contrast, the amounts of known 

inhibitors of calcification such as osteoprotegerin (OPG) (Bucay et al. 1998) is 

decreased in diseased valvular tissue (Kaden et al. 2004). There are also other 

critical inhibitors of calcification e.g. fetuin-A (Binkert et al. 1999) and Matrix 

GLA protein (MGP) (Luo et al. 1997). Indeed, VICs from diseased valves are 

capable of producing less MGP than healthy valves (Venardos et al. 2015) and 

there is an inverse association between circulating fetuin-A concentrations and the 

degree of CAVD (Ix et al. 2007). However, these studies cannot demonstrate if 

the downregulation of inhibitors is the causal factor or a correlate of CAVD. 

Runt-related transcription factor 2 (Runx2) is a very well-described 

osteogenic transcription factor; this protein is also known as core-binding factor 

subunit alpha-1 (Cbfa1) (reviewed in Lian & Stein 2003; Vimalraj et al. 2015). It 

regulates several downstream genes involved in osteogenesis. Upstream, 

Runx2/Cbfa1 can also be activated by several pathways, making it a central node 

in the osteogenic modification of the aortic valve. In CAVD, several studies have 

described the upregulation of Runx2/Cbfa1 in both rabbit (Rajamannan et al. 

2002) and human (Rajamannan et al. 2003b) tissue. As previously described, 

loss-of-function mutations in the NOTCH1 gene cause CAVD. Mechanistically 

this is explained by impaired Notch1-mediated repression of hairy-related 

transcription factor (Hrt) which is a negative regulator of Runx2/Cbfa1  (Garg et 

al. 2005). In a follow-up study, the same group created a genetic model of CAVD 

by transforming human induced pluripotent stem cells (hIPSCs) to VECs 

(Theodoris et al. 2015). One cell line was taken from patients with the NOTCH1 

mutation and another was from non-carriers. A seminal systems-level analysis 

revealed many dysregulated pathways that promote calcification in the defective 

NOTCH1 gene carriers, including a distinctive histone methylation profile. 

Certain SNPs in the RUNX2-gene have also been associated with CAVD 

(Guauque-Olarte et al. 2015). 

Another developmental gene related to osteogenesis is Low-density 

lipoprotein receptor-related protein 5 (Lrp5) which is a member of the canonical 

Wnt pathway (reviewed in Burgers & Williams 2013; Kobayashi et al. 2015). It 
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has also been shown to be upregulated in a rabbit model of CAVD (Rajamannan 

et al. 2005) and humans (Caira et al. 2006). Involvement of the Wnt- and 

NOTCH1- signalling pathways in aortic valve calcification is very strong 

evidence of an actively regulated process; this may also be a target for future 

treatments. 

Transforming growth factor beta 1 (TGF-β1) is another crucial cytokine 

involved in valvular calcification. It is secreted by many cells and binds to the 

ECM as a latent complex that can be released by the kinds of inflammatory 

stimuli that also degrade ECM (reviewed in Piek et al. 1999). An increase of the 

active form of TGF-β1 has been demonstrated in CAVD and this has been 

reported to cause VIC calcification mostly via apoptosis (Jian et al. 2003). TGF-

β1 also increases alkaline phosphatase activity that promotes further calcification 

(Clark-Greuel et al. 2007). However, a recent study showed contrasting results by 

demonstrating that VEC-derived TGF-β1 actually inhibited VIC calcification by 

increasing  SRY (sex determining region Y)-box 9 (Sox9) localization into the 

nucleus (Huk et al. 2015). The authors explained their conflicting results by 

pointing out that the function of TGF-β1 is extremely variable, depending on its 

localization, concentration and receptor activity. Therefore, it seems that the 

complete role of TGF-β1 in CAVD remains to be clarified. 

As previously noted, circulating lp(a) is also a significant risk factor for 

CAVD. Mechanistically, its function also seems to relate to the promotion of 

calcification. One elegant study (Bouchareb et al. 2015), revealed that lp(a)-

associated autotaxin (ATX) enzyme could be found in all aortic valves, but in 

mineralized valves, its activity was significantly higher. ATX converts 

lysophosphatidylcholine into lysophosphatidic acid, which again was 

demonstrated to induce valve mineralization in a nuclear factor κB/IL-6/BMP 

protein pathway (NFκB/Il-6/BMP-6)-dependent manner. Additionally, several 

other possibilities such as cholesterol deposition and pro-thrombic effects of lp(a) 

are possible (discussed by (Nordestgaard & Langsted 2015)). 

In addition to many of these protein-protein-mediated mechanisms, the 

purinergic signaling system is another pathway activated in CAVD. Many cells 

express ecto-nucleotide pyrophosphatase/phosphodiesterases (ENPPs) on their 

extracellular surface that cleave the phosphodiester bonds of nucleotides 

(reviewed in Yegutkin 2008). Côté et al. (2012) have shown that VICs express 

ENPP1 which cleaves adenosine triphosphate (ATP) into adenosine diphosphate 

(ADP) and adenosine monophosphate (AMP) thus reducing the amount of ATP in 

valvular ECM. ATP is a substrate for the purinergic G protein-coupled receptor 
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type 2 (P2Y2), which has downstream anti-apoptotic affects mediated via the 

phosphatidylinositol-4,5-bisphosphate-3-kinase/ RAC-alpha serine/threonine-

protein kinase (PI3K/Akt)-pathway. Loss of this ‘survival-signal’ has been shown 

to promote VIC apoptosis and calcification. The study also revealed that a 

polymorphism in the ENPP1 gene that leads to higher protein expression was also 

associated with CAVD.  

While many of these mechanisms clearly display many similarities between 

CAVD and other types of ectopic calcifications, it should be noted that there are 

also subtle, but potentially significant, differences. For example, it has been 

shown that when compared to true osteoblasts, obVICs actually do display 

significant differences in gene expression profile (Monzack & Masters 2011). In 

addition, by using positron emission (PET) and computed tomography (CT) scans 

with specific labeled tracers for calcification (18F-sodium fluoride, 18F-NaF) and 

inflammation (18F-fluorodeoxyglucose, 18F-FDG), it has been demonstrated that 

calcification in the valve is effectively independent of any active bone metabolism 

or inflammation in atherosclerotic lesions (Dweck et al. 2013). These discoveries 

support the concept that CAVD follows a unique pathobiological pathway that is 

distinct from physiological bone formation. 

A summary of the main features of the many pro-calcific processes in CAVD 

is depicted in Figure 3. 
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Fig. 3. Overview of the pro-calcific processes in calcific aortic valve disease. Red 

arrows indicate unidirectional causal pathways; the oscillating shear stress on the 

aortic side of the valve creates an environment which facilitates infiltration of low-

density lipoprotein (LDL) particles into the valve. After their retention within the 

valvular extracellular matrix, these particles become a target for an inflammatory 

response. Several features of inflammation are able to stimulate calcification but 

(modified) LDL is also capable of stimulating this process directly. Calcification is 

mainly a valvular interstitial cell (VIC)-mediated process. One alternative is that VICs 

undergo apoptosis, leaving behind calcium-containing microparticles, or they begin 

secreting these particles after differentiating into osteoblastic VICs (obVIC). Both 

processes produce microparticles that fuse together, ultimately leading to 

macroscopic tissue mineralization. The green arrows indicate feedback-loops. 

Calcification is able to promote inflammation but it also causes more calcification, 

making it an ultimately autoregulating cycle. 
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Active extracellular matrix remodelling  

In addition to early calcification and inflammation, the intermediate stages of 

CAVD are characterized by disorganization and loosening of the spongiosa layer 

of valvular ECM (Fondard et al. 2005). This has two significant pathological 

consequences. First, it leads to valvular thickening and loss of function that 

contribute to myocardial maladaptations. Second, ECM integrity has been shown 

to be vital for normal VIC function, as its disruption induces apoptosis and 

upregulates several disease-related markers  (Rodriguez et al. 2014). Overall, the 

collagen content of the valves decreases with disease progression, despite 

increased type I production (Eriksen et al. 2006). It then seems that CAVD is 

characterized by both increased synthesis and active degradation of ECM 

components. Together, these are general features of an active remodeling, 

characteristic for several diseases and development (for a general review, see (Lu 

et al. 2011)). For clarity, pro-fibrotic and ECM-degrading mechanisms are 

covered in separate chapters below. However, it should be emphasized that both 

processes occur simultaneously. 

Activation of the local renin-angiotensin-system and other pro-fibrotic 

factors 

RAS (referred to also as the renin-angiotensin-aldosterone-system, RAAS) is 

involved in many systemic physiologic processes and illnesses. Most notably, in 

the regulation of blood pressure, which also makes it a very important target for 

pharmacologic treatment (for a recent review, see (Te Riet et al. 2015)). In an 

extremely simplified way, the system can be described as follows: the liver 

produces a peptide called angiotensinogen, which is cleaved by an enzyme known 

as renin into angiotensin I (AngI). AngI is subsequently cleaved by ACE into 

angiotensin II (AngII), which has several downstream effects e.g. on vascular 

tone, fluid retention, nervous system and fluid balance. In addition to these 

systemic effects, many components of RAS are found locally within several 

tissues making AngII an intracrine signaling molecule (reviewed in De Mello & 

Frohlich 2011; Kumar et al. 2012; Re & Cook 2015). The effects of this ‘local 

RAS’ have gained considerable interest particularly in the heart and vasculature as 

it has significant roles in fibrosis and inflammation (reviewed in Lan et al.; 

Yamazaki et al. 1999; De Mello & Danser 2000; Bader 2002; Mehta & 

Griendling 2007; Pacurari et al. 2014). 
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Components of the local RAS are also found in CAVD. Early studies 

suggested that cultured VICs are able to produce angiotensinogen, and even ACE 

de novo (Katwa et al. 1996). In the seminal work of (O’Brien et al. 2002), ACE 

was found to colocalize with LDL particles in plasma and with apoB in diseased 

valves, which led the authors to postulate that as LDL enters the valve, it can also 

be accompanied by ACE. They also found that AngII colocalized with apoB and 

ACE suggesting enzymatic activity. Degranulated mast cells are another source 

for AngII in aortic valves; these cells secrete chymase – another peptidase capable 

of cleaving AngI into AngII (Helske et al. 2004). 

(O’Brien et al. 2002) also detected expression of type 1 angiotensin receptor 

(AT1R) on VICs. This is of special significance due to the previously cited pro-

fibrotic effect of AngII mediated via AT1R. Indeed, cardiac myofibroblasts have 

been shown to upregulate the production of LDL-binding biglycan upon AngII-

stimulation (Ahmed et al. 2003; Tiede et al. 2003). It would be expected that a 

similar reaction could occur also in VICs. It has also been shown that synthesis of 

type I collagen around calcific nodules is significantly increased (Eriksen et al. 

2006). This increase in biglycan and type I collagen could be hypothesized to 

contribute to the fibrosis characteristic of Ascl. This is supported by a study in a 

bioreactor, where porcine aortic valves were found to become significantly stiffer 

when cultured in AngII-containing media (Myles et al. 2014). 

Although the discovery of RAS now dates back over a century (for a 

historical perspective, see (Van Epps 2005)), several novel components have been 

found even in rather recent years.  For example, the ACE homologue, ACE2, was 

only discovered in this current century. ACE2 is able to convert AngI into a 

distinctly truncated peptide, Ang(1-9) (Donoghue et al. 2000); this is another 

substrate for ACE which converts it into Ang(1-7) that has a specific receptor 

called Mas (Santos et al. 2003). Mas has been shown to evoke opposing effects to 

AT1R (Kostenis et al. 2005), similarly to angiotensin type 2 receptor (AT2R) 

(reviewed in de Gasparo et al. 2000). Together, Mas, AT2R and ang(1-7) are 

considered to be parts of a “compensatory arm” of RAS intended to 

counterbalance the pro-fibrotic and vasoconstrictive effects of AngII and AT1R 

(reviewed in Lazartigues et al. 2007; Xu et al. 2011; Mendoza & Lazartigues 

2015). Peltonen et al. (2011) have shown that Mas and AT2R are downregulated 

in CAVD, which supports the concept that the pro-fibrotic AngII- and AT1R-

mediated local RAS activation is over-dominating in the disease state. 

Another novel RAS component is the (pro)renin receptor (Nguyen et al. 

2002) which activates a downstream pro-fibrotic response after binding its ligands 
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– renin and prorenin (reviewed in Nguyen & Danser 2008). The study by 

Peltonen et al. (2011) also demonstrated that (pro)renin receptor is expressed in 

diseased valve neovessels but in overall valve tissue lysate, its mRNA was non-

significantly downregulated. This suggests that while the receptor has pro-fibrotic 

effects in certain cells, its contribution to CAVD is likely to vary according to its 

location. 

There are also several non-RAS components that can promote active fibrosis. 

For example, TGF-β1, which has a somewhat unclear role in calcification, is able 

to induce a pro-fibrotic VIC phenotype (Walker et al. 2004). Endothelin-1 is 

another pro-fibrotic factor (reviewed in Rodriguez-Pascual et al. 2011; Leask 

2011; Rodríguez-Pascual et al. 2014) and its expression along with its receptor is 

increased in CAVD (Peltonen et al. 2009b). However, mechanistic studies will be 

required to confirm these results. 

It can also be hypothesized that in addition to increased expression of pro-

fibrotic factors, the downregulation of anti-fibrotic molecules may contribute to 

fibrosis. C-type atrial natriuretic peptide (CNP) is one of these anti-fibrotic 

factors; this peptide has been shown to inhibit fibrosis in cultured rat cardiac 

myocytes (Horio et al. 2003) and experimental MI in vivo (Soeki et al. 2005). In 

CAVD, the expression of CNP and its receptors is downregulated (Peltonen et al. 

2007), the significance of this finding will need to be clarified in further 

experimental studies. 

Extracellular matrix degradation 

Loosening of the spongiosa and loss of collagen content in CAVD represent 

opposing processes to fibrosis. It is recognized that they must be mediated by 

certain ECM-degrading enzymes. So far, the best characterized of these enzymes  

are the MMPs which have several functions in cardiovascular disease (reviewed 

in Dollery et al. 1995; Liu et al. 2006). In CAVD, the upregulation of  MMPs -1, 

2, -3 and -9 has been described in stenotic valves (Edep et al. 2000; Satta et al. 

2003; Fondard et al. 2005; Kaden et al. 2005). The catalytic activity of MMPs is 

counterbalanced by their tissue inhibitors (TIMPs). This compensatory 

mechanism is evident in that the expressions of TIMPs -1 and -2 are significantly 

increased in stenotic valves (Satta et al. 2003; Fondard et al. 2005; Kaden et al. 

2005). However, as shown by Satta et al. (2003), there is significant dominance of 

MMPs over TIMPs in diseased valves. In milder stages, TIMP expression tends to 
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be more prevalent; a similar imbalance has also been characterized in 

atherosclerosis (Knox et al. 1997). 

The VICs themselves seem to be a major source of MMPs in CAVD since 

these cells are capable of producing MMP-2 (and TIMPs -1 and -2), at least in a 

primary cell culture (Fondard et al. 2005). However, stimulation by TNF-α has 

been shown to upregulate MMP-1 while TIMP-1 expression remains the same, 

consistent with the imbalance hypothesis (Kaden et al. 2005). This result also 

implicates inflammation as the key driver of ECM degradation. In addition to this 

VIC-mediated MMP production, macrophages/monocytes are also able to express 

a variety of MMPs (reviewed in Newby 2008). 

In addition to MMPs and TIMPs, there is another ECM modulating system 

involving a family of cystein proteases called cathepsins and their inhibitors. 

They have been shown to exert a significant role in many cardiovascular diseases, 

ranging from atherosclerosis to aneurysms (reviewed in Liu et al. 2004; Lutgens 

et al. 2007; Cheng et al. 2012). In CAVD, Helske et al. (2006) have detected a 

significant upregulation of cathepsins S, K and V as well as their inhibitor 

cystatin C. In particular, cathepsin V was detected in the vicinity of vascular 

neovessels, suggesting that it has a role in degrading the ECM in order to make a 

path to allow novel blood vessels to pass into the valve. As is the case with MMPs 

and TIMPs, also with cathepsins and cystatin, an apparent imbalance seems to 

favour pathological ECM degradation over homeostatic maintenance. 

Angiogenesis and Lymphangiogenesis 

As reviewed earlier, a healthy aortic valve is mostly devoid of both blood- and 

lymphatic vessels. VICs are able to receive oxygen and remove metabolic waste 

via passive diffusion. However, this situation changes as the valve becomes 

thicker which also occurs with aging but is particularly related to CAVD. 

Vasculogenesis (formation of blood vessels by endothelial cells de novo) 

followed by angiogenesis (formation of new blood vessels by sprouting from 

existing ones or splitting a single vessel into two) is obviously vital during 

development, but it is also involved in various pathological states such as cancer, 

ischemia and cardiovascular diseases (general reviews in (Risau 1997; 

Yancopoulos et al. 2000; De Spiegelaere et al. 2012)). Similarly, 

lymphangiogenesis has various roles in many serious diseases, including 

atherosclerosis (reviewed in Alitalo 2011). 
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There is a complex interplay between angiogenesis and lymphangiogenesis. 

For example, several lines of evidence (as reviewed by Arroyo & Iruela-Arispe 

2010)) demonstrate that inflammation triggers angiogenesis. The new blood 

vessels function as a conduit for more immune cells. In contrast, 

lymphangiogenesis seems to have an opposite role – transgenic mice with an 

increased formation of lymphatic vessels are rather resistant to inflammatory 

insults (Huggenberger et al. 2011). It has been speculated that the lymphatic 

vessels serve as an exit route for immune cells necessary for complete resolution 

of inflammation. In a comprehensive review, (Alitalo 2011) has summarized 

evidence suggesting that in atherosclerosis, novel lymphatic vessels are 

dysfunctional and thus unable to counteract the pro-inflammatory 

neovascularization. Quantitative mapping of both novel blood- and lymph vessels 

also supports the notion that atherosclerosis is characterized by their imbalance 

(Nakano et al. 2005). 

In human CAVD, signs of early are readily detected (Soini et al. 2003; 

Mazzone et al. 2004). In their seminal experiments conducted with mice, 

Yoshioka et al. (2006) demonstrated that the loss of the anti-angiogenic factor, 

chondromodulin-I, caused CAVD. They also revealed that downregulation of 

chondromodulin-I could be detected also in human CAVD in areas of 

neovascularization. In a later review, the authors suggested that angiogenesis was 

indeed a crucial trigger for the initiation of CAVD (Hakuno et al. 2008). 

The localization and structure of novel blood vessels in CAVD support the 

hypothesis that they have marked pathological significance. Neovessels have a 

more fragile structure than anatomical blood vessels, making them more prone to 

rupture and haemorrhage. Intraplaque  haemorrhage in atherosclerosis is a marker 

for an unstable plaque and similarly, an intraleaflet haemorrhage in CAVD is 

associated with a more rapid progression of the disease (Akahori et al. 2011). 

Neovessels are found near dense VIC “islands”, calcific nodules and under the 

leaflet endothelium (Charest et al. 2006). In particular, the close proximity to 

calcific nodules is intriguing since VEGF has a role in promoting both 

neovascularization and ossification (reviewed by Yang et al. 2012) suggesting that 

it may be the critical link between both processes in CAVD. 

In comparison with the knowledge about new blood vessels, much less is 

known about lymphangiogenesis in CAVD. Syväranta et al. (2012) conducted a 

seminal study where they identified an upregulation of lymphatic vessels and 

several lymphangiogenic factors in diseased aortic valves. They also 

demonstrated that VICs were able to produce pro-lymphatic VEGF-C and that its 
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expression was upregulated by TNF-α. Conversely, mast cell proteases were able 

to degrade VEGF-C, suggesting that they possess an anti-lymphangiogenic role. 

The origins of both lymph- and blood vessels in CAVD remain unclear. It has 

been suggested that at least three alternatives exist for blood vessels: growth from 

vasa vasorum of the aortic ring/endocardium or in situ neoangiogenesis (Steiner 

et al. 2010). It is also possible that some of the vessels grow from the valvular 

endothelium (reviewed by Hakuno et al. 2008). For lymphatic vessels, in situ 

generation seems to be the most likely origin (Steiner et al. 2010). 

Summary of pathobiology 

In summary, the development of CAVD can be traced to the presence of several 

pathological stressors overwhelming their counter-regulatory mechanisms, 

ultimately leading to a self-promoting vicious cycle. The influx of LDL is greater 

than monocytes’/macrophages’ ability to clear these particles. The resulting 

inflammation generates more ECM degradation via MMPs and cathepsin than can 

be inhibited by TIMPs and cystatin. Inflammation- and hypoxia-driven 

neovascularization becomes greater than can be inhibited by chondromodullin-I. 

Lymphangiogenesis is insufficient to counteract the generation of a pathological 

vasculature. Ultimately, the amount of calcification reaches a threshold where it 

becomes able to sustain itself. Once this point is reached, there appears to be very 

little that can be done to interrupt the process - not to mention reverse it, unlike in 

atherosclerosis where arteries can indeed be ‘healed’ (reviewed in Williams et al. 

2008; Williams et al. 2015). The main difference between these vascular 

manifestations is thought to be the massive amount of bone and calcium 

deposition in CAVD, which do not regress like the lipid core of an atherosclerotic 

plaque. A summary of the stepwise progression of overlapping pathological 

processes is shown in figure 4. 
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Fig. 4. Relative contribution of different overlapping pathobiological processes over 

the time course of CAVD development. Special note should be paid to the stepwise 

progression; first the valve is subjected to oscillating shear stress on the aortic side, 

which is present even before any other factors are present. This stress increases 

endothelial permeability to circulating lipids which subsequently leads to an 

inflammatory response. Lipid infiltration and inflammation promote calcification which 

begins early on in the disease and eventually appears as the most dominant feature. 

As the proportion of calcium (and bone tissue) in the valve increases, it replaces most 

of the soft tissue, making many other processes significantly less prevalent. 

Throughout CAVD, the valve becomes increasingly thicker, with some of it being 

benign age-related growth (represented in the figure as beginning before disease 

initiation). Different mechanisms contribute to thickness at different times, initially 

ECM remodeling, then inflammatory cell and lipid accumulation, neovascularization 

and finally calcific/ossific tissue. For clarity, some of the contributing pathways, like 

ECM remodelling, have not been incorporated into the figure. 

There is also virtually nothing that can be done to alter the mechanobiological 

forces affecting the valve. As oscillating shear stress seems to be a critical 

initiator of the CAVD cascade, it is clear that everybody is susceptible to the 

disease (those individuals with BAV, even more so). Considering the irreversible 

nature of the calcification cycle, the main focus in reducing CAVD burden is early 
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prevention. In this case, prevention refers to controlling the main modifiable risk 

factors, such as hyperlipidemia (particularly apoB-containing particles, LDL and 

lp(a)), smoking, hypertension and diabetes. The most cost-effective way is the 

promotion of a healthy lifestyle and starting the sooner the better. 

Considerations for future research 

As the pathobiology of CAVD is the sum of several contributing processes, it also 

offers several targets for pharmacological treatment that may at least, hinder 

disease progression. Probably the key element here is to initiate the intervention 

before the calcific mill begins to roll. As reviewed above, HMG-CoA inhibitors 

have been unsuccessful, the efficacy of RAS-drugs is equivocal and 

bisphosphonates are still being evaluated in clinical trials. Novel targets are 

urgently required. 

Some of the most promising drugs are those targeting inflammation. In 

atherosclerosis research, preliminary results based on retrospective cohort studies 

have been promising and major RCTs are underway e.g. the Cardiovascular 

Inflammation Reduction Trial (CIRT, clinicaltrials.gov identifier NCT01594333) 

and Canakinumab Anti-inflammatory Thrombosis Outcomes Study (CANTOS, 

clinicaltrials.gov identifier NCT01327846). Both trials are testing the hypothesis 

that an anti-inflammatory drug (canakinumab in CANTOS and low-dose 

methotrextrate in CIRT) added on top of optimal statin-therapy will bring 

additional clinical benefit. Any subgroup analyses of these studies regarding 

CAVD will be particularly intriguing both clinically and biologically. Initially, 

inflammation is a beneficial, physiological process but as it becomes chronic, it is 

responsible for many of the pathological processes seen in CAVD. These studies 

may be able to provide answers to the following questions: will inhibiting 

inflammation reduce ECM remodeling in CAVD? Will it reduce calcification and 

neovascularization? If so, will these translate into a clinical benefit in terms of 

slowing down disease progression or even preventing it, if initiated in time? 

Other targets for future therapies could involve inhibiting TGF-β1- and BMP-

signalling, cathepsins or  agonism of the P2Y2 receptor (reviewed in Hutcheson et 

al. 2014). In view of the latest genetic and mechanistic data implicating lp(a) as a 

significant CAVD risk factor, it is not surprising that it has also become a high-

priority target. Its concentration in the blood is mainly determined by genetics 

(reviewed by Nordestgaard et al. 2010) and it is therefore unlikely to be affected 

by lifestyle factors. One would predict that its elevated levels would have to be 
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treated with pharmacologic agents. Monoclonal antibodies targeting proprotein 

convertase subtilisin/kexin type 9 (PCSK9) are an emerging group of drugs for 

the treatment of dyslipidemia). As PCSK9 promotes the degradation of LDL-

receptors (LDLRs) in hepatocytes, its inhibition leads to a significant 

upregulation of LDLR production and subsequently, increased hepatic clearance 

of apoB-containing particles (reviewed in Dadu & Ballantyne 2014; Shimada & 

Cannon 2015). LDLRs have also a significant role in regulating the amount of 

circulating lp(a) (Romagnuolo et al. 2015), which means PCSK9-inhibitors may 

also prove be effective in lowering lp(a). A pooled analysis of early phase II trials 

of PCSK9 inhibitor evolocumab seems to support this hypothesis (Raal et al. 

2014), however, long-term studies are eagerly awaited. Another class of 

promising anti-lp(a) drugs is based on antisense-RNA-mechanisms (reviewed in 

Bos et al. 2014). Older treatments that affect lp(a) concentrations include niacin 

(Lavigne & Karas 2013) and estrogen (Sacks et al. 1994; Haines et al. 1996). 

Both have demonstrated clinical benefits, although in the case of estrogen, the 

efficacy may be age-dependent (Salpeter et al. 2004).  

Another very interesting class of emerging drugs is not anti-inflammatory but 

pro-resolving (reviewed in Gilroy et al. 2004; Serhan & Petasis 2011). This 

concept is based on the actions of endogenous molecules, which signal to 

inflammatory cells to migrate away from an acute site. In a mouse model of 

atherosclerosis, this principle has already been achieved by a nanoparticle-

mediated targeted delivery (Fredman et al. 2015). It is feasible that if given at an 

appropriate time, this type of treatment would also be beneficial in CAVD as well. 

Novel methods of lifestyle prevention are also needed. In terms of dietary 

interventions, one of the most promising components is vitamin K. In several 

cohort studies, intake of vitamin K seems to correlate with a lower prevalence of 

vascular calcification (reviewed in Shea & Holden 2012). The mechanism is also 

plausible; MGP prevents cardiovascular calcification (Luo et al. 1997) and in 

turn, its function is vitamin K-dependent (evidence reviewed in Dowd et al. 1995) 

However, a recent Cochrane Review found a paucity of RCT evidence to support 

the efficacy of vitamin K supplementation, indicating that trials are urgently 

needed (Hartley et al. 2015). 

Exercise is an important lifestyle factor. There is extremely little published 

information regarding its effects on CAVD in either humans or even animal 

models. To date, the data seems to indicate that if initiated at a young age, regular 

exercise may protect against CAVD, even irrespective of lipid values (Matsumoto 

et al. 2010). However, if regular exercise is initiated only after the disease has 
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begun to manifest, then the beneficial effect is lost (Schlotter et al. 2012). In the 

future, these findings will need to be thoroughly investigated in humans. 

In terms of research, several novel tools are also emerging. Currently, the  

most commonly used animal models are similar to those used in atherosclerosis 

research, e.g. mouse, rabbit and swine models (for a comprehensive list of various 

animal models, see (Sider et al. 2011)). More recent developments have included 

the Klotho-knock-out mouse (Wirrig et al. 2015) and the so-called ‘wave mice’ 

which are homozygous for a hypomorphic epidermal growth factor receptor 

mutation (Hajj et al. 2015). CAVD may also be induced in mice by creating a 

transgenic strain that is both dyslipidemic and prone to type-2 diabetes (Le Quang 

et al. 2014) or even mechanically by scraping the aortic valve of wild-type 

C57/BL6 mice fed a standard chow diet (Honda et al. 2014). 

In addition to experimental animals, several ex vivo systems have been used 

to model human CAVD. They are particularly suitable for studying valvular 

mechanobiology (evidence reviewed in Arjunon et al. 2013). Specific 

‘bioreactors’ make it possible to examine many features of the cardiovascular 

system as different ex vivo samples can be placed within them and studied in a 

simulated living system (reviewed in Barron et al. 2003). The development of 

novel ex vivo systems to study CAVD was on the list of main recommendations 

issued by the NHLB Aortic Stenosis Working Group (Rajamannan et al. 2011a). 

Hopefully, this work will produce breakthroughs in the imminent future. 

Since the population continues to age, CAVD will become an increasingly 

prevalent disease. Surgical methods for valvular replacement will undoubtedly 

improve but in the meanwhile, there is much exciting research and new 

approaches. One can predict that in the future, there may well be effective 

preventive strategies and also non-invasive treatment modalities. 
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2 Aims of the research  

This thesis is composed of studies screening for large amounts of biological data 

obtained from human aortic valves. Relevant information is extracted by 

comparing control valves to diseased valves in order to investigate the following 

aspects of the disease: 

a) The transcriptomic changes that occur during CAVD 

b) The microRNA-profile of CAVD 

c) The proteomic profile of CAVD 

The aim was to also identify potentially important individual molecules and study 

their expression and localization in more detail. 
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3 Materials and Methods 

The methods used in this thesis are listed in Table 1. 

Table 1. Methods used in original publications I-III 

Method Original Publication 

Study population and sample preparation I-II 

RNA extraction I-II 

Protein extraction III 

Quantitative real time-polymerase chain reaction I-II 

MicroRNA extraction I 

Gene expression array I 

MicroRNA array I 

Pathway analysis I 

Bioinformatic target prediction I 

MicroRNA transfection I 

ELISA I 

Histological, immunohistological and immunofluorescence analysis I-II 

2-Dimensional gel electrophoresis III 

Mass spectrometry III 

Western blot III 

Statistical analysis I-III 

3.1 Study population and sample preparation 

The aortic valves examined in this study were removed from patients undergoing 

valve or aortic root surgery. The study protocol was approved by the Research 

Ethics Committee of Oulu University Hospital, and it complied with the 

principles outlined in the Declaration of Helsinki. All operations were made 

following normal surgical procedures. After removal, valve cusps were placed 

immediately into liquid nitrogen and stored at –70°C until analyzed. In the 

histological evaluation and molecular analyses, one leaflet of the valve was taken 

and divided in half. 

Based on clinical patient data and a macroscopic evaluation of the valvular 

tissue, the samples were divided into groups. The control group contained aortic 

valves from patients undergoing surgery due to ascending aortic pathology 
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(aneurysm or dissection) or aortic regurgitation. These valves were smooth, 

pliable and opalescent, and without any macroscopically visible calcifications. An 

intermediate fibro(sclero)sis group consisted of valves that were macroscopically 

thickened, stiff and regurgitant. Specific patient demographics are presented in 

the original research papers.  

3.2 RNA extraction and RT-qPCR 

Total RNA from aortic valve samples was isolated using the modified guanidine 

thiocyanate-CsCl method first reported in (Majalahti-Palviainen et al. 2000). 

mRNA levels were measured using TaqMan chemistry on a 7300 real-time 

quantitative PCR System (Applied Biosystems, Foster City, CA, USA). The 

sequences of the forward and reverse primers are presented in the original 

publications. In each case, the results were normalized to 18S RNA quantified 

from the same samples. 

3.3 Protein extraction and Western Blot 

The aortic valve samples were ground in liquid nitrogen, and then homogenized 

for 10 minutes in a lysis buffer containing inhibitors. The lysis buffer itself 

contained 1M Tris (pH 7,5), 3M NaCl, 0,25M EDTA (pH 8,0), 0,1M EGTA (pH 

7,9), and distilled water. The valve tissue samples were homogenized using a 

MagnaLyser instrument (Roche, Basel CH). After homogenization, samples were 

centrifuged for 20 minutes in 12500 RPM and +4°C. Afterwards, the supernatant 

was collected for protein isolation With 5x NEB lysis buffer being added and 

mixed following centrifugation for 20 minutes in 12 500 RPM in +4°C. 

Supernatant containing the total fraction was collected. 

Western blot was performed using a 1.0 mm, 12% gel with 40μg of 

protein/well. In the beginning, both HSP90α (Enzo Life Sciences, Farmingdale, 

NY, USA. Catalogue number: ADI-SPS-771-F) and HSP90β (Enzo Life Sciences, 

catalogue number: ADI-SPA-844) were studied, but as two different primary 

antibodies for HSP90α failed to function properly, the study was continued with 

HSP90β, in which case, the primary antibody worked well. Data was quantified 

using the QuantityOne Software (Bio-Rad, Hercules, CA, USA). 
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3.4 MicroRNA extraction 

The extraction of total microRNA from aortic valves was done with mirVana 

miRNATM Isolation Kit (Ambion, Austin, TX, USA) according to the 

manufacturer’s instructions. Briefly, the valves were homogenized using Magnet 

Lyser Instrument (Roche Applied Science, Penzberg, Upper Bavaria, Germany) 

followed by total RNA extraction without enrichment for small RNAs. The 

measurement of microRNAs was done using the miScript PCR system (Qiagen, 

Hilden, Germany). The quantification of real-time quantitative PCR results was 

conducted using the ∆∆CT method. Small nuclear RNA SNORA73 was used for 

normalization. 

3.5 Gene expression array 

Total RNA was used as a template for the DNA microarray analysis done by using 

GeneChip Human Genome U133 Plus 2.0 Arrays (Affymetrix, Santa Clara, CA, 

USA) according to the manufacturer’s instructions. Affymetrix CEL files were 

imported into GeneSpring 7.2 software (Agilent) and Robust Multichip Average 

(RMA) normalization was performed. Genes were defined as differentially 

expressed if the change was at least 2.0-fold and statistically significant (P<0.05, 

One-way ANOVA and Benjamini and Hochberg false discovery rate). The 

complete data sets are available from the NCBI’s Gene Expression Omnibus 

(GEO) database and gene expression profiling data comply with the Minimum 

Information About a Microarray Experiment (MIAME) standard. The data can be 

obtained from the GEO database with the accession number GSE51472. 

Differentially expressed genes were classified on the basis of their biological 

function. The Gene Ontology (www.geneontology.org) was used to make an 

initial assignment of functional classification. Because Gene Ontology output 

classifications did not necessarily address a specific pathophysiological condition 

or experimental treatment, the PubMed database 

(www.ncbi.nlm.nih.gov/sites/entrez?db=PubMed) was searched for each gene and 

the functional assignment was confirmed or adjusted under one of the following 

broad biological classifications: angiogenesis, apoptosis, biosynthesis and 

metabolism, cell adhesion, cell structure/motility, cell/organism defense, 

channel/transport proteins, inflammatory and immune response, protein synthesis, 

posttranslational modifications and proteolysis, regulation of transcription, signal 
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transduction, unclassified, unknown transcribed loci and expressed sequence tags 

(ESTs). 

3.6 MicroRNA array 

Total RNA from three samples from both the control and the AS group was 

extracted with the guanidine thiocyanate-CsCl  method  and microRNA array 

analysis was done by using miRCURYTM LNA Array microRNA profiling 

services (Exiqon, Vedbaek, Denmark).  Sample quality was analyzed using 

Bioanalyser 2100. Samples were labeled with miRCURYTM Hy3TM/Hy5TM 

power labeling kit and hybridized on the miRCURYTM LNA Array (v.10.0). 

Quantified signals were normalized using the global LOcally WEighted 

Scatterplot Smoothing (LOWESS) regression algorithm. miRNAs were defined 

as differentially expressed using two-tailed T-test calculations with a P value 

lower than 0.05. The results of the two-way hierarchical clustering of miRNA and 

samples are presented as a heat map. The clustering was performed on 

log2(Hy5/Hy3) ratios which passed the filtering criteria using two-tailed t-test 

between the control and stenotic groups. 

3.7 Pathway analysis 

STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) 9.05 

database (Franceschini et al. 2013) was used to extract significant interactions 

within differentially expressed genes. The complete list of significantly altered 

genes between AS and control group (550 genes) was loaded into STRING 9.05 

database, and directly interacting proteins were identified based on manually 

curated biological evidence of interaction with at least a high confidence score 

(defined by STRING to be 0.7000 or greater). 

3.8 Bioinformatic microRNA target prediction 

To identify differentially expressed genes under miRNA regulation, the 

MicroCosm Targets web resource (http://www.ebi.ac.uk/enright-

srv/microcosm/htdocs/targets/v5/) was used to calculate a list of potential target 

genes for each significantly altered miRNA. The computational interactions of 

miRNAs and target genes were predicted using the miRanda algorithm (Enright et 

al. 2003). Each set of putative target genes was compared to the list of genes 
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altered in the DNA microarray experiment to detect potentially functional 

interactions. 

3.9 MicroRNA transfection 

Human monocytic leukemia cell line THP-1 was obtained from the American 

Type Culture Collection (Manassas, VA, USA; catalogue number. TIB-202) and 

cultured in RPMI 1640 supplemented with 2 mM L-glutamine, 10% fetal bovine 

serum, 25 mM HEPES, 100 U/mL penicillin, and 100 µg/mL streptomycin (THP-

1 medium). Monocyte-to-macrophage differentiation was initiated by 

supplementing the THP-1 medium with 50 nM phorbol 12-myristate 13-acetate 

(PMA; Sigma-Aldrich, St. Louis, MO) for 24 hours. The transfection mixtures 

were prepared according to the manufacturer’s instructions containing 90 nM Pre-

miRTM miRNA Precursors for miR -125b (mature miRNA sequence 

UCCCUGAGACCCUAACUUGUGA) mimics (by Ambion, Austin, TX, USA). 

Transfection reagent was 1.4% Lipofectamin (Invitrogen) in Dulbecco’s 

modification of Eagle’s medium (DMEM). THP-1 cells (1.5×105 cells/well) were 

washed with PBS and incubated with the transfection reagents in THP-1 medium 

in the presence of 50 nM PMA for 24 hours, followed by a further 24 hour 

incubation with serum-free THP-1 medium. Successful uptake of microRNA 

mimics into cells was confirmed using a TaqMan® Cells-to-CtTM Kit (Ambion, 

Austin, TX, USA) according to the manufacturer’s instructions and verified using 

qPCR. The cells and cell culture supernatants were collected for qPCR and 

ELISA analyses. In qPCR, the average miRNA-125b expression of cells 

transfected with miRNA-125b was 170-fold (P<0.001) as compared to cells 

transfected with scrambled (negative) miRNA control, indicating successful 

transfection. The microRNAs were assayed using TaqMan® microRNA (Ambion, 

Austin, TX, USA) assays for miR-125b according to the manufacturer’s 

instructions.  

3.10 ELISA 

CCL4 was detected from cell culture media with a commercial ELISA kit (R&D 

Systems, Minneapolis, MN, USA) according to the manufacturer's instructions. 
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3.11 Histological, immunohistological and immunofluorescence 

analysis 

The aortic valve samples were fixed in 10% buffered formalin solution and 

embedded in paraffin. In the quantification of the calcified area, 5-μm sections 

were cut and stained with hematoxylin and eosin. When necessary, EDTA 

treatment was used to decalcify the sections. In the area calculations (total valve 

area and calcified area), slides were photographed with a Leica DFC420 camera. 

Digital images were saved on a standard PC running Windows XP and the 

measurements were performed with image analysis program ImageJ 

(http://rsbweb.nih.gov/ij/). Blood vessel density was determined on the basis of 

the number of vessels seen in the tissue divided by the area of the tissue sections. 

Factor VIII immunohistochemical staining was used to visualize density of blood 

vessels. A polyclonal rabbit anti-human antibody to factor VIII-related antigen 

Dako (Glostrup, Denmark) was used at a dilution of 1:50.  

Chemokines. To assess localization of chemokines in aortic valve cusps, fresh 

cusps were cut in 5 µm thick sections, dried and frozen. Specific primary 

antibodies for CCL3/macrophage inflammatory protein 1 α (MIP-1α) and 

CCL4/MIP-1β (Sigma-Aldrich, St Louis, MO, USA) were used as primary 

antibodies in a dilution of 1:10 and 1:50, respectively. Macrophages were 

visualized by staining CD68 (clone PGM-1, DakoCytomation, Glostrup, 

Denmark) in a dilution of 1:100. Secondary antibodies for CCL3 and CCL4 were 

obtained from Jackson ImmunoResearch, Baltimore Pike, West Grove, PA, USA 

and for CD68 from Life Technologies, Waltham, MA, USA. Before application of 

the primary antibodies, the sections of valve samples were first fixated in -20°C 

acetone and dried shortly at room temperature. Then, the sections were incubated 

in 0.5% hydrogen peroxide in methanol for 10 minutes and washed twice in PBS 

Tween. Blocking serum (1% bovine serum albumin in PBS) was added and 

incubated for 10 minutes, sections were washed once in PBS Tween and primary 

antibody for CD68 was added and incubated for 1 hour. After washing twice with 

PBS Tween, secondary antibody (Alexa Fluor 594 goat anti-mouse IgG3 (red), 

1:100) was incubated for 1 hour in room temperature and the samples were 

washed three times in PBS tween. Primary antibodies for CCL3 or CCL4 were 

incubated overnight in 4°C and washed three times in PBS Tween. Secondary 

antibodies (Alexa Fluor 488 donkey anti-mouse IgG1 (green) for CCL3 and 

Alexa Fluor 488 goat anti-rabbit IgG (green) for CCL4) were added at a dilution 

of 1:100 and incubated for 1 hour at room temperature. Slides were washed three 
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times in PBS Tween and once in distilled water and counterstained for 10 minutes 

with Hoechst stain (Sigma-Aldrich, St. Louis, MO, USA), dilution 1:1000.  

Negative control stainings were carried out by substituting non-immune mouse or 

rabbit serum for the primary antibodies. 

Localization of chemokines in aortic valve cusps was confirmed by 

immunohistochemical staining. Specific antibodies for CCL3/MIP-1α and 

CCL4/MIP-1β (R&D Systems, Minneapolis, MN, USA) were used at dilutions of 

1:20 and 1:10, respectively. Macrophages were visualized by staining CD68 

(clone KP1, Dako, Glostrup, Denmark) at a dilution of 1:10,000. Before 

application of the primary antibodies, the 5-μm thick sections of valve samples 

were heated in a microwave oven in 10 mM Tris-EDTA, pH 9.0 for 15 min 

(CCL3 and CD68) or in citrate buffer, pH 6.0 for 15 min (CCL4). The chromogen 

used was amino-9-ethylcarbazole (Life Technologies, Carlsbad, CA, USA) in 

chemokine stainings and 3,3′ diaminobenzidine (DAP) in other stainings. 

Negative control stainings were carried out by substituting nonimmune mouse or 

goat serum for the primary antibodies. All histological analyses were made in a 

blinded manner by an experienced pathologist. 

Granzymes. The localization of granzymes (Gr) A, H and K in calcified aortic 

valve cusps was determined by using immunohistochemical staining. In the 

histological analysis, the aortic valve samples were fixed in buffered formalin 

solution and embedded in paraffin. Before application of the primary antibodies, 

the 5-µm-thick sections of valves samples were heated in a microwave oven in 10 

mmol Tris-EDTA, pH 9.0 for 10 minutes. Specific antibodies at a dilution of 1:50 

(AB10870, Abcam, Cambridge, UK) for GrA, a  dilution  of 1:100 (LS-C31913, 

LifeSpan BioSciences, Seattle, WA, USA) for GrH, a dilution  of 1:50 

(AP20485PU-N, Acris Antibodies, Herford, GER) for GrK and a dilution of 

1:100 (δG9, Ancell, Bayport, MN, USA) for perforin were used to stain positive 

cells in the aortic valves. CD-8 staining (1:200, Novocastra, Leica Biosystems, 

Wetzlar, GER) was used to detect cytotoxic T cells, CD-68 staining (clone KP1, 

1:10000, Dako, Glostrup, Denmark) to identify macrophages, and CD-138 

staining (1:40, Thermo Scientific, Waltham, MA, USA) for visualizing plasma 

cells in aortic valves. The immunostainings were performed using Dako Real 

EpVision HRP Rabbit/mouse –Kit (Dako, Glostrup, Denmark). 3,3′-

Diaminobenzidine (DAP) was used as the chromogen in the immunostaining 

process. Negative control stainings were carried out by substituting nonimmune 

rabbit or mouse serum for the primary antibodies.  
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3.12 2-Dimensional gel electrophoresis (2D-DIGE) 

In the proteomic study, proteins extracted from aortic valve were further purified 

by buffer exchange using an Amicon Ultra ultrafiltration unit with a 10 kDa cutoff 

(Millipore, Billerica, MA, USA) and urea buffer (7 M urea, 2 M thiourea, 4% 

[w/v] CHAPS, 30 mM Tris, pH 8.5). Subsequently, the protein samples were 

sonicated and centrifuged. Protein amounts in the supernatants were determined 

with a Bradford-based assay according to the manufacturer`s instructions (Roti®-

Nanoquant, Carl Roth, Karlsruhe, Germany) and the aliquots stored at -70˚C. 

Protein labelling was performed with CyDye DIGE Fluor minimal dyes (GE 

Healthcare, Piscataway, NJ) according to the manufacturer's protocol using 400 

pmol Cy3 (pooled standard) and Cy5 (control and calcified, respectively) for 50 

μg protein. Proteins were separated as described earlier (Ohlmeier et al. 2010). In 

brief, immobilized pH gradient (IPG) strips (pH3–10 nonlinear, 24 cm, GE 

Healthcare) were incubated overnight in 650 μl rehydration buffer (7M urea, 2M 

thiourea, 4% [w/v] CHAPS, 130 mM [w/v] dithiothreitol  (DTT), 2%[v/v] carrier 

ampholytes 3–10, Complete Mini protease inhibitor cocktail [Roche]). Isoelectric 

focusing (IEF) after anodic sample cup-loading was carried out with the 

Multiphor II system (GE Healthcare) under paraffin oil for 67 kVh. SDS-PAGE 

was performed overnight in polyacrylamide gels (12.5%) with the Ettan DALT II 

system (GE Healthcare) at 1–2W per gel and 12 °C. Fluorescence signals were 

detected with a Typhoon 9400 (GE Healthcare) and 2-D gels analyzed with 

Delta2D 4.0 (Decodon, Greifswald, Germany). Theoretical spot positions were 

calculated with the Compute pI/Mw tool (http://ca.expasy.org/tools/pi_tool.html). 

3.13 Mass Spectrometry 

In the protein identification, additional 2-D gels were run with a higher amount of 

unlabelled protein (400-600 μg) combined with 50 μg Cy3-labelled internal 

standard. After detection of the fluorescence signals (see above) and silver 

staining, labelled and unlabelled protein patterns were matched with the 2-D 

PAGE image analysis software Melanie 3.0 (GeneBio, Geneva, Switzerland). 

Spots with correctly matched centers were excised, digested with trypsin 

(recombinant; Roche) and prepared for matrix-assisted laser desorption/ionization 

time-of-flight (MALDI-TOF) mass spectrometry (MS) as described (Ohlmeier et 

al., 2010). The extracted and dried peptides were dissolved in 5 μl alpha-Cyano-

3-hydroxycinnamic acid (98%, recrystallized from ethanol-water, 5 mg/ ml in 
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50 % acetonitrile and 0.1 % trifluoroacetic acid) and 0.5 μl applied onto the 

sample plate using the dried-droplet method. Proteins were identified from 

probability mass function (PMF) obtained with a VOYAGER-DETM STR 

(Applied Biosystems, Foster City, CA, USA) as described earlier (Ohlmeier et al., 

2010). In general, the strongest peaks (up to 50) visible in the mass spectrum were 

used to identify proteins with Mascot (http://www.matrixscience.com/) using 

UniProtKB/Swiss-Prot as the corresponding peptide/protein database. Search 

parameters were enzyme: trypsin; modifications: oxidation of Met; missed 

cleavage: 1; resolution: monoisotopic; ion mode: [M+H]; threshold: 50 ppm. 

Protein identification was accepted if at least 4 major peaks matched to the 

protein with the highest Mascot score. In addition, the identification was 

confirmed by analyzing the induced spot from different gels. During later stages 

of the project, mass spectra of the tryptic digests were measured with an 

UltrafleXtreme MALDI TOF/TOF instrument (Bruker Daltonics, Bremen; 

Germany) where up to 10 ions from each peptide fingerprint were subjected to 

MS/MS measurement. Data were processed with Flexanalyis and Biotools 

(Bruker) and combined PMF/MS_MS spectra were searched against the NCBI or 

Swiss-Prot non-redundant protein database using Mascot (Matrix science) with 

standard search parameters (MS tolerance: 30 ppm, MSMS tolerance: 0.7 Da, 

modifications: Carbamidomethyl (Cys) and optional oxidation of Met, up to 1 

missed cleavage).  

3.14 Statistical analysis 

The patients’ demographic data analysis for comparing between the control, 

fibrosis and AS groups was performed by analysis of variance (ANOVA), for 

continuous variables and by chi-square test or Fisher’s exact test for categorical 

variables. Results are presented as mean ±standard error of the mean (SEM). The 

data was first tested for normality by using the Kolmogorov-Smirnov test. For 

normally distributed variables, the unpaired Student’s t-test or one-way analysis 

of variance (ANOVA) followed by a least significant difference post hoc test for 

multiple comparisons was performed. For non-normally distributed groups, 

Mann-Whitney’s U-test was used. P values under 0.05 were considered 

statistically significant. Analyses were performed using IBM SPSS for Windows 

(version 19.0, IBM SPSS Inc., Chicago, IL, USA). 
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4 Results and Discussion  

In this chapter, selected primary results of the thesis are reviewed. Full results are 

presented in the original papers I-III attached as an appendix. 

4.1 Transcriptomic profile of CAVD (I) 

In order to determine the transcriptomic profile of CAVD, a transcriptomic 

analysis comparing control valves to stenotic ones was performed. The most up- 

and downregulated gene transcripts are depicted in Table 2. 

Table 2.  Most up- and downregulated genes in stenotic valves compared to controls. 

Affymetrix ID Gene name Fold change 

Upregulated   

204580_at Matrix metallopeptidase 12 92.0 

215121_x_at Immunoglobulin lambda constant 1 32.3 

214974_x_at Chemokine (C-X-C motif) ligand 5 30.6 

209875_s_at Secreted phosphoprotein 1 (osteopontin) 21.6 

214146_s_at Chemokine (C-X-C motif) ligand 7 17.3 

214768_x_at Immunoglobulin kappa constant 16.3 

205943_at Tryptophan 2,3-dioxygenase 15.7 

202917_s_at S100 calcium binding protein A8 12.6 

205242_at Chemokine (C-X-C motif) ligand 13 12.4 

204320_at Collagen, type XIα1 11.5 

Downregulated   

227725_at ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-galactosyl-1,3)-N-

acetylgalactosaminide alpha-2,6-sialyltransferase 1 

0.2 

224400_s_at Carbohydrate (N-acetylgalactosamine 4-0) sulfotransferase 9 0.2 

235118_at Cell adhesion molecule 2 0.2 

237802_at X Kell blood group precursor-related family, member 4 0.2 

206423_at Angiopoietin-like 7 0.2 

222953_at G protein-coupled receptor 83 0.2 

228504_at Sodium channel, voltage-gated, type VII, alpha 0.1 

207717_s_at Plakophilin-2 0.1 

243582_at SH3 domain containing ring finger 2 0.1 

230867_at Collagen, type VIα6 0.1 

The results of the gene expression array provide important data on the progression 

of CAVD. The fact that many of the upregulated genes are related to 
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inflammation is not surprising but the exact individual molecules do provide 

novel insights into disease mechanisms. 

Upregulation of MMP-12 exhibited an extremely high statistically significant 

fold change (92-fold), which may be explained in part by a method-related 

artifact. However, it should not be completely disregarded as such,  interestingly 

it was also the most upregulated gene in a similar array experiment (Bossé et al. 

2009) and it has been also detected in the immunohistochemical study conducted 

by (Perrotta et al. 2011). These aspects, particularly the similarity to the data 

obtained by Bossé et al. (2009), support the experimental design presented here. 

In their study, the authors used completely healthy aortic valves as controls 

whereas our controls were removed due to aortic insufficiency. Other similarities 

in upregulated genes include immunoglobulins and chemokine (C-X-C motif) 

ligand 5 (CCL5) further supporting our data. 

MMPs have very significant roles in many (inflammatory) diseases including 

atherosclerosis (reviewed in Liu et al. 2006). MMP-12 (in some papers, also 

called ‘macrophage metalloelastase’) was first characterized as being secreted 

mostly by macrophages (Dong et al. 1997) but subsequently shown to be able to 

degrade fibronectin, laminin, elastin and type IV collagen (Chandler et al. 1996) – 

most of which are also components of aortic valves. In atherosclerosis, it is 

localized near the plaque lipid core (Halpert et al. 1996) and its expression in 

carotid lesions associates with worse outcome in patients undergoing 

endarterectomy (Morgan et al. 2004). These data clearly suggest that MMP-12 

has a significant role in adverse vascular remodeling and could therefore be an 

important factor in CAVD, as well. 

The most downregulated genes in the present array do not match those of 

Bosse et al. (2009). This is likely explained by the fact that the cellular 

composition of a diseased valve changes radically in end-stage disease. It is 

characterized by an influx of new inflammatory cells, the phenotypic modulation 

of VICs and apoptosis of both types of cells. It then becomes more difficult to 

distinguish between true downregulation of genes and simply the loss of certain 

types of cells, even if the results are normalized to the background amount of 

RNA. With upregulated genes, the result is more robust, regardless of the cause of 

the upregulation. Therefore, one would expect that there would more 

heterogeneity among downregulated genes. 

The present data also expands the overall data on CAVD transcriptomic 

profile by including an intermediate group with sclerotic valves, which was 

lacking in the study of Bossé et al. (2009). The gene expression profile of these 
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three groups as indicated by number of up- or downregulated genes is shown in 

Figure 5. This comparison is in good agreement with the evidence summarized in 

Figure 4 suggesting that in the early stages (from control to fibrosis, Fig 5A), 

there are only minor gene expression changes. As the disease progresses from the 

intermediate, fibro(sclero)tic stage to stenosis, there is a marked increase in the 

number of upregulated inflammatory genes (Fig 5B). This profile is similar to the 

comparison of controls to stenotic valves (Fig 5C) which further indicates that 

most of the transcriptomic changes occur during the later progression of the 

disease. 
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Fig. 5. Expression profile comparison of control (Ctrl), fibrotic (Fibr, intermediate 

stage) and stenotic valves (AS) as indicated by the numbers of up- or downregulated 

genes. Black bars indicate the number of upregulated genes and white bars the 

number of downregulated genes.  
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Taken together, these profiles support the hypothesis that the early fibrotic 

stages of the disease are characterized by only a minor influx of inflammatory or 

VIC activation cells and the potential clinical symptoms are mainly caused by 

ECM remodeling (degradation and increased fibrosis) and this balance is not 

revealed in marked transcriptomic changes. However, it could be expected that an 

upregulation of certain ECM protein-coding genes would be evident. This may be 

explained by the use of controls. While they are clearly non-inflamed, it is 

feasible that aortic regurgitation causes certain ECM changes that are also pro-

fibrotic. Thus, comparing middle stage valves to these controls may reveal only 

the presence of inflammatory components but not those associated with ECM 

remodeling. 

4.2 MicroRNA profile of CAVD (I) 

MicroRNAs are small non-coding RNAs that generally act as negative regulators 

of gene expression by pairing with mRNAs, preventing their translation into 

protein. This process is mediated by the RNA-induced silencing complex (RISC) 

and the mode of inhibition is dependent on the exact type of pairing. In short, if 

the sequences match perfectly or near-perfectly, the formed duplex is completely 

degraded. If there is only a partial match between miRNA and mRNA, RISC will 

inhibit protein translation in the ribosomes (reviewed in Pillai et al. 2005; Bartel 

2009; Pratt & MacRae 2009; Krol et al. 2010). They have significant roles also in 

cardiovascular biology both in health and disease (reviews in (Thum et al. 2008; 

Latronico & Condorelli 2009; Small et al. 2010; Small & Olson 2011)). The 

microRNA (miRNA) profile of CAVD was studied using a similar comparison, as 

applied with transcriptomic profiling. Array results were validated using qPCR. 

Data is shown in figure 6. 
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Fig. 6. MicroRNA expression in CAVD. A) Complete microRNA profile B)-G) Validation 

of results by RT-qPCR 
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Our miRNA profiling indicated several significantly altered miRNAs (Fig 

6A) of which the upregulation of miR -125b and the downregulation of miRs -

602, -393 and 374b* were validated by qPCR (Fig 6B-G). The upregulation of 

miR-125b is particularly noteworthy as it has recently been shown to be a critical 

inducer of cardiac fibrosis (Nagpal et al. 2015). This mechanism was shown to be 

mediated by miR-125b targeting apelin – a protein known to be upregulated in 

CAVD (Peltonen et al. 2009a). However, apelin is also a negative regulator of 

cardiac fibrosis (Pchejetski et al. 2012) warranting further investigation into the 

potential CAVD-related contribution; are miR-125b and apelin upregulated in 

different cell types? If so, which types? 

4.3 Expression of chemokines CCL3 and CCL4 (I) 

Although chemokines are critically important mediators of atherosclerosis 

(reviewed in Weber et al. 2004; Zernecke et al. 2008), virtually nothing is known 

of their role in CAVD. Here, the focus was narrowed to two chemokines, CCL3 

and CCL4, which were significantly upregulated in the gene expression array, 

albeit not among the top-10. Their upregulation was confirmed by PCR (Figure 7) 

 

Fig. 7. Expression of chemokines CCL3 (A) and CCL4 (B) in control (Ctrl), Fibrotic 

(Fibr) and stenotic (AS) valves 

A significant upregulation in CCL3 expression was detected when comparing 

control valves to stenotic valves (Fig 7A) but CCL4 expression was significant 

only when comparing control valves to the intermediate stage of the disease (Fig 

7B). This may indicate a specific contribution of different chemokines at different 
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stages of the disease. Mainly, the role of chemokines is to attract monocytes to 

areas of vascular inflammation (reviewed in Weber et al. 2004; Zernecke et al. 

2008). These results may then be interpreted as supporting the concept that end-

stage processes of CAVD are different than those on the route from a healthy 

valve to the intermediate disease stage. 

The precise localization of these chemokines was also studied (Figure 8) and 

CCL4 was found to be expressed in macrophages (Fig 8A) and CCL3 in both 

VICs (stained by myofibroblast marker) and macrophages (Fig 8B-C). This result 

indicates that both chemokines are involved in the inflammatory response of 

macrophages to attract more inflammatory cells to the valves. The persistent 

expression of CCL3 throughout the later stages of disease (Fig 7A) could be due 

to its partial origin from VICs. Subsequently, in the later stages of the disease, the 

tissue becomes less inflamed and more calcified which means that there is a 

proportional loss of inflammatory cells and therefore fewer sources of CCL4. 

A particularly interesting aspect of this chemokine involvement is that several 

novel treatments for atherosclerosis have used the system as targets. For example, 

in early disease studies and by  using a wide-range CC-type (for a full description 

of chemokine and chemokine-receptor classification and nomenclature, see 

(Bachelerie et al. 2014)), it was observed that chemokine inhibiting protein, 35K, 

(Bursill et al. 2004) was able to reduce atherosclerosis in mice. In recent years, 

the research has narrowed to individual chemokines and their receptors. For 

example, treatment with a pharmacological small-molecule inhibition of C-C-

chemokine receptor 2 (CCR2) was found to reduce the macrophage content of 

atherosclerotic plaques (Olzinski et al. 2010). Furthermore, a monocyte-targeting 

nanoparticle that carries an antisense-RNA to CCR2 has been able to reduce 

atherosclerotic burden in mice (Leuschner et al. 2011). Similar effects have been 

seen with CX3C chemokine receptor 1 (CX3CR1) inhibition (Poupel et al. 2013). 

        CCL3 is known to bind with CCR1 and CCR5, and CCL4 with the same 

receptors but also CCR3 (Bachelerie et al. 2014). These receptors are widely 

expressed in many inflammatory cells and their expression in CAVD surely 

warrants further study. If the present results are confirmed, inhibition of CCR1 

and CCR5 may be an attractive option for the treatment of CAVD. 
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Fig. 8. Chemokine localization in aortic valves. A: CCL4 is expressed in macrophages. 

In this area, there is a strand of subendothelial macrophages as well as some 

scattered macrophages (arrows), in which the co-localization of CCL4 and CD68 is 

seen. A detailed image of a single macrophage is shown in the inset. B: CCL3 is 

expressed in some macrophages (arrow) and CD68-negative spindle cells (double 

arrows). A detailed image of a single macrophage is shown in the inset. C: α-SMA-

positive VICs (myofibroblasts). Some of these co-express CCL3 (arrows). 
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4.4 Potential miRNA regulation of CCL4 (I) 

Further experiments were conducted explore the molecular regulation of 

chemokines, by investigating if some of the microRNAs found to be upregulated 

in CAVD would target CCL3 or CCL4. A miRNA-target prediction software was 

exploited: it seemed that CCL4 could indeed be targeted by miRNA-125b (Figure 

9A). When human THP-1 macrophages were transfected with miRNA-125b, 

CCL4 protein expression was significantly downregulated as measured by ELISA 

(Figure 9B). However, these results should be considered as only preliminary and 

need to be confirmed. A more robust way of interpreting miRNA regulation of a 

given target requires cloning the target gene into a luciferase construct and 

measuring its expression (Jin et al. 2013). 

Fig. 9. Potential regulation of CCL4 by miRNA-125b. A) Bioinformatic prediction of 

CCL4 mRNA untranslated region and miRNA-125b sequences. B) Transfection of THP-

1 macrophages by miRNA-125b significantly downregulates CCL4 protein expression 

While the putative regulation of CCL4 by miRNA-125b expands its potential role 

in CAVD from its previously reviewed role in fibrosis, many questions remain 

unanswered. It is hoped that further studies will provide a more precise location 

of miR-125b expression. Is it in macrophages, VICs or perhaps both cell types? 

Are the regulatory roles the same in both? A concomitant upregulation of CCL4 

and miRNA-125b was detected. If the experimental work on direct regulation is 

correct, this cannot take place within the same cells. However, this would only be 

valid in the now ‘canonical’ paradigm of miRNA-mediated downregulation. 
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Recent studies have also revealed several ‘non-canonical’ modes of miRNA-

regulation (reviewed in Cipolla 2014). For example, it has been shown that under 

certain conditions, miRNAs can also upregulate their targets (Vasudevan et al. 

2007). This would certainly explain their simultaneous upregulation, although this 

phenomenon was not observed in THP-1 cells. MiRNAs are known to interact 

with the epigenetic regulation of cells (reviewed in Iorio et al. 2010) and while 

the epigenetic status of a cell can vary greatly depending on its environment and 

cell cycle, it is then possible that also the effects of miRNA may vary. For 

example, there may be substantial differences in the epigenetic status of 

inflammatory cells in vitro compared to the situation in tissues. Another 

explanation for these results is that the concomitant upregulation of both CCL4 

and its putative regulator miRNA-125b takes place in different cell types. The 

upregulation could theoretically take place in VICs, where it can be a critical 

inducer of fibrosis (Nagpal et al. 2015). Simultaneously, macrophages in the 

valve could be expressing CCL4 as a part of their normal inflammatory response. 

An overall inflammatory status of the valve is likely to upregulate several 

networks of proteins. MiR-125b probably has other targets that may affect CCL4 

through indirect pathways even within the same network. The present results 

provide ample ground for further studies. In addition, the work on chemokines 

and their miRNA regulation is advancing rapidly in the field of atherosclerosis 

research. For example, CCL2 CXCL1 and CXCL12 have been shown to be 

regulated by miRNAs -155, -181b and -126, respectively (reviewed in Hartmann 

et al. 2015). 

4.5 Expression of granzymes in CAVD (II) 

One of the most upregulated (albeit not in top-10) genes in our array was 

Granzyme B (GrB). It is a serine protease enzyme that is produced mainly by 

cytotoxic T-lymphocytes and natural killer (NK) cells which are able to transfer 

GrB into their target cells, such as virally infected or cancerous cells. Once inside 

the target cytoplasm, GrB induces apoptosis by both caspase-dependent and –

independent pathways. However, GrB is able to function also in an extracellular 

space where it cleaves several ECM components, such as biglycan and decorin. 

This enables many inflammation-related processes, such as migration and 

detachment of cells, release of ECM-bound cytokines and induction of anoikis 

(GrB biology is thoroughly reviewed in Lord et al. 2003; Kurschus & Jenne 

2010; Rousalova & Krepela 2010; Hiebert & Granville 2012). Granzymes have 
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also been implicated as contributing factors in the destabilization process of 

atherosclerotic plaques (reviewed in Lindstedt & Kovanen 2004; Chamberlain & 

Granville 2007). It was decided to investigate the mRNA expression of GrB but 

also perforin (PRF), granzyme A (GrA), granzyme H (GrH), granzyme K (GrK) 

and granzyme M (GrM) in CAVD (Figure 10). 
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Fig. 10. Granzyme mRNA expression in human aortic valves. Results are expressed as 

the ratio of granzyme mRNA to 18S as determined by qRT-PCR analysis. Results are 

mean ± SD. Ctrl indicates control group (n=6); AS, aortic stenosis group (n=20). The 

P-values are from ANCOVA-model. ***P<0.001 vs. Ctrl group. 
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The array result of an upregulated GrB was confirmed and in addition, 

statistically significant upregulations of GrA, GrH and GrK were detected. Next, 

the localization of these granzymes was studied (Fig 11.) using 

immunohistochemistry. GrA positive staining was found in mast cells and in 

lymphocytes in AS valves (Fig 11A). GrH positivity in calcified aortic valves was 

detected in mast cells but not in lymphocytes whereas GrK positivity was 

localized in lymphocytes but not in mast cells (Figures 11B and 11C). 

Fig. 11. Granzyme localization in stenotic human aortic valves. Representative light 

photomicrographs showing immunostaining for granzyme A (A), granzyme H (B) and 

granzyme K (C). Sections are stained with the corresponding specific granzyme A, H 

or K antibody. Granzyme A positivity is seen in mast cells (arrows) and lymphocytes 

(double arrows) in stenotic aortic valves (A), granzyme H positivity is seen in mast 

cells (arrows) but not in lymphocytes  in stenotic aortic valves (B) and granzyme K 

positivity is detected in lymphocytes but not in mast cells in stenotic aortic valves (C). 

All the figures are from the same area of a stenotic valve. The scale bars correspond 

to 100 μm. 

Since granzyme expression was evident, it was deemed interesting to investigate 

the expression of PRF, which is a significant cofactor of GrB activity. Early 

studies have suggested that PRF is a structural protein that forms a pore through 

the T- or NK-targeted cell membrane, enabling the infiltration of GrB through the 

membrane. However, later studies have demonstrated that PRF may actually 

translocate inside the target cells along with GrB. Furthermore, the ECM-

degrading effect of GrB is believed to be PRF-independent (for full reviews of 

PRF biology, see (Zhou 2010; Voskoboinik et al. 2010; Voskoboinik et al. 2015). 

A significant upregulation of PRF mRNA was detected (Figure 12A) as was its 

localization to endothelial cells of neovessels (Figure 12B). 
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Fig. 12. Perforin expression and localization in human aortic valves. A, Perforin mRNA 

expression in normal and stenotic valves. B, Representative immunohistochemical 

images demonstrating perforin expression in the endothelium of blood vessels in this 

area. Inflammatory cells are negative. C, Mast cells are visualized by their purple 

cytoplasm in Giemsa staining (arrows). D, Most lymphocytes in this area are CD8-

positive cytotoxic T cells (dash arrows). All of the figures are from the same area of a 

stenotic valve as in figure 3. The scale bars correspond to 100 μm. Ctrl; control, AS; 

aortic stenosis 

The upregulation of a wide range of granzymes in CAVD raises many interesting 

questions on their potential pathological contributions. The best characterized is 

GrB which may indeed be another critical ECM degrading enzyme along with 

MMPs and cathepsin (described in more detail in the literature review). However, 

GrB may possess a more novel role in T- and NK-cell mediated apoptosis. 

Investigations that have profiled the T-cell population in CAVD have concluded 

that these cells are most often localized around areas of neovascularization and 

calcification (Wu et al. 2007; Winchester et al. 2011). According to Wu et al. 

(2007) most T-cells in the valve are clonally expanded rather than nonspecific and 

this suggests that they indeed have an active role in disease pathology. It is 

possible that these T-cells are working to clear the tissue of dysregulated cells, in 
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this case, neoangiogenic and pro-calcific VICs. GrB may be an important tool for 

investigating the task. 

In addition to T-cells, it should be emphasized that granzymes are also 

secreted by macrophages and mast cells under various inflammatory conditions. 

For example, GrB is expressed by macrophages in patients suffering from 

atherosclerosis and rheumatoid arthritis (Kim et al. 2007). It is also produced by 

mast cells (Strik et al. 2007; Pardo et al. 2007) but these results have not been 

confirmed. Mast cells are also able to produce GrH (Rönnberg et al. 2014), which 

is consistent with the present data (Figure 11A). This also supports the results of 

Helske et al. (2006) and Syväranta et al. (2012) who claimed that mast cells have 

an important role in CAVD pathobiology.  

Little is known about other members of the granzyme family. It seems that at 

least GrH, GrK and GrM are also able to induce apoptosis similar to GrB but their 

exact molecular mechanisms remain unknown. GrA is also able to degrade ECM 

proteins in a similar manner to GrB (Granzyme family reviewed in Bovenschen & 

Kummer 2010; Ewen et al. 2012). Much like MMPs and cathepsin, granzymes 

also have their own inhibitors to balance their ECM-degrading effect. In the case 

of GrB, the inhibitor is proteinase inhibitor 9 (PI9, also known as Serpin B9; 

GrB-PI9 regulation is reviewed in Kaiserman & Bird 2010). Interestingly, GrM is 

able to degrade PI9, making it a pro-ECM-degrading enzyme as well, only via an 

indirect mechanism (Mahrus et al. 2004). No statistically significant upregulation 

of GrM was detected in the present experiments. Further studies should 

investigate whether this has an effect on PI9 expression in diseased valves. For 

example, it would be important to determine if the areas of PI9 expression match 

those of GrB. Is the expression related disproportionately to angiogenesis, 

calcification, inflammation or all of them equally? 

4.6 Proteomic profiling of CAVD (III) 

In addition to transcriptomic and miRNA-profiling of CAVD, a 2-dimensional 

difference gel electrophoresis (2D-DIGE) was performed to analyze the 

proteomic changes associated with CAVD. The comparison of control (n=5) and 

calcified (n=7) aortic valves revealed altogether 15 changed spots which passed 

the selection criteria (change: ≥ 1.5-fold, p ≤ 0.05). Representative 2D-DIGE gel 

and highlights are shown in Figure 13. 
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Fig. 13. CAVD-related proteomic changes in human aortic valves. A) Representative 2-

D gel of calcified aortic valve is shown. Proteins (50 µg) were labelled with minimal 

DIGE and separated by IEF (pH3-10 NL) and SDS-PAGE. B) The positions of the 

changed spots as well as the expression profiles indicating the detected protein levels 

in control (C) and stenotic (AS) aortic valves are indicated. 
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Next, mass spectrometry was used to identify seven proteins out of the 12 

spots (Table 3); these were found to represent upregulation of complement 9 (C9), 

serum amyloid P-component (APCS) and transgelin (TAGLN) as well as 

downregulation of heat shock protein HSP90 alpha/beta (HSP90AA1/AB1), 

protein disulfide isomerase A3 (PDIA3), annexin A2 (ANXA2) and galectin-1 

(LGALS1) upon calcification (Figure 13, Table 3). 

The analysis revealed several intriguing proteomic changes that can serve as 

starting points for future research. For example, HSP90 is a member of a very 

large heat-shock protein family. It is a molecular chaperone that mediates an ATP-

dependent folding of its target proteins. HSP90-targets are involved in a wide 

variety of cellular processes, ranging from intracellular transportation to signal 

transduction (for general reviews on HSP90 biology, see (Picard 2002; Zhao & 

Houry 2005; Li & Buchner 2013). Interestingly, several HSP family members are 

also involved in atherosclerosis (reviewed in (Lu & Kakkar 2010)). 

The mass-spectrometric analysis identified that the downregulated HSP90 

isoform was HSP90AA1/AB1. HSP90 has two main isoforms, HSP90α 

(HSP90AA1) and HSP90β. The first is induced by cellular stress while the latter 

is constitutively expressed (as reviewed in Li & Buchner (2013), Picard (2002), 

Zhao & Houry (2005)). HSP90α was unsuccessfully identified with a specific 

antibody in a western blot but a distinct downregulation of HSP90 could be 

detected when using the HSP90β-antibody, (Figure 14). 

Fig. 14. Downregulation of HSP90β in stenotic valves (AS, n = 6), when compared to 

control group (aortic insufficiency, AI, n = 6).  
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Table 3. Calcification-dependent proteomic changes in human aortic valve. Spot 
numbers according to Fig. 13 and descriptions as well as UniProt-Accession numbers 
for the identified spots are shown. Spots with a similar molecular weight but a 
different charge belonging to the same protein (“spot trains”) are clustered. 

Spot Protein 
UniProt-

KB 
Description 

Comparison 

C vs AS† Theoretical 

pI/MW 

(kDa)‡ 

Protein identification§ 

Ratio t-Test 

Score 

(MS, 

MSMS) 

SC (P) 

(MS, 

MSMS) 

1 HSP90AA1/ 

AB1 

P07900/ 

P08238 

Heat shock 

protein HSP 

90-alpha/beta 

-2,05 0,0219 AA1: 1: 

4.94/84.7, 2: 

5.07/98.2 

113.0, - 39(18),- 

AB1: 

4.96/83.3 

2 C9 P02748 Complement 

9 

1,74 0,0142 5.43/ 63.2 

(5.42/60.9) 

83.2, - 21(14),- 

3 1,68 0,0161 (C9a: 

4.59/27.8) 

88.5, - 18(13),- 

4 1,55 0,0175 (C9b: 

8.63/33.2) 

-, 72.9 -, 5(2) 

6 PDIA3 P30101 Protein 

disulfide-

isomerase A3 

-3,35 0,0158 5.9856.8 

(5.61/54.3) 

162.0,- 46.8(21),- 

8 ANXA2 P07355 Annexin A2 -2,22 0,0121 1: 7.57/38.6 

(7.56/38.5) 

71.1,- 21(5),- 

9 -2,95 0,019 2: 8.53/40.4 

(8.54/40.3) 

199*,- 33(13),- 

10 APCS P02743 Serum 

amyloid P-

component 

2,26 0,0139 6.10/25.4 

(6.12/23.3) 

75*, - 20(4),- 

11 1,59 0,0393 80*,- 20(5),- 

12 1,51 0,0464 82*,- 25(5),- 

13 TAGLN Q01995 Transgelin 3,45 0,0319 8.87/22.6 

(8.88/ 22.5) 

176.00,- 76(27),- 

15 LGALS1 P09382 Galectin-1 -2,19 0,0123 5.30/14.7 

(5.30/14.6) 

92.4, 64.8 57(7), 
44(2) 

†The ratio represents the change in the mean normalized volumes. Statistical significance is assessed 

with the T-test (p>0.05). Ratio and Tt-test values of the unidentified spots were as follows: spot 5 (-2.60, 

0.0200), spot 7 (-2.91, 0.0311) and spot 14 (-2.12, 0.0159). ‡The theoretical expected spot position in the 

gel according to the full or matured (in brackets) protein sequence is shown. If the protein exists in 

different isoforms, the specific number of the isoform is likewise indicated. §The protein identification 

shows the MS and/or MSMS scores based on analysis with the UltrafleXtreme MALDI TOF/TOF 

instrument or measurements with the VOYAGER-DETM STR(*). In addition, the sequence coverage (SC) 

and number of matched peptides (P) are shown. C; control, MW; molecular weight, AS; aortic stenosis 
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The specific isoform of HSP90 isoform expression should be clarified as well as 

its exact localization in different cell types. 

In addition, other results from this proteomic analysis can serve as important 

hypothesis-generating discoveries that may lead to a better understanding of 

CAVD progression. For example, the upregulation of C9 supports the data 

reported by Helske et al. (2008) who were the first group to show an upregulation 

of the complement system in CAVD. The upregulation of APCS is also extremely 

intriguing. It is a member of the pentraxin-family of proteins produced by the 

liver in response to IL-6 signaling. APCS is involved in amyloidosis but also in 

several cardiovascular pathologies (reviewed in Norata et al. 2010; Xi et al. 2015; 

Vilahur & Badimon 2015). Involvement of this protein in CAVD opens up 

completely new avenues of further research. 
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5 Summary and Conclusions 

This study was conducted to profile the transcriptomic, miRNA and proteomic 

changes in CAVD. Another goal was to identify potentially important individual 

molecules for further analysis. The main conclusions are as follows: 

1. CAVD is characterized by a vast array of transcriptomic changes. Genes 

involved in inflammation were some of the most upregulated genes – 

particularly in the earlier stages of the disease. Two chemokines, CCL3 and 

CCL4, were chosen for further evaluation. These agents act as 

chemoattractant proteins that mediate inflammation by attracting new 

inflammatory cells to the damaged tissue. Inhibition of this signaling has 

been shown to be an intriguing treatment option for atherosclerotic and other 

inflammatory diseases. In CAVD, chemokine expression was mostly located 

in macrophages; however, it seems that some VICs may also express CCL3. 

In addition, several members of the granzyme family were upregulated. 

They have a role both in ECM remodeling as well as in the induction of 

apoptosis in certain cell types. In CAVD, the precise mechanistic role of 

granzymes remains to be fully elucidated. It is likely that they are a 

contributing factor in valvular ECM remodeling, supplementing the effects of 

the previously characterized MMPs and cathepsin. It is also possible that a 

granzyme-mediated targeted apoptosis takes place in the disease, which is 

potentially an important immunogenic aspect of CAVD. 

2. There are also several miRNA-changes that occur in CAVD. It is especially 

noteworthy that the upregulation of miR-125b may also regulate chemokine 

CCL4. This novel role of miR-125b adds to the previous literature 

highlighting the fact that it is also an important contributor of fibrosis, 

making it possibly a multifactorial miRNA-regulator of CAVD. However, 

these present results will also require validation and more detailed analyses. 

The exact location of miR-125b expression and potential non-canonical 

regulatory pathways will need to be explored in further studies. 

3. The proteomic changes observed in CAVD also reveal several alterations that 

warrant further study.  The putative downregulation of HSP90 is particularly 

noteworthy as it is a key chaperone regulating a vast number of downstream 

proteins. By clarifying these pathways, novel mechanisms for CAVD may be 

revealed. The upregulation of ASCP indicates that the complement system is 

activated in CAVD, as previously described. However, it also implies that the 
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accumulation of amyloid protein in the diseased valves is a completely novel 

pathogenic feature of CAVD. 
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