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Abstract
Calcific aortic valve disease (CAVD) represents a disease spectrum, ranging from mild aortic
valve sclerosis to severe obstructive aortic stenosis (AS), associated with a high risk of myocardial
infarction and cardiovascular death. It is a common disease in the Western countries, and with
their aging populations, its prevalence is likely to increase.
Today, CAVD is recognized as an actively regulated disease. Mechanical stress and
endothelial injury are the initiating factors, followed by lipid accumulation and oxidation, leading
to inflammation, fibrosis and calcification. Ultimately, the progressive calcification hinders the
normal valvular function and obstructs the flow of blood through the valve. The only effective
treatment for symptomatic AS is aortic valve replacement. The trials with pharmacological
treatments, mainly with anti-atherosclerotic drugs, have not been successful in slowing the
progression of the disease.
This study was aimed to identify differentially expressed transcripts, and molecular markers
taking part in the pathophysiology behind CAVD. In particular, factors related to the reninangiotensin system, and the apelin – APJ pathway, were investigated during the development of
CAVD. In addition, the expressions of granzymes and perforin, as well as podoplanin, were
studied in different stages of CAVD.
It was demonstrated that these molecules are expressed in aortic valves and dysregulated in AS.
These results can help to clarify the mechanisms driving CAVD, thus being potential targets for
pharmacological therapy. Furthermore, the studied molecules may reflect the stage and possible
subgroups of CAVD.

Keywords: aortic stenosis, aortic valve, apelin, calcific aortic valve disease, CAVD,
granzyme, histology, pathogenesis, podoplanin, renin

Näpänkangas, Juha, Aorttaläpän ahtauman patogeneesi.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta; Itä-Suomen
yliopisto; Oulun yliopistollinen sairaala
Acta Univ. Oul. D 1531, 2019
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Aorttaläpän ahtauma edustaa tautijatkumoa, joka alkaa lievästä aorttaläpän paksuuntumisesta eli
aorttaskleroosista ja jatkuu vaikeaan aorttaläpän kalkkeutuneeseen ahtaumaan eli aorttastenoosiin, johon liittyy korkea sydäninfarktin ja sydän- ja verisuonitatutiperäisen kuoleman riski.
Aorttaläpän ahtauma on yleinen tauti länsimaissa, ja väestön ikääntyessä sen esiintyvyys on
luultavimmin lisääntymässä.
Nykyään aorttaläpän ahtauman tiedetään olevan aktiivisesti säädelty tauti. Mekaaninen rasitus ja endoteelivaurio käynnistävät tautiprosessin, läppäkudokseen kertyy lipidejä ja ne hapettuvat, mikä johtaa tulehdukseen, sidekudoksen lisääntymiseen ja kalkkeutumiseen. Lopulta etenevä kalkkeutuminen heikentää läpän normaalia toimintaa ja estää veren normaalia virtausta sydämestä aorttaan. Ainoa tehokas hoito oireiseen aorttastenoosiin on aorttaläpän korvausleikkaus.
Lääkehoitoina on kokeiltu erityisesti ateroskleroosin hoitoon käytettäviä lääkkeitä, mutta niillä
ei ole onnistuttu estämään taudin etenemistä.
Tässä väitöskirjatyössä tutkittiin molekyylejä ja biokemiallisia reittejä, jotka liittyvät reniiniangiotensiinijärjestelmään ja apeliini-APJ-reittiin. Lisäksi tutkittiin grantsyymien ja perforiinin
sekä podoplaniinin ilmentymistä aorttaläpän ahtauman eri kehitysvaiheissa.
Tulosten perusteella näitä tekijöitä ilmennetään aorttaläpässä ja niiden määrä on muuttunut
kalkkeutuneessa läpässä. Tulokset auttavat osaltaan ymmärtämään aorttaläpän ahtaumaan ja
kalkkeutumiseen johtavia mekanismeja, joita voidaan hyödyntää uusia lääkehoidon kohteita
suunniteltaessa. Tutkitut molekulaariset tekijät voivat kuvastaa aortan ahtaumataudin vaiheita ja
mahdollisia alaryhmiä.

Asiasanat: aorttaläppä, aorttaläpän ahtauma, aorttastenoosi, apeliini, grantsyymi,
histologia, patogeneesi, podoplaniini, reniini

To Emma, Maija, Otto, and Ulla
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1

Introduction

The aortic valve is an avascular, normally trileaflet outflow valve for the left
ventricle, attached to the root of aorta (Berry & Billingham, 2007). In addition to
its seemingly simple function of ensuring a unidirectional blood flow from heart to
aorta, it must adapt to changing circumstances and optimize blood flow to the
coronaries, guaranteeing the flow of oxygen and nutrients to cardiac myocytes
(Chester et al., 2014).
Calcific aortic valve disease (CAVD) is by far the most prevalent form of aortic
valve obstruction (Lindman et al., 2016). It was historically considered a
degenerative process, but nowadays it is appreciated as an actively regulated,
progressive process (Rajamannan et al., 2011). Its most important risk factor,
particularly in younger age groups, is a bicuspid aortic valve (BAV) (Coffey, Cairns,
& Iung, 2016; William C Roberts & Ko, 2005), which emphasizes the role of
anatomic defects as a major contributing factor as the initiator of the disease. Most
of the other known risk factors (male sex, increasing age, hypertension, smoking,
increased serum lipoprotein(a) (Lp(a)) concentration, dyslipidemia, diabetes,
obesity, renal failure, and chronic obstructive pulmonary artery disease) are shared
with atherosclerosis (Owens et al., 2010; Stewart et al., 1997; Yan et al., 2017).
The altered shear stress on the aortic side of the valve causes an injury and
dysfunction of the endothelial cells which cover the valve, making the endothelium
permeable to lipids (reviewed in (Chatzizisis et al., 2007)), which eventually
become oxidized (Bochkov et al., 2010). Endothelial dysfunction, oxidized lipid
accumulation, and the simultaneous production of reactive oxygen species (ROS)
promote inflammation (Bouchareb et al., 2015), which induces remodeling of the
extracellular matrix (ECM) (Fondard et al., 2005). For example, the amount of
connective tissue is increased, and the valve becomes thickened. Ultimately,
calcification-promoting pathways are activated, and calcifications start to
accumulate (Dweck et al., 2013).
These initial events are evident in atherosclerosis, as well. However, in CAVD,
some of the patients proceed to a progressive phase where calcification promotes
additional calcification (for review, see (Peeters et al., 2017)), and even chondroid
and bone tissue may be produced in the valve (Mohler et al., 2001). This extensive
calcification differentiates CAVD from atherosclerosis. The extremely thickened
and calcified valve loses its normal function and blood flow becomes obstructed
which leads to systemic problems: left ventricular hypertrophy, heart failure, and
ultimately death, if untreated (Levy, Garrison, Savage, Kannel, & Castelli, 1990;
19

Lorell & Carabello, 2000). To date, only aortic valve replacement (AVR) has been
found to be effective (Lindman, Bonow, & Otto, 2013) while pharmacological
treatment trials with antiatherosclerotic drugs have been ineffective (Borer &
Sharma, 2015), possibly due to the fact that they would theoretically act only in the
early phases of the disease, and not in the progressive calcification phase.
The aim of this work has been to identify differentially expressed genes and
molecular markers that could help to understand the pathophysiology of CAVD,
and perhaps inspire the members of the investigative pathology community to
consider valve pathobiology as an exciting new frontier – a hope that has been
shared by other researchers (Liu, Joag, & Gotlieb, 2007). For instance, do the
changes in neovasculature and podoplanin expression in heavily calcified valves
represent simply a different stage or are they actually reflecting a different etiology
of the disease? Moreover, it is important to learn more about the pathogenesis of
CAVD since this could enable earlier identification of those patients in need of a
medical treatment and possibly help to find new targets for pharmacological
intervention.

20

2

Review of the literature

2.1

Normal aortic valve

2.1.1 Anatomy
Overview
The aortic valve is one of two semilunar heart valves, the other being the pulmonary
valve. It is located at the root of aorta and normally has three very thin, translucent
cusps or leaflets attaching themselves by a semicircular border (called the annulus)
to the aortic ring (Berry & Billingham, 2007). The coronary vessels have their
openings, or ostia, near the annulus. Here the aortic root bulges outwards forming,
together with the cusps, pockets called the sinuses of Valsalva (Schoen, 2008). The
lateral attachment sites between the cusps are called commissures. The
circumference of the valve is normally between 5.7 and 7.9 cm in women, and 6.0
and 7.4 cm in men. The average thickness of the so-called nodulus (of Arantius, the
thickest part of the valve) at the valve tip is 0.87 mm at the age of 20 to 59 years
and it does not correlate with height, weight, heart weight or body surface area
(Sahasakul, Edwards, Naessens, & Tajik, 1988).
The aortic valve lacks the chordae tendineae that the atrioventricular valves
have for support, but there are comparable, supportive connective tissue structures
in the aortic root and valve hinges (Hinton et al., 2008; Hinton et al., 2006).
Valvular endothelial cells
As in all parts of the vasculature in body, the aortic valve is covered by one layer
of endothelial cells (ECs), named here valvular endothelial cells (VECs). They have
a unique phenotype compared to the vascular ECs: isolated porcine VECs
responded to mechanical forces by aligning perpendicularly to flow while vascular
ECs aligned in parallel to the flow in the study conducted by Butcher and coworkers (2004). The alignment of VECs seems to be dependent on Rho kinase
(ROCK) signaling, whereas both ROCK and phosphatidylinositol 3 kinase signal
pathways were able to influence the alignment in vascular ECs.
While blood flow and thus the shear stress directed to VECs differ on different
sides of the aortic valve, there are also differences in morphology. The ventricular
21

side VECs are flat and elongated, but on the aortic side they are cuboidal, which
can be seen already during early development, e.g. at week 4 of gestation
(Monaghan et al., 2016). Furthermore, they differ in their genetic profile: as many
as 584 genes have been shown to be differentially expressed on different sides of
adult porcine aortic valves (Simmons, Grant, Manduchi, & Davies, 2005).
Interestingly, many inhibitors of cardiovascular calcification are significantly less
extensively expressed by the VECs on the aortic side, and this becomes more
pronounced in CAVD (reviewed in the chapter 2.5.7).
Extracellular matrix and its composition in different layers
Under the endothelial lining, all of the heart valves are divided into three distinct
layers, which in the aortic valve are called fibrosa (on the aortic side), spongiosa
(in the middle) and ventricularis (Berry & Billingham, 2007). They consist mostly
of ECM, which has distinctive compositions in different layers. The fibrosa is dense
and contains an abundance of collagen. It is continuous with valvular supporting
structures, providing the primary strength component (Schoen, 2008). There are
also some fibroblasts and fine elastic fibers present in this layer. The spongiosa, as
the name implies, is loose connective tissue forming the central core of the valve,
rich in glycosaminoglycans (Schoen, 1997). In contrast to fibrosa and ventricularis,
it is most extensively developed in the basal third of the cusp and does not extend
to the free edge of the valve (Berry & Billingham, 2007). The ventricularis is the
lowest layer, with an abundance of elastin fibers and thus providing the stretching
capabilities of the valve needed during its normal function. Figure 1 presents a
histological picture of a normal aortic valve.
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Fig. 1. A histological picture of a normal aortic valve (HE staining). VEC: valvular
endothelial cell. Scale bar depicts 100 μm.

Valve interstitial cells
The cells surrounded by the ECM are called valve interstitial cells (VICs), the most
abundant cell type in the heart valves (Schoen, 2008). The VIC density is highest
in the ventricularis (Hinton et al., 2006). Up to 90% of the VICs in healthy adults
exhibit a vimentin-positive and alpha smooth muscle actin (α-SMA)-negative,
quiescent fibroblast-like phenotype while only a very small number of them coexpress α-SMA and vimentin, representing an active myofibroblastic
differentiation (Rabkin-Aikawa, Farber, Aikawa, & Schoen, 2004). Interestingly,
the proportion of myofibroblastic VICs increased in response to different
environmental stimuli (altered mechanical load, injury or genetic disorder). To
some extent, this seems to be a reversible change in pulmonary autografts and
tissue-engineered valves indicating that VICs possess an ability to remodel the
ECM by secreting proteolytic enzymes (e.g. matrix metalloproteinases, MMPs),
according to dynamic functional need. This is also thought to be their normal
function: to mediate physiological ECM remodeling in response to the normal wear
and tear of aging (Dutta & Lincoln, 2018). It has been proposed that there are five
23

identifiable phenotypes of VICs: progenitor endothelial/mesenchymal cells
(present only in developing valves), quiescent VICs (qVICs), activated VICs
(aVICs), progenitor VICs (pVICs) and osteoblastic VICs (obVICs) (Liu et al.,
2007). The latter four are present in heart valve leaflets and pVICs seem to be
present also in bone marrow and circulation. It should be noted that many journal
articles refer to these cells as myofibroblasts (based on their α-SMA positivity) or
osteoblastic/osteogenic cells while the recent literature has mostly recognized the
concept of different VICs.
The qVICs are thought to maintain homeostasis of the ECM by regulating a
very low-grade matrix synthesis and degradation (Liu et al., 2007). However, this
is difficult to confirm, because in vivo measurements are complicated to perform
reliably, and cultured VICs tend to differentiate into aVICs (Hjortnaes, Camci-Unal,
et al., 2015).
Vasculature and innervation
A healthy human aortic valve is almost avascular: there are only a few scattered
blood vessels residing at the aortic interface or at the base of the valve cusp itself,
(Syväranta et al., 2010). This is possible since apart from its base, the cusp is so
thin that oxygen and nutrients can be transferred to the inner parts by diffusion. The
basal microvasculature has been shown to exist also in porcine aortic valve cusps
(Weind, Ellis, & Boughner, 2002).
Syväranta and co-workers (2012) found scattered lymphatic vessels in one of
the 20 control valves using lymphatic vessel endothelial hyaluronan receptor 1
(LYVE-1) and vascular endothelial growth factor receptor 3 (VEGFR-3) as
endothelial markers. Another study on the lymphatic vasculature of the heart
detected podoplanin-positive lymphatic vessels in the proximal parts, i.e. at the
base, of normal aortic valves (Kholová et al., 2011). The observed higher density
of lymphatic vessels might be partly due to the difference in sampling, since whole
hearts from autopsies were used.
It has been shown in porcine heart that the aortic root, including the aortic valve
cusps, is extensively innervated and capable of contracting in response to the
addition of potassium chloride (Chester, Kershaw, Sarathchandra, & Yacoub, 2008).
The nerves are located in the ventricularis (Marron et al., 1996). Furthermore, the
neuronal supply to the cusp tissue mediates a dilator response via a nitric oxide
(NO) dependent mechanism (Chester et al., 2008), which may be important for the
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regulation of normal valve function. A schematic presentation of normal aortic
valve anatomy is shown in figure 2.

Fig. 2. The anatomy of the aortic valve. The aortic valve is located at the aortic root,
between the left ventricle of the heart and the aorta. The blood flow is laminar on the
ventricular side of the valve but may become oscillatory on the aortic side. The aortic
valve is covered by VECs, which are columnar on the aortic side and long and elongated
on the ventricular side. The main structure is trilaminar. All of the layers consist mostly
of the ECM. The fibrosa is dense and contains collagen, and it is continuous with the
valvular

supporting

structures.

The

spongiosa

is

loose

and

contains

glycosaminoglycans. The ECM in the ventricularis has an abundance of elastin fibers.
The cells surrounded by ECM are VICs, the most abundant cell type in the heart valves.
ECM: extracellular matrix, VEC: valvular endothelial cell, VIC: valve interstitial cell.

2.1.2 Function
Traditionally, the aortic valve was considered to be a passive mechanical valve,
only opening and closing as a result of pressure changes. However, in addition to
the seemingly simple function of ensuring unidirectional blood flow from the left
ventricle to aorta, it must adapt to changing environmental circumstances and also
optimize blood flow to the coronaries, thus enabling flow of oxygen and nutrients
to cardiac myocytes. To achieve this, it needs both passive and active machinery,
sometimes referred to as passive and active dynamism (Chester et al., 2014).
The passive dynamism is a result of geometry, which is attributable to the
anatomical structures reviewed in chapter 2.1.1. The healthy cusps open with the
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least possible pressure against the contracting heart muscle during systole and form
a tight seal during heart diastole, preventing the regurgitation of blood back into
the left ventricle. This must happen more than 100 000 times a day, or 3 billion
times over an average human lifetime (Schoen, 2008), and any changes in normal
geometry, e.g. bicuspid valve, the most important developmental disorder of the
aortic valve (reviewed in the chapter 2.2.2), often lead to problems due to enhanced
mechanical stress and injury.
The concept of active dynamism refers to the valve apparatus’ active
responsiveness to the changing conditions during heart pumping cycle. It has been
shown that the structures in the aortic root go through a series of partly
asymmetrical conformational changes to prepare for the upcoming events and thus
improving hemodynamics and minimizing stress (Dagum et al., 1999). The
apparent ability of the valve to react to environmental changes through the nervous
system and tissue remodeling through ECM and VIC interactions are also
considered to be components of active dynamism.
Valve changes during aging
The human aortic valve undergoes morphological changes during aging in
adulthood. It is significantly thicker at the nodulus when people over 60 years of
age are compared with younger persons (Sahasakul et al., 1988). Aging valves also
show adipose cells interposed between the fibrosa and the ventricularis, while the
thickness and length of the spongiosa are decreased (Otto, Kuusisto, Reichenbach,
Gown, & O’Brien, 1994). Furthermore, both the aortic and pulmonary valves
exhibit a progressive age-related dilatation that is seen much less in the tricuspid
and mitral valves (Kitzman, Scholz, Hagen, Ilstrup, & Edwards, 1988).
Based on a study conducted on mouse aortic valves, the cells on the valve
surface, VECs, go through many changes as the individual grows older (Anstine,
Bobba, Ghadiali, & Lincoln, 2016): lower cell proliferation rates, attenuated NO
production, increased production of ROS, disorganized mitochondria, and reduced
cell membrane self-repair in response to a stretch-induced injury. Their density is
also reduced, correlating with the increased permeability in older valves.
Furthermore, the density of nerves is reduced in correlation with increased age
(Marron et al., 1996).
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2.2

Development and developmental disorders of aortic valve

2.2.1 Development
Heart valve development starts when the cardiac crescent forms at the cranial end
of the embryo during gastrulation. These tissues form the heart tube: an outer
muscular layer and an inner endothelial tube, and between them, an extensive ECM
(so-called cardiac jelly). Parts of the cardiac jelly expand into amorphous swellings
known as cardiac cushions; a subset of endothelial cells delaminate and invade the
cardiac jelly in a phenomenon called endothelial-mesenchymal transformation
(EndMT), a specialized form of epithelial-mesenchymal transformation (EMT)
(Wesseling, Sakkers, de Jager, Pasterkamp, & Goumans, 2018). This happens
during the first 4 weeks of development. (Armstrong & Bischoff, 2004; Combs &
Yutzey, 2009; Schroeder, Jackson, Lee, & Camenisch, 2003). Subsequently, the
cushions form so-called valve primordia that are a part of fibrous interventricular
septum. Afterwards, the cushions elongate and form the trilaminar ECM structure,
becoming the thin valve leaflets (20 to 39 weeks of gestation).
As opposed to a normal adult human valve, most of the VICs in fetal aortic
valve co-express α-SMA, vimentin, MMPs and SMemb (a nonmuscle myosin
produced by activated mesenchymal cells), thus being of the activated
myofibroblastic type (Rabkin-Aikawa et al., 2004). As mentioned before, Liu and
co-workers
(2007) called these VICs as embryonic progenitor
endothelial/mesenchymal cells, which later give rise to qVICs.
Many signaling pathways for the regulation of the aortic valve development
are recognized (reviewed in Combs and Yutzey (2009)). Some of the main
pathways regulating the endocardial cushion formation and EndMT are TGF-β
(including bone morphogenic proteins, i.e. BMPs, that are part of the TGF-β
superfamily) and NOTCH1; TGF-β and BMPs play also their part in the regulation
of the growth of endocardial cushions and valve primordia. Nuclear factor of
activated T cells cytoplasmic 1 (NFATC1), is activated by VEGF and it promotes
endothelial cell proliferation. Recently, it has been shown to contribute in EndMT
regulation (Monaghan et al., 2016). NOTCH1, BMP-2 and Wnt are among the best
established signaling pathways taking part in the diversification of different cell
types in the late valvulogenesis, needed for the development of different layers in
the valve (Combs & Yutzey, 2009).
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2.2.2 Bicuspid aortic valve
A bicuspid aortic valve (BAV) was first described by Leonardo da Vinci over 400
years ago (Braverman et al., 2005). It is the most common congenital heart defect,
with a 1.37% annual birth prevalence in the United States (Mozaffarian et al., 2016).
In another study, BAV was found in 0.5% of apparently healthy and asymptomatic
primary school students, with a higher prevalence in males than females (0.75% vs.
0.24%, i.e. 3:1) (Basso et al., 2004). There is no published data of its prevalence in
Finland. The heritability of BAV is up to 89% indicating that the disease is almost
entirely genetically determined (Cripe, Andelfinger, Martin, Shooner, & Benson,
2004). It has an autosomal dominant mode of transmission with reduced penetrance
and variable expressivity, but the genes linked to the defect remain largely unknown
(Laforest & Nemer, 2012). A review by Giusti and co-workers (2017) listed known
genetic loci associated with BAV. Interestingly, mutations in NOTCH1, which play
a role in valvulogenesis, have been reported to be associated with BAV in some
families (Garg et al., 2005). In most cases, BAV presents itself as an isolated disease,
but it can also be associated with many other genetic syndromes like Turner
syndrome, Marfan syndrome, Ehlers-Danlos syndrome (Giusti et al., 2017) and
Down syndrome (Bassareo, Hasan, Bonvicini, & Mercuro, 2015), to name but a
few. In a retrospective study of 1037 patients under 22 years of age diagnosed with
BAV in Mayo clinic, 18% had a coexisting genetic syndrome or disorder (Niaz et
al., 2018).
The late valvulogenesis is characterized by spatiotemporal coordination of
ECM organization and VIC compartmentalization, and the developmental
programs underlying the cusp remodeling and contributing to valve growth and
maintenance in postnatal life are disrupted in BAV (Hinton et al., 2006). Congenital
BAVs have two functional leaflets, usually of unequal size, with the larger leaflet
often having a midline raphe, resulting from incomplete commissural separation
during development (Mathieu et al., 2016). The most frequent BAV subtype is the
fusion of the right and left coronary leaflets (59% of BAV).
The pathophysiology of CAVD in BAVs is comparable to that in
macroscopically normal valves, the differences are discussed in the chapter 2.5.9.
In short, the anatomical differences in BAV cause an abnormal blood flow pattern
leading to reduced shear stress and higher mechanical tissue stress, which in turn
evoke fibrosis and calcification at a younger age than is the case in CAVD patients
with tricuspid aortic valves (TAVs) (Dweck, Boon, & Newby, 2012).
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BAV often remains asymptomatic for a long time and it is most usually
diagnosed in adulthood with the onset of aortic valvular dysfunction, ascending
aortic dilation (Michelena et al., 2008) or endocarditis (Kiyota et al., 2017). BAV
is also present in more than 50% of the patients with aortic coarctation (RoosHesselink, 2003). BAV patients have cardiovascular events and need
cardiovascular surgery at a younger age than the general population, the mean age
at surgery is slightly under 50 years (Michelena et al., 2008). In addition, they have
an increased risk of aortic aneurysm and a five- to nine-fold greater risk of aortic
dissection (Boudoulas et al., 2015; Roberts, Roberts, & Bethesda, 1991). BAV
patients also have more often aortic dilatation than patients with TAVs before valve
replacement operation (Regeer et al., 2016).
2.2.3 Other developmental disorders of the aortic valve
Unicuspid aortic valve
When the valve development fails in producing separate cusps, it results in either a
single slit-like opening (unicommissural) or a central or eccentric pinhole-like
opening (acommissural), which is called a unicuspid aortic valve (UAV). There are
two systematic reviews on pediatric (Mookadam, Thota, Lopez, Emani, & Tajik,
2010) and adult cases (Mookadam, Thota, Garcia-Lopez, et al., 2010) with
unicuspid aortic valves. They found a total of 48 articles and 657 cases of UAV, of
which 60 cases were pediatric. The pinhole-like acommissural valves tended to be
symptomatic at birth, while unicommissural UAVs had a less aggressive course.
UAV is the second most frequent aortic valve anomaly, but still very rare, with an
incidence of only about 0.02% among patients referred for echocardiography in
one clinic in the United States (Novaro, Mishra, & Griffin, 2003). UAV shares
many of the features of BAV, but the symptoms and complications tend to present
earlier than in BAV (Mookadam, Thota, Garcia-Lopez, et al., 2010). No familial
cases of UAV have been reported.
Quadricuspid aortic valve
A quadricuspid aortic valve (QAV) is an even more rare congenital anomaly with
an incidence of 0.00028-0.00033% in autopsy series (Cheema, 1990) and 0.00590.0065% for patients undergoing transthoracic echocardiographic examinations (M.
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Y. C. Tsang et al., 2016). QAV is predominantly regurgitant and very rarely purely
stenotic (S.-M. Yuan, 2016). Congenital heart defects are present in 18-32% of the
patients. The mechanisms of QAV development are not known.
Pentacuspid aortic valve
Pentacuspid aortic valve (PAV) is an extremely rare anomaly, with only less than
10 cases reported worldwide (Ozyilmaz, Akgul, Guzeltas, & Ozyilmaz, 2015). The
knowledge of the disease is naturally very limited, but it usually leads to severe
aortic regurgitation. In one case, the three non-coronary cusps seemed to originate
from a single cusp and were very hypoplastic, causing regurgitation (Kuroki,
Hirooka, & Ohnuki, 2012). The two coronary cusps appeared relatively normal.
Developmental disorders associated with genetic syndromes
Many genetic syndromes are associated with BAV, as mentioned before. Down
syndrome (trisomy 21), is the most common chromosomal abnormality associated
with congenital heart diseases. It mostly affects other parts of the heart, i.e. 40-50%
of Down syndrome patients suffer from cardiac abnormalities such as atrial septal
defect, ventricular defect, atrio-ventricular defect, tetralogy of Fallot, and patent
ductus arteriosus (Stoll, Alembik, Dott, & Roth, 1998). The knowledge of its
association with aortic valve defects is limited, but in a series of 54 Down syndrome
patients, one had BAV (Al-Jarallah, 2009), and there are two case reports of a Down
syndrome patient with a quadricuspid valve (Bassareo et al., 2015).
In Williams syndrome, there is a deletion of chromosome 7q11.23, which
includes the elastin gene (ELN), and its deficiency or abnormal deposition leads to
widespread cardiovascular abnormalities (S.-M. Yuan, 2017). The majority, 6172%, of the patients develop aortic stenosis, which is most often supravalvular, but
can be also valvular or subvalvular. About 3% have BAV.
Noonan syndrome is an autosomal dominant genetic disease with a mutation
of the protein tyrosine phosphatase nonreceptor type 11 gene (PTPN11) in almost
half of the cases. It mostly affects the right side of the heart, but there is a report of
severe aortic valvar stenosis in a familial Noonan syndrome with PTPN11 mutation
(Abadir, Edouard, & Julia, 2007) encoding tyrosine phosphatase SHP2, which
promotes Ras/mitogen-activated protein kinase activation and acts downstream of
epidermal growth factor (EGF) and other growth factor receptors (Fragale,
Tartaglia, Wu, & Gelb, 2004). Mice bearing activating SHP2 mutations have
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increased extracellular signal-regulated kinase (ERK) 1/2 activation and increased
proliferation of endocardial cushion/valve primordia cells, and this phenotype is
rescued by genetic deletion of Erk1, showing the potential of gene therapies for
treating these disorders (Krenz et al., 2008).
Hypoplastic left heart syndrome (HLHS) is a rare and severe disease with a
spectrum of left heart abnormalities (Noonan, 1958), including hypoplasia of left
ventricle, aorta and mitral valve (Yagi et al., 2018). It may affect also aortic valve,
showing stenosis or even atresia (Mahtab et al., 2012). It is genetically
heterogenous, and there are several candidate genes including NKX2.5, HAND1,
NOTCH1 and RBFOX2 (Yagi et al., 2018). However, some patients have a normal
genetic profile (Dailey-Schwartz et al., 2018). The patients can have other genetic
syndromes at the same time, e.g. Down syndrome, Turner syndrome, trisomy 13
and trisomy 18, and these patients have a higher early mortality.
It should be mentioned that many genetic syndromes are associated with aortic
root dilatation, which may lead to aortic valve replacement (AVR) with
macroscopically normal valve with regurgitation (Milewski et al., 2017), even
though valve-preserving aortic root replacement is preferred for patients without
valve stenosis (Roselli, 2017).
2.3

Tumors of the aortic valve

Myxomas are the most frequent benign tumors of the heart, true myxomas arising
possibly only from the mural endocardium (Boudoulas et al., 2013). However, rare
valvular myxomas have been reported, for example, 11 cases of myxomas affecting
aortic valve have been reported in the literature (Ji et al., 2017).
Another rare and benign tumor arising in cardiac valves is papillary
fibroelastoma. There are also a handful of case reports of concomitant aortic valve
papillary fibroelastoma and left atrial myxoma (Takano, Kakuta, & Takahashi,
2017). Both fibroelastomas and myxomas present an embolism risk and may affect
valve function and mean that surgical resection should be considered (Boudoulas
et al., 2013).
Neoplasms with or without neuroendocrine differentiation may lead to the
development of characteristic clinical syndromes, called paraneoplastic syndromes
(reviewed in (Dimitriadis et al., 2017)). Carcinoid tumors (or neuroendocrine
tumors, as they are called nowadays when the primary tumor is situated outside of
the lung) may cause cardiac lesions that are not metastases, but deposits of fibrous
tissue devoid of elastic fibers (Roberts, 1997). They are situated most often in the
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tricuspid or pulmonic valves, but occasionally also in the aortic valves, where they
tend to take place on the aortic side. When the primary tumor arises in the bronchus,
the carcinoid lesions may be limited to the left-sided valves. Recently, in a study
with 185 bronchopulmonary carcinoid patients, one of the patients was found to
have carcinoid lesions in the aortic valve, leading to mild regurgitation (De Jesus
et al., 2018). The pathophysiology is not known, but it is thought to be
multifactorial and mediated by a variety of vasoactive substances secreted by the
tumor (Grozinsky-Glasberg, Grossman, & Gross, 2015). The valvular lesions
typically appear in patients with liver metastases and carcinoid syndrome.
2.4

Inflammatory disorders of aortic valve

2.4.1 Rheumatic heart disease
Acute rheumatic fever (ARF) occurs as a sequel to upper respiratory tract group A
β-hemolytic streptococcal infections, the clinical symptoms emerging 2-6 weeks
after pharyngitis (Tandon et al., 2013). The most frequent symptom is arthritis (90%
of patients with ARF), while the most serious manifestation is carditis (30-50% of
ARF patients) (Caldas et al., 2008; Schafranski, Pereira Ferrari, Scherner, Torres,
& de Messias-Reason, 2008), presenting as valvulitis in subendothelial and
perivascular collagenous tissue, almost always combined with pericarditis (Tandon
et al., 2013), and leading to progressive valve fibrosis and self-sustaining valve
inflammation (Coffey et al., 2016).
The precise pathophysiology of ARF remains unknown, but antigenic mimicry
in association with an abnormal host immune response is thought to be the main
player (Marijon, Mirabel, Celermajer, & Jouven, 2012). An alternative mechanism
has been proposed: a streptococcal M protein N-terminus domain has been shown
to bind to the CB3 region in collagen type IV and this binding would initiate an
antibody response to the collagen and result in ground substance inflammation
(Tandon et al., 2013).
It is not known why only a small fraction of people with streptococcal
infections develop ARF. There is a familial predilection for ARF, probably at least
partly due to HLA class II molecules, but the exact molecular mechanism behind
this remains elusive (Bryant et al., 2009). It has been suggested that there are
similarities between antigens from streptococci and HLA molecules and this would
lead to an aberrant immune response.
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The reasons why ARF can lead to chronic rheumatic heart disease (RHD) are
also unknown but they are likely to be partly related to the often subclinical
secondary infections (Coffey et al., 2016). Those with repeated infections are more
likely to progress to chronic RHD. The lectin pathway of the complement system
seems to be of importance, since certain polymorphisms of mannose-binding
protein-associated serine protease 2 (MASP2) gene, which codes a complementactivating protease, increase the susceptibility to RHD (Catarino et al., 2014).
Furthermore, MASP2 protein levels are negatively associated with RHD, possibly
reflecting protein consumption due to complement activation. Another factor in the
disease progression may be the +874 T/A polymorphism of interferon gamma
(IFN- ), which codes a multifunctional cytokine modulating many phases of the
immune response (Teker et al., 2018). The TT genotype of IFN- has a significantly
higher whereas the AA phenotype displays a significantly lower frequency when
RHD patients are compared with healthy controls, and the same difference is seen
when severe valvular disease group is compared with mild valvular disease. Other
gene polymorphisms have been also suggested to be associated with susceptibility
to ARF/RHD, including tumor necrosis factor alpha (TNF-α), MEFV and
angiotensin-converting enzyme (ACE) (Bryant et al., 2009). Furthermore, certain
B-cell alloantigens are associated with susceptibility to ARF/RHD. One of these,
labeled D8/17, is found in a high percentage of the RHD patient’s B-cells; it has a
relatively high expression in unaffected siblings and would fit well with an
autosomal recessive mode of inheritance in the susceptibility to ARF/RHD
(Khanna et al., 1989). However, in spite of vigorous research, it remains uncertain
whether the associations discussed before have a role in disease pathogenesis or
simply represent disease markers (Bryant et al., 2009).
The incidence of ARF has undergone a dramatic decline in high-income
countries from the start of the 20th century while it is much higher in low-income
countries as well as low-income groups in high-income countries (Coffey et al.,
2016). For instance, in New Zealand, the incidence of ARF requiring
hospitalization is 20-fold for Maori and 40-fold for Pacific people when compared
with New Zealanders of non-Maori/Pacific origin (2.1 per 100 000).
The cardiac involvement is often masked as echocardiographic abnormalities
which can be found with patients with ARF but without the clinical signs of carditis
during follow-up investigations (Caldas et al., 2008). Consequently, RHD is
frequently diagnosed in patients who were previously asymptomatic or do not
recall ARF symptoms or episodes (Marijon et al., 2012). Thus, the prevalence of
RHD is much higher in systematic screening studies than in clinical screening
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studies (Coffey et al., 2016). The prevalence of RHD shows a wide global variation,
e.g. 46 per 100 000 in northern India but 2400 per 100 000 in the Solomon Islands.
The global mortality rate due to RHD was 4.4 per 100 000 population in 2013 and
even in high-income countries, it remains an important death cause – being the third
largest group of valve disease-related deaths in the USA in 2009 behind CAVD and
endocarditis.
The morphological changes in RHD are nonspecific. Any heart valves may be
affected; in the gross examination, there is diffuse fibrosis of valve cusps resulting
in valve shortening and aortic insufficiency and stenosis (Burke & Tavora, 2011).
Commissures are often fused and calcifications may occur in the fused
commissures, extending to the cusps. Histologically, there is neovascularization,
chronic inflammation rich in T cells, and fibrosis. The fused commissure consists
of fibrous connective tissue with disruption of elastic tissue. Raphes, in contrast,
are rich in intact elastic fibers, if they are not heavily calcified. The background
may be myxoid. RHD has been an important etiological factor for CAVD before,
but its significance in CAVD has diminished due to the decrease in its prevalence
in high-income countries. However, immigration from low-income countries may
increase its prevalence.
2.4.2 Systemic autoimmune connective tissue diseases
Rheumatoid arthritis
Rheumatoid arthritis (RA) can have a wide variety of cardiac manifestations,
including changes in heart valves (Mankad, Ball, & Myasoedova, 2017). In an
echocardiography study, 15.2% of RA patients had valvular lesions, with the most
affected valve being the aortic valve (Beckhauser et al., 2009). However, the
prevalence has been very variable in other studies, ranging from 9% to 80% (Turiel
et al., 2010).
The specific type of valvular RA manifestation are rheumatoid nodules, which
present histologically as necrotizing granulomatous inflammation, most often in
pericardium, but also infrequently in the heart valves (Chand, Freant, & Rubin,
1999). This may lead to acute aortic regurgitation (Aziz, Sohail, & Murphy, 2012).
A nonspecific inflammation, valvulitis, may also occur and both types of
inflammation may lead to fibrosis and calcification (Iveson, Thadani, Ionescu, &
Wright, 1975). The associated joint disease is usually severe, although in some
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cases, it may be mild. Furthermore, RA patients can develop non-infectious
endocarditis that may cause valve damage and embolization (Mankad et al., 2017).
Val-Bernal and co-workers (2016) have also identified two cases of aortic valves
affected by intravascular histiocytosis, which is a rare condition of uncertain
pathogenesis often associated with RA.
In a meta-analysis of case-control studies, RA patients were shown to have a
significantly increased risk for aortic valve thickening and/or calcification, and
aortic valve stenosis (OR values of 4.386 and 5.249, respectively) (Corrao et al.,
2013). Surprisingly, there seems to be less progression of AS in RA patients than
in the general population, but this may indicate that inflammation is either the
initiating factor in RA-associated valvulopathy or that immunosuppressive therapy
limits AS progression (Bois et al., 2017).
Systemic lupus erythematosus
Systemic lupus erythematosus (SLE) has long been recognized to cause a specific
form of endocarditis, Libman-Sacks endocarditis, which may damage heart valves
(Libman & Sacks, 1924). It is a form of nonbacterial thrombotic endocarditis with
valvular vegetation formation. In the study of Palmieri and co-workers (2009), SLE
patients had often aortic regurgitation (30% of studied patients) and/or aortic valve
fibrosclerosis (10%) even in clinically mild cases (Systemic Lupus International
Collaborating Clinics, SLICC, damage index 0). SLE patients also have an
increased prevalence of aortic valve calcifications (Yiu et al., 2011) and the
presence of calcification is associated with antiphospholipid antibody positivity
(Kiani, Fishman, & Petri, 2006). In addition, the presence of circulating
antiphospholipid antibodies increases the risk of valve lesions in SLE patients
(Coffey et al., 2016).
Other systemic connective tissue diseases
In addition, other systemic connective tissue diseases may have aortic valve
manifestations. For instance, there have been case reports on Sjögren’s syndromeassociated aortic stenosis (Kono, Aoyagi, Okazaki, & Tayama, 2016). In addition,
patients with ankylosing spondylitis may have a dilatation of aortic annulus, aortitis
and valvulitis, which may lead to fibrosis, thickening and aortic regurgitation
(Gensler, 2015).
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2.4.3 Infective endocarditis
Infective endocarditis is a microbial infection of the endocardial surface of the heart
and often affects the aortic valve. It affects 3-10/100 000 people yearly, and the
incidence may be rising (Cahill et al., 2017). The male-to-female ratio is about 1.7:1.
The healthy cardiac endothelium is resistant to frequent bacteremia caused by daily
activities such as tooth brushing (Cahill & Prendergast, 2016). Endothelial injury
may lead to the formation of a platelet-fibrin thrombus that eases bacterial (or
fungal) adherence, and thus any conditions damaging valvular endothelium are risk
factors for infective endocarditis. Of these, chronic RHD is nowadays uncommon,
while CAVD (including aortic stenosis), mitral valve prolapse, intravenous drug
misuse and vascular interventions have become more common (Prendergast, 2006).
In an Indian population, the most important risk factors underlying heart diseases
in patients with infective endocarditis were RHD (42%) and congenital heart
disease (33%), of which almost a half had BAV (Choudhury et al., 1992).
BAV, as other structural abnormalities of cardiac valves, increases the risk for
infective endocarditis; it is 23.1 times greater for BAV than TAV (Kiyota et al.,
2017). Patients with a BAV are also more likely to have an aortic root abscess and
to undergo valve replacement within the subsequent 5 years than TAV patients with
infective endocarditis.
Endocarditis results in vegetations composed of fibrin, blood cells and bacteria
attached to valve surface (McCormick, Tripp, Dunny, & Schlievert, 2002), and it
often causes considerable valvular damage. Healed valves may still have
perforations, aneurysms and thickening, with histological hallmarks of
neovascularization, inflammation, and calcification (Thiene & Basso, 2006).
Mortality remains quite high: 20 to 25% for patients with both native and prosthetic
valve (Mylonakis & Calderwood, 2001). Medically treated patients with moderateto-severe congestive heart failure due to endocarditis-related valvular dysfunction
have a mortality rate of 56 to 86%, as compared with 11 to 35% among patients
treated with combined medical and surgical therapy. Though less common than
RHD or CAVD, the associated mortality and morbidity are high in the form of
embolic phenomena from vegetations, such as stroke (16% with most occurring
within the first week) (Habib et al., 2015), and the requirement for valve surgery
means that endocarditis remains an important form of valve disease (Coffey et al.,
2016).
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2.4.4 Other inflammatory conditions
Syphilis is nowadays a rare bacterial infection, which may cause aortitis, leading
to aortic regurgitation in its tertiary form (Roberts, Bose, Ko, Henry, & Hamman,
2009). Acquired immune deficiency syndrome (AIDS), malignant diseases, uremia,
antiphospholipid syndrome and, as mentioned before, SLE may cause nonbacterial
thrombotic endocarditis (or marantic i.e. wasting endocarditis) that may affect also
the aortic valve (Boudoulas et al., 2013). In these conditions, circulating factors
(cytokines, TNF, interleukins etc.) damage the valvular endothelium, which
triggers platelet aggregation. Kawasaki disease, also known as mucocutaneous
lymph node syndrome, causes systemic vasculitis and may very rarely affect heart
valves, more often mitral, but sometimes also the aortic valve (Akagi, Kato, Inoue,
Sato, & Imamura, 1990). It causes valvulitis, which may evoke aortic valve damage
and regurgitation (Gidding, Shulman, Ilbawi, Crussi, & Duffy, 1986).
2.5

Calcific aortic valve disease

2.5.1 Overview
Calcific aortic valve disease (CAVD) represents a spectrum of disease ranging from
mild aortic sclerosis without hemodynamic effect to severe aortic stenosis (AS)
with calcified valves and a requirement for valve replacement (Otto & Prendergast,
2014). It is by far the most prevalent form of AS worldwide (Lindman et al., 2016).
Aortic sclerosis is thickening and/or calcification of the aortic valve without
significant obstruction of blood flow, and a common finding on cardiac imaging,
more prevalent with older age (Coffey, Cox, & Williams, 2014). It does not have a
widely accepted exact morphological or clinical definition. AS, however, is defined
and classified by international guidelines (V. Falk et al., 2017; Nishimura et al.,
2014).
2.5.2 Diagnosis
Echocardiography, the tool of choice for valve disease diagnostics, provides
information regarding heart valve anatomy and blood flow parameters
(Baumgartner et al., 2009). The vast majority of the AS patients are referred to the
examination based on an auscultation finding (systolic murmur) and/or the
development of symptoms including dyspnea, angina pectoris, syncope and
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dizziness. Some patients are diagnosed incidentally when they are examined for
other reasons.
Transthoracic echocardiography (TTE) has some limitations, including
interoperator variability, the possibility for measurement errors and some
inconsistency in severity grading; particularly low-gradient severe AS is common,
but challenging to diagnose (Everett, Newby, Jabbour, Fayad, & Dweck, 2016).
Valve imaging may therefore be improved with complimentary approaches. For
instance, non-contrast computed tomography (CT) can quantify calcium, while
cardiac magnetic resonance can quantify the aortic regurgitant volume and give a
more detailed picture of the myocardial hypertrophic response. Positron emission
tomography (PET) can directly measure disease activity in the valve and hybrid
PET/CT scanners are able to map the regions of calcification. If imaging gives
discordant results, cardiac catheterization may be used to measure cardiac blood
pressure and flow, but being an invasive method, there is an increased risk of
bleeding and cerebral embolism (Lindman et al., 2016).
Aortic sclerosis, by definition, is characterized by focal valvular calcification
and cusp thickening but no significant cardiac blood flow obstruction (aortic jet
velocity of <2 m/s) as stated in the American Heart Association and American
College of Cardiology (AHA/ACC) Valve Guidelines (Nishimura et al., 2014).
At the severe end of the disease spectrum, aortic sclerosis progresses into AS,
which is classified into four stages, defined by combining information about patient
symptoms, leaflet anatomy, valve hemodynamics and left ventricular function
according to the same AHA/ACC publication. The simplified version of the staging
is presented in Table 1.
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Table 1. Stages of aortic valve stenosis. Adapted and simplified from Nishimura et al.
(2014) and Rashedi & Otto (2015).
Stage

Severity

AV anatomy and hemodynamics

A

At risk of AS

Aortic sclerosis, BAV, other anomalies

B

Progressive AS

Abnormal valve (mild to moderate changes)

C

Mild AS

Normal cusp motion, Vmax 2-2.9 m/s, ∆P <20 mmHg

Moderate AS

Reduced motion, Vmax 3-3.9 m/s, ∆P 20-40 mmHg

Asymptomatic severe AS

Calcified and thickened cusps with limited mobility, Vmax
≥ 4 m/s or mean ∆P ≥ 40 mmHg (AVA usually < 1 cm2)

D

C1

Normal LV systolic function

C2

LV EF < 50%

Very severe

Vmax ≥ 5 m/s or ∆P ≥ 60 mmHg

Symptomatic severe AS

Severely thickened and calcified cusps, reduced
systolic opening

D1 high gradient

Vmax ≥ 4 m/s or mean ∆P ≥ 40 mmHg (AVA usually
<1 cm2)

D2 low flow/gradient/EF

LV EF < 50%, resting AVA < 1 cm2, Vmax 3-4 m/s

D3 low flow/gradient, norm EF

Vmax 3-4 m/s, AVA < 1 cm2, indexed AVA < 0.6
cm2/m2, indexed SC < 35 ml/m2

∆P: mean pressure gradient, AS: aortic stenosis, AVA: aortic valve area, BAV: bicuspid aortic valve, EF:
ejection fraction, LV: left ventricular, SV: stroke volume, Vmax: maximum aortic velocity

A more recent guideline has been published by the European Society of Cardiology
(ECS) and the European Association for Cardio-Thoracic Surgery (EACTS) (V.
Falk et al., 2017). It takes a more flow chart-like viewpoint to the grading of AS,
sharing many threshold values with the AHA/ACC guideline. The step-wise
integrated approach starts by dividing patients into low-gradient and high-gradient
AS groups. Patients in the low-gradient group and aortic valve area (AVA) over 1
cm2 are considered to have moderate AS. Patients with AVA under 1 cm2 but with
normal flow are unlikely to have severe AS while those with low flow probably
have pseudosevere or true severe AS. Patients in the high-gradient AS group have
severe AS. Both guidelines also give recommendations for timing and choice of
valve replacement.
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2.5.3 Epidemiology
Prevalence
The prevalence of aortic sclerosis is increased in proportion to the average age; in
the systematic review conducted by Coffey and co-workers (2014), it ranged from
9% in a study with the mean age of 54 years to 42% in a study with the mean age
of 81 years. Even though aortic sclerosis does not affect hemodynamics and
myocardium, it is associated with an increased risk of myocardial infarction, stroke
(not seen in individual studies, but confirmed in this meta-analysis) and death, even
after accounting for the traditional cardiovascular risk factors. The cause of this
excess risk is not known.
As the definition of morphological and clinical findings in aortic sclerosis is
not clear, the data of its prevalence and its progression to AS is not very reliable.
However, the progression seems to be quite slow, being 9% in 5 years in one study
(Novaro et al., 2007), 10-15% of patients over a period of 2-5 years (Otto &
Prendergast, 2014), and less than 2% per year in a systematic review (Coffey et al.,
2014). However, the rate of progression of aortic sclerosis to AS is higher in
individuals with congenital defects, e.g. with BAV (Beppu et al., 1993).
In accordance with the slow progression, AS is relatively uncommon in those
aged under 65 and with no congenital valve disorders. In a comprehensive
Norwegian study with full birth cohorts and over 40 000 people, only 0.2% of the
50-59 year cohort had AS (Eveborn, Schirmer, Heggelund, Lunde, & Rasmussen,
2013). An elevated prevalence was seen with increased age: 1.3% in the 60-69-year
cohort, 3.9 % in the 70-79-year cohort and 9.8% in the 80-89-year cohort. The
incidence in the whole study was 4.9 per 1 000 per year. In a recent prospective
large-scale Spanish multicenter study with a total of 29 502 patients with advanced
age (mean age 75.2 years), any degree of AS was found in 7.2%, and severe AS in
2.8 (Ramos et al., 2018). The frequency of rheumatic etiology was low (3.4%), and
it should be noted that the age at onset of severe aortic obstruction has shifted from
the sixth decade as it was 50 years ago, to the eighth decade in most individuals
today, following the decrease in RHD in high-income countries. The information
of the prevalence of AS in low-income countries is very limited, as it is
uncommonly the predominant valve lesion in RHD (Coffey et al., 2016).
In Finland, the prevalence of CAVD is at the same magnitude as in the rest of
the world: in an echocardiographic study of a random elderly population (55 to 86
years of age, Helsinki aging study), mild calcification was found in 40% and severe
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calcification in 13% (Lindroos et al., 1993). Critical AS was found in 2.9% and
aortic regurgitation, mostly mild, was found in 29%.
Mortality
Otto and co-workers (1999) have compared mortality during 5 years of follow-up
between subjects with healthy valves, aortic sclerosis and AS. They found a
significant, stepwise increase in the mortality rate with increasing aortic valve
abnormalities; the respective mortality rates from any cause and from
cardiovascular causes were 14.9% and 6.1% in the control group, 21.9% and 10.1%
in the aortic sclerosis group and 41.3% and 19.6% in the AS group. In the
Norwegian study, there was an increased risk of cardiovascular death in the AS
group vs. normal population (57.4% vs. 37.1%) with a hazard ratio (HR) of 2.14,
but no significant difference in the overall age-adjusted survival (Eveborn et al.,
2013). A subanalysis revealed no significant difference in the mortality between
mild, moderate or severe asymptomatic AS.
Although mitral regurgitation is more prevalent than AS (Nkomo et al., 2006),
CAVD and AS can be considered more important when judged by the clinical
impact. For instance, much of the mortality in heart valve disease is due to AS in
high-income countries (Coffey et al., 2016). In the United States in 2010, a total of
65 000 AVRs were performed, primarily for aortic stenosis and in patients older
than 65 years of age (Otto & Prendergast, 2014).
Clinical impact in the future
As the population is aging, one could predict that there will be increases in the
economic and clinical impacts of CAVD. According to demographic statistics and
prevalence rates, the number of subjects aged 75 years or older with at least
moderate AS is expected to double over the next 50 years, and these estimations
are based on studies with lower AS prevalences than the most recent ones (Ramos
et al., 2018). Somewhat surprisingly, a different trend was found in a nationwide
registry study in Sweden (Martinsson et al., 2015), as between 1989 and 2009, both
the age-adjusted incidence and mortality of AS declined. The authors suggest that
improved risk factor control and cardiovascular therapy, combined with the
increased use of AVR have been responsible for the favorable effects. However,
most of the beneficial development seen in the study happened during the first 10
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years, and only a modest improvement was detected during the last 10 years of the
study.
It should be remembered that although the prevalence of intracardiac
calcification, including aortic valve calcification, is very high in older people, it is
a clear marker of atherosclerosis and a predictor of future cardiovascular events,
even in asymptomatic individuals (Faggiano et al., 2019).
2.5.4 Risk factors
Main factors
Increasing age is one of the two most important risk factors for CAVD, as reviewed
in the chapter ‘Epidemiology’. Moreover, particularly in younger age groups,
congenital aortic valve disorders are a major player, and because of its high
prevalence among congenital disorders, BAV is clinically the most important of
these disorders. For instance, 50% of individuals with BAV will need AVR during
their lifetime (Lindman et al., 2016). Moreover, RHD has been an important risk
factor, as discussed before, but is nowadays rare in high-income countries, although
immigration from low-income countries may increase its prevalence.
Associations with atherosclerosis
CAVD shares many risk factors with atherosclerosis, including male sex and
increasing age (Owens et al., 2010; Stewart et al., 1997; Yan et al., 2017). Male sex
has been found to increase risk for AS in many studies (e.g. in (Nkomo et al., 2006)
with OR of 1.5, and in (Stewart et al., 1997) with OR of 2.03), but Eveborn and coworkers (2013) did not find any sex differences in the point prevalence with
increasing age. They suggested that this could be due to differences in the age
distribution between men and women. Interestingly, it has been shown that cultured
VICs from males proliferate faster and show elevated amounts of ECM remodeling
and osteogenic factors leading to greater calcific nodule formation than VICs from
females (Masjedi, Lei, Patel, & Ferdous, 2017). Furthermore, the amount of
calcification, assessed both by tomography imaging and aortic valve weight, has
been found to be lower in women than in men, despite the same degree of AS
severity (Thaden et al., 2016). Some of the sex differences might be related to sex
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hormones (estrogen and androgens) affecting fibrogenic and osteogenic signaling
(reviewed by Sritharen and co-workers (2017)).
The other common risk factors for both diseases are: history of hypertension,
present smoking (vs. never smoking), increased serum Lp(a) concentration,
dyslipidemia (and low-density lipoprotein (LDL) concentration, even though the
risk is not very high in AS), diabetes, obesity/high body mass index (BMI), renal
failure and chronic obstructive pulmonary artery disease. For rather long, obesity
has been equivocally associated with CAVD (Mathieu & Arsenault, 2017), but a
recent Swedish cohort study showed that both overweight (BMI 25-29.9 kg/m2)
and obesity (BMI >30 kg/m2) increases risk of AS (HR 1.24 and 1.81, respectively)
(Larsson, Wolk, Håkansson, & Bäck, 2017).
As noted previously, the progression of aortic sclerosis to AS is slow. It is not
as clearly associated with the risk factors of atherosclerosis as the disease itself.
The identified factors associated with disease progression are older age, male sex,
stenosis severity, and the degree of leaflet calcification (Owens et al., 2010), while
for instance the serum levels of C-reactive protein (CRP), a sensitive marker of
systemic inflammation, showed no association (Novaro et al., 2007). The
difference between the risk factors of disease initiation and progression suggests
that there are differences also in the disease process at the tissue level (Rashedi &
Otto, 2015).
One hypothesis to explain the low rate of progression is that aortic sclerosis is
not itself an early stage of CAVD but simply a marker of general vascular disease,
with an concomitant increase in cardiovascular risk (Coffey et al., 2014). There are
some convincing arguments against this hypothesis. A progression from normal to
stenotic valve is a very rare incident compared with a progression from aortic
sclerosis to AS (1% vs. 9% during a mean 5-year follow-up) (Novaro et al., 2007),
and thus it seems that sclerosis is a necessary but not sufficient step for the
development of AS. Furthermore, aortic valve calcification in aortic sclerosis
independently predicts increased cardiovascular mortality, even after adjusting for
instance for coronary artery calcification (Owens et al., 2012).
Boudoulas and co-workers (2015) have shown a close relationship between
CAVD and coronary artery calcifications: 62.2% of patients with TAV and AS
required concomitant coronary artery bypass graft surgery at the time of AVR,
which is a much higher rate than expected based on the prevalence in the matching
general population (19.8%). About every fourth BAV patient (26.2%) required
bypass surgery, which is also higher than expected. The lower incidence is
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explained mostly with their younger age. This is in accordance with the suggested
common mechanisms between CAVD and atherosclerosis.
As in atherosclerosis, also high-density lipoprotein (HDL) is expected to have
an effect in CAVD. Lipid profile has been found to be associated with more rapid
AS progression (valve function worsening in echocardiographic measurements) in
two independent retrospective Turkish studies (Küçük, Küçük, Demirta Ş, &
Özdemir, 2015; Yilmaz et al., 2004). LDL cholesterol levels correlated with the
higher rate of progression, but total cholesterol/HDL ratio showed an even stronger
positive correlation. HDL2 was the predominant HDL subtype. However, Arsenault
and co-workers (2014) did not find associations with AS and HDL genetics (1435
single nucleotide polymorphisms in genes associated with HDL cholesterol levels),
functionality, or metabolism.
Lp(a) and plasminogen have a striking homology and it has been suggested
that their competition for binding to plasminogen receptors in endothelial cells and
to fibrin could cause endothelial damage or inhibit fibrinolysis, since Lp(a) is
resistant to activation by tissue plasminogen activator (t-PA) (Glader et al., 2003).
t-PA is also a known risk marker for myocardial infarction and its levels have been
shown to be increased in AS. Moreover, its plasma concentration correlated with
the levels of plasminogen activator inhibitor 1 (PAI-1) and the extent of
calcification (Kochtebane, Alzahrani, & Bartegi, 2014).
Homocysteine is an intermediate product in the normal biosynthesis of two
amino acids, methionine and cysteine (Ganguly & Alam, 2015). Homocysteine
levels in blood may be abnormally high as a result of genetic defects (in these cases,
usually homocysteine levels are very high), nutritional deficiencies, renal and
thyroid dysfunction, cancer, psoriasis, and diabetes or the use of various drugs,
alcohol, tobacco, and coffee. Furthermore, older age and menopause are associated
with moderately elevated homocysteine levels. It is an independent risk factor for
cardiovascular diseases and there is strong evidence of causality (Wald, Law, &
Morris, 2002). Recently, Wu and co-workers (2018) have published a systematic
review and meta-analysis showing significantly elevated homocysteine levels in
CAVD patients, even when only mild-to-moderate CAVD was compared with the
controls. Nonetheless, there was no difference between mild-to-moderate and
severe CAVD.
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Differences with atherosclerosis
Despite the close association, many patients with common risk factors and
atherosclerosis do not have CAVD, and CAVD patients in turn may have a normal
vasculature without calcifications or other atherosclerotic lesions; only about 50%
of patients with CAVD have clinically significant atherosclerosis (Qian et al., 2010).
In the light of the knowledge that BAV and many other developmental valve
disorders suffer from valve disease at a younger age than individuals with normal
valves, it has been speculated that minor anatomic differences in macroscopically
normal leaflets might be one of the deciding factors together with other agents, as
genetic factors, in the development of CAVD (Boudoulas et al., 2013). This
hypothesis remains to be confirmed. Further, it should not be forgotten that the
functional abnormalities of the aorta may also be important in the pathogenesis of
CAVD.
Diabetes
Type II diabetes mellitus (DM2) is one of the risk factors associated with both
CAVD and atherosclerosis. Recently, Mosch and co-workers (2017) have described
histopathological changes in the aortic valves of CAVD patients with DM2 after
AVR. They found significantly more calcification in diabetic patients than in the
valves of nondiabetic CAVD patients. The levels of early calcification markers
(Runx2 and alkaline phosphatase) were elevated, as well as those of markers
thought to play a role in microcalcification formation (annexin II and annexin V).
Furthermore, the expression of the pro-inflammatory protein S100A9 was
decreased in diabetic patients’ valves, but there was no difference in the number of
the inflammatory cells (helper or cytotoxic T cells, macrophages). The authors
speculated that the valves of diabetic patients would be in a more advanced disease
stage.
It is interesting that patients with increased glycated hemoglobin (HbA1) both
in the prediabetic and diabetic range, reflecting increased average glucose
concentration over a prolonged time, have high numbers of circulating cells with
osteogenic (osteocalcin) and endothelial progenitor cell markers (Flammer et al.,
2012). These cells might promote vascular (and valvular) calcification.
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Disorders of mineral metabolism
Disorders of mineral metabolism, including Paget’s disease, osteoporosis, vitamin
D polymorphisms and hemodialysis, are all associated with an increased
prevalence of AS (Dweck, Boon, et al., 2012). A recognized phenomenon in
vascular calcification is the calcification paradox, which means ectopic artery
mineralization is frequently accompanied by decreased bone mineral density or
disturbed bone turnover (Persy & D’Haese, 2009). There are hints of this
phenomenon taking place in the aortic valve (see the chapter ‘Systemic calcium
homeostasis’ on its potential mechanism, and the chapter ‘Treatment’ on
osteoporosis medication and CAVD).
Genetic susceptibility
As stated before, BAV is inherited, but less is known about the inheritance of CAVD
in TAVs. Probst and co-workers (2006) have identified clusters and large families
affected by AS in a population living in western France. They excluded BAV and
RHD, and thus their study demonstrates the familial aggregation of AS.
In a study that determined associations with the presence of aortic-valve
calcification (among 6942 participants) detected by CT scanning, a Lp(a) gene
(LPA) polymorphism (locus RS10455872, intron 25 of LPA) on chromosome 6)
emerged that reached genome-wide significance for the presence of aortic valve
calcification (Thanassoulis et al., 2013). The finding was tested in a large
prospective mendelian randomization study with 17553 participants, whose serum
Lp(a) levels were measured and the above-mentioned LPA polymorphism analyzed
(Arsenault, Boekholdt, et al., 2014). The results confirmed that high Lp(a) levels
increased the risk for AS and that the rs10455872 AG or GG variants were
associated with higher Lp(a) levels as well as with an increased risk for AS when
compared with the AA variant – suggesting that this association could well be
causal.
Another feature of LPA is that it is evolved from the plasminogen gene (PLG)
and it contains multiple so-called kringle domains and a mutated protease domain
that lacks the proteolytic activity of plasmin (Witztum & Ginsberg, 2016). The
kringles derived from PLG have expanded and diversified by mutation into 10
different types, kringle type-IV 1-10 (KIV1-10), of which the KIV-2 exists in
multiple copies which means that few individuals have the same two alleles. More
than 95% of the population has heterozygosity for the copy number variation of
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KIV-2, varying from 3 to over 40 copies and resulting in different sized
apolipoprotein (a) (apo(a)) proteins (Koschinsky, Beisiegel, Henne-Bruns, Eaton,
& Lawn, 1990). A low copy number will lead to a Lp(a) with a shorter apo(a) and
associate with higher plasma levels as well as with a risk for coronary heart disease
(Kraft et al., 1996). The content of oxidized phospholipids (OxPL) in Lp(a) may be
the mediating factor in the causality, since the LPA polymorphisms mentioned
before are associated not only with the OR for CAVD but also with an increase in
oxidized apolipoprotein B (apoB) and apo(a) levels (Kamstrup, Hung, Witztum,
Tsimikas, & Nordestgaard, 2017).
Familial hypercholesterolemia (FH) is an autosomal inherited disorder caused
by mutations in the LDL receptor (LDLR) gene, the apolipoprotein B (apoB) gene
or the proprotein convertase subtilisin/kexin type 9 (PCSK9) gene (Brown &
Goldstein, 1986) with the result that levels of LDL cholesterol are extremely
elevated. The homozygous FH patients develop essentially invariably and
prematurely severe and extensive aortic valve calcifications (Awan et al., 2008).
Recently, ten Kate and co-workers (2015) studied asymptomatic patients with
heterozygous FH and compared them with 131 non-familial hypercholesterolemia
control patients. They found that FH patients had significantly more often aortic
calcifications (42% vs. 21%) than the controls. The extent of calcification was also
higher.
NOTCH1 mutations play a role not only in BAV, but recently they have been
found to exist also in patients with TAV and AS (Irtyuga et al., 2017). The studied
missense variants in NOTCH1 were found in the calcium-binding motif of the
NOTCH1 extracellular domain.
A relatively recent finding is a single nucleotide polymorphism located in
intron 9 of the ectonucleotide pyrophosphatase 1 (ENPP1) gene, which was
associated with CAVD in a case-control cohort of 457 individuals who underwent
AVR and 3294 controls (Côté et al., 2012). Homozygotes for the A allele displayed
a 1.6-fold increase in ENPP1 mRNA content and a high level of ENPP1 in CAVD
promoted apoptosis-mediated valvular mineralization.
In a very recent genome-wide analysis study of 2457 Icelandic AS cases and
349 342 controls, two new loci were found to be associated with AS (Helgadottir
et al., 2018). The first is located on chromosome 1 near PALMD, which is also
associated with BAV and an increased aortic root size. The second one is found on
chromosome 2 near TEX41 and associated with both BAV and coronary artery
disease.
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Epigenetic regulation
Epigenetics means heritable and functionally relevant DNA and chromatin
modifications that regulate gene expression, but are not caused by alterations in the
primary DNA itself (Nakamura & Kasahara, 2010). Recently, it has been claimed
that epigenetic regulation plays a role also in CAVD (reviewed by Gošev and coworkers (2017)). There are four major epigenetic mechanisms that will be covered
briefly with examples of their (possible) involvement in CAVD in the following
paragraphs.
1) DNA methylation and hydroxymethylation were first shown to be involved
in CAVD by Nagy and Bäck (2012), as they found the gene encoding a
proinflammatory enzyme 5-lipoxygenase to be less methylated in calcified aortic
tissue when compared with non-calcified tissue, leading to lower mRNA levels of
5-lipoxygenase. Furthermore, NOTCH1 that regulates the expression of proosteogenic RUNX2 and BMP2, is itself under the control of long non-coding RNA
(lncRNA) H19 (Hadji et al., 2016). In CAVD, the promoter region of H19 is
hypomethylated, which leads to higher expression of H19, the silencing of
NOTCH1, and eventually increased mineralization.
2) Covalent histone modifications and incorporation of histone variants are
another form of epigenetic regulation. Theodoris and co-workers (2015) used
endothelial cells derived from human induced pluripotent stem cells in vitro, and
showed that NOTCH1+/+ but not NOTCH1+/- endothelial cells could be activated by
normal hemodynamic shear stress, promoting anti-osteogenic and antiinflammatory networks. The haploinsufficiency NOTCH1+/- alters histone
H3K27ac at NOTCH1-bound enhancers, dysregulating the downstream
transcription of more than 1000 genes involved in osteogenesis, inflammation, and
oxidative stress. The changes were accompanied with corresponding changes in
DNA methylation. They used computational predictions to reveal that this
modulation of the gene network was attempting to restore the wild-type state. This
implies that epigenetic regulation may take part in shear stress sensing also in VECs.
3) ATP-dependent chromatin remodeling regulates access of nuclear factors to
underlying DNA sequences, and many of the genes involved in this process
(including AT-rich interactive domain-containing protein 1A (ARID1A), chromatin
remodeler ATRX, chromodomain helicase DNA binding protein 1 (CHD1), and
INO80 complex subunit C (INO80C)) are known to be differentially expressed in
isolated aortic valve cells (Gošev et al., 2017).
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4) Chromatin and gene regulation by non-coding RNAs (ncRNAs), including
small micro RNAs (miRNAs), and lncRNAs, are perhaps the most widely
investigated epigenetic mechanism in CAVD. Holliday and co-workers (2011) used
miRNA microarray to identify 30 shear-sensitive miRNAs and three miRNAs that
are expressed differentially between the aortic and ventricular side VECs. Of these,
four and one, respectively, were validated with further qPCR. The findings indicate
that epigenetic regulation takes part in the sensing of the changes in shear stress.
MiRNAs have been shown to be involved in the regulation of the inflammatory
response in CAVD. As stated before, OxPL stimulate endothelial expression of
several chemokines (Bochkov et al., 2010). It has been shown that the mRNA levels
of the chemokines CCL3 and CCL4 are increased and both are expressed in
macrophages in human stenotic valves (Ohukainen et al., 2015). Furthermore,
miRNA-125b targets CCL4; this was predicted computationally and subsequently
confirmed in macrophage cultures. Another example of an epigenetic regulation of
CAVD by miRNAs has been described by Song and co-workers (2017): when VICs
from both normal and calcified human valves were stimulated with pro-osteogenic
factors TGF-β1 and BMP2, miRNA 486 was up-regulated and miRNA-204 downregulated. These investigators were also able to reduce the down-regulation of
miRNA-204 and calcium deposition by the addition of a miRNA-486 antagonist.
Overall, miRNAs are known to target many other key osteogenic genes, including
RUNX2, and NOTCH1 (van der Ven et al., 2017).
Chronic kidney disease
Patients with chronic kidney disease have more often valve disorders than expected,
and also the aortic valve may be affected (Straumann, Meyer, Misteli, Blumberg,
& Jenzer, 1992). The aortic valve may be thickened, calcified and stenotic. This is
particularly true in patients on long-term hemodialysis, but the underlying basis for
valve disease in this setting is not well understood (Boudoulas et al., 2013),
although reduced levels of calcium-binding proteins may play a role (Pawade,
Newby, & Dweck, 2015).
Other risk factors
A Swedish study found an association with a high titer of Chlamydia pneumoniaespecific IgG class antibodies and AS (Glader et al., 2003). Swierczcz and coworkers (2012) demonstrated that in a patient group with high IgG titer, AS
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deteriorated during a one-year period compared with a group with low IgG titer.
Furthermore, Chlamydia pneumoniae organisms have been shown to exist at a
higher density in the fibrotic and calcified areas of stenotic valves than in other
parts of the valves (Pierri et al., 2006). These findings indicate a possible
association with Chlamydia infection and CAVD.
Obesity induces the production of circulating inflammatory cytokines, often
referred to as adipocytokines. Of these, leptin and resistin levels (particularly in
elderly patients) have been associated with a higher degree of valvular calcification
and inflammation (Glader et al., 2003; Mohty et al., 2010). Age-related processes
affecting resistin blood levels might thus be involved in the late development of AS.
Confusingly, another study found lower leptin levels in severe AS (Kolasa-Trela,
Miszalski-Jamka, Grudzień, Wypasek, & Kostkiewicz, 2011), as well as lower
adiponectin levels in severe AS. More research is needed to clarify the relationship
between adipocytokines and CAVD.
2.5.5 Systemic significance
AS is not simply a mechanical problem limited to the valve cusps, but it also affects
the upstream left ventricle and the downstream systemic vasculature.
Other heart valves
Since AS shares partly common risk factors with atherosclerosis, there is often
abnormal tissue calcification in the entire cardiovascular system, including other
heart valves (Otto & Prendergast, 2014). However, mixed stenosis and
regurgitation in both mitral and aortic valve tend to be a feature of RHD rather than
CAVD (Marijon et al., 2012). Women have more frequently multivalvular disease
(possibly related to their higher prevalence of rheumatic etiology), which could
explain the increased proportion of left ventricular dysfunction observed in females
(Ramos et al., 2018).
Aorta
Ascending aorta/aortic root dilatation is a condition commonly encountered in
patients with CAVD. The incidence of thoracic aortic aneurysm is high in BAV
patients (27%) (Boudoulas et al., 2015). Some TAV patients with CAVD also have
aortic aneurysms (3.4%), but this incidence does not seem to be higher than that
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expected in the general population. Considering the strong association between AS,
coronary atherosclerosis, and aortic disorders (‘aortopathy’), it has been postulated
that AS should be considered as a cluster of diseases that constitute ‘the aortic
stenosis complex’ (Boudoulas, Triposkiadis, & Boudoulas, 2018). For instance,
62.2% of AS patients with TAV undergoing AVR require concomitant coronary
artery bypass graft surgery. This is much higher than expected based on the
prevalence of coronary artery disease in the USA (19.8%) among persons over 64
years of age (Centers for Disease Control and Prevention (CDC), 2011). Moreover,
BAV patients with AS need bypass surgery more often than expected (26.3% vs.
7.1% for those 45-64 of age and 19.8% for those over 64 years of age). The data
suggests that risk factors related to coronary atherosclerosis also play a role in the
development of CAVD, even in patients with BAV.
All patients with coronary atherosclerosis have an abnormal aortic function
(‘stiff aorta’) related to the atherosclerotic process, decreased vasa vasorum flow to
the aortic wall, and aging of aortic tissue (Stefanadis, Wooley, Bush, Kolibash, &
Boudoulas, 1987). Thus, abnormal aortic function is present in all patients with
aortic stenosis and these changes may precede the development of AS by years
(Boudoulas et al., 2018). The stiff aortic wall may play a role in the development
of AS due to the altered, turbulent blood flow above the aortic valve as well as the
increased systolic hypertension.
Left ventricle
The left ventricle tries to compensate for the loss of systolic blood pressure
resulting from aortic valve obstruction in AS (Lindman et al., 2016). The
mechanical loading generated by increased systolic pressure initiates a cascade of
biological events, leading to myocyte hypertrophy and an increase in interstitial
connective tissue (Lorell & Carabello, 2000). This ‘adaptation’ is actually a
‘maladaptation’. The Framingham study first linked increasing hypertrophy with
the progression to heart failure (Levy et al., 1990). Although the initial ‘reactive
fibrosis’ may be at least partly reversible after aortic valve surgery (Mewton et al.,
2011), later it becomes irreversible. AS patients with a grade 3 myocardial fibrosis
have significantly poorer survival than patients with mild, grade 1 fibrosis in a 10year follow-up (42% vs. 89%) (Milano et al., 2012) with the main cause of death
being congestive heart failure. This emphasizes the need to detect AS-related
myocardial fibrosis as early as possible.
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However, the pattern of left ventricle remodeling does not correlate closely
with the severity of valve narrowing in patients with moderate and severe AS
(Dweck, Joshi, et al., 2012), and the severity is not the only factor affecting the
pattern and extent of ventricular hypertrophy and fibrosis. Older age and the
coexistence of coronary disease are linked to a worse prognosis (Lindman et al.,
2016). With respect to the genetic factors that modulate myocardial remodeling, the
ACE I/D polymorphism has been found to play a role in AS, especially affecting
those aged under 66 years (Orlowska-Baranowska et al., 2004).
Concentric hypertrophy (both the left ventricular mass and mass/cavity ratio
are increased) is linked to worse myocardial function than the eccentric type (the
ventricular mass increased, but the mass/cavity ratio is normal). Females,
individuals with metabolic conditions (obesity, metabolic syndrome and diabetes)
and the low flow - low gradient subtype of AS are more prone to develop concentric
hypertrophy (Carroll et al., 1992; Pagé et al., 2010; Ramos et al., 2018). It has,
however, been speculated that the smaller ventricular chamber present in women is
related to their smaller heart size rather than a different remodeling pattern (Ramos
et al., 2018). Men seem to have a higher degree of hypertrophy, i.e. a larger increase
in ventricular mass, in AS (Orlowska-Baranowska et al., 2004).
Ventricular hypertrophy leads to a reduced density of coronary arteriolar
vessels and to increased transmural pressures that result in an elevated coronary
resistance (Lindman et al., 2016). The consequence is that the individual has a
worsened coronary flow, which increases his/her risk for ischemic insults to the
myocardium, eventually leading to scar-like fibrosis. Furthermore, there are often
concomitant conditions (old age, hypertension, diabetes, atherosclerosis) that
increase the stiffness of the peripheral arteries, increasing the peripheral resistance
and thus elevating the workload of the left ventricle, which contribute to the
development of left ventricular dysfunction (Dweck, Boon, et al., 2012).
The extent of left ventricular hypertrophy is important: AS patients with an
inappropriately high left ventricular mass have increased mortality when compared
with patients with a comparable valve narrowing but more moderate hypertrophy
(56% vs. 10% at 5-year follow-up) (Cioffi et al., 2011). Furthermore, in the
advanced stages, the left atrium may become enlarged, which often leads to
secondary pulmonary hypertension and right ventricular dysfunction (Lindman et
al., 2016). Eventually, the extent of fibrosis in the myocardium increases and more
myocytes degenerate and die, mostly by autophagy and oncosis, and only very
rarely by apoptosis, which leads to heart failure (Hein et al., 2003). In conjunction
with different imaging studies, blood levels of B-type natriuretic peptide (BNP) or
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the BNP ratio (the measured plasma concentration divided by the expected value
adjusted for age and sex) have been claimed to be useful markers of left ventricular
function (Lindman et al., 2016).
2.5.6 Experimental models of CAVD
It is difficult to study the early phases of CAVD in humans, since invasive sampling
is impossible in living individuals. Samples from early disease phases can be
gathered mainly when patients are operated for other reasons, e.g. aortic root
dilatation, or from autopsies. To overcome this obstacle, many different models
have been developed, including cultured aortic valve cells and experimental animal
models.
Primary VICs from human, but also from rat, porcine, sheep, and bovine tissues
have been widely used in these experiments. Recently, also some immortalized cell
lines of sheep and rat VICs have been introduced (H. Tsang et al., 2017). One
problem with most 2-dimensional cell culture systems is that they tend to undergo
spontaneous myofibroblastic differentiation of the VICs (Chen & Simmons, 2011),
thus making these models unsuitable for examining the early events in CAVD. The
use of a specific fibroblast culture media may prevent the myofibroblastic
differentiation (Latif et al., 2015). Nonetheless, VICs loaded into a 3-dimensional
hydrogel construct maintain a quiescent phenotype and the model seems to
simulate events that occur during early CAVD in vivo, making it a promising tool
for basic research and drug screening (Hjortnaes et al., 2016). The use of human
cells in a setting that would mimic the native tri-layered valve structure, would be
a major advance that could aid in the design of drug-delivery devices and allow for
rapid testing of novel therapies and pathogenic pathways; 3D cultures will
hopefully be further developed to achieve this goal.
Mice have been the most used animal model in CAVD research. While their
small size makes accurate imaging with echocardiography and MRI difficult, it is
not impossible (Weiss, Miller, & Heistad, 2013). However, although there are
anatomical and pathophysiological similarities between mouse and human aortic
valves, the hemodynamic stimuli are different, and the greater thickness of human
valves allows the VICs to exhibit a more compartmental response. With these
limitations in mind, genetic engineering has made it possible to achieve disease
models with features similar to CAVD. Table 2 presents a summary of mouse
models of CAVD.
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Table 2. Mouse models of calcific aortic valve disease. According to Dutta & Lincoln
(2018), Quang et al. (2014) and Weiss et al. (2018)
Model

Associated human disease

-/-

-/-

ApoE ApoE on atherogenic diet

AV calcification

Valve phenotype
Thickened AV,
calcification, AS

Chm1-/-

AV hyperplasia

B6-Egfrwa2/wa2Egfrwa2/wa2:

AV hyperplasia and thickening

Thickened AV,

AV calcification

AV calcification

Thickened AV,
calcification

Ptpn11+/-

calcification

Klotho null
LDLR-/-;Apob100/100 with and without
Western diet

AV calcification
AV calcification, BAV

AV calcification, BAV

AV calcification, BAV

Enlarged, thickened,

NOS3-/-:Notch1+/- fed
Western diet
Notch1+/- on Western diet

and calcified AV

Sox9+/-;Col2a1-Cre

AV calcification

RBP-J+/--MxCr fed HCVD diet

AV calcification, BAV

AV calcification
Thickened AV,
calcification

RBP-Jf/f-MxCr (RBPKO)
C57BL/6J fed excess vitamin A diet

Enlarged AV
AV calcification

AV calcification

VDR fed Western diet

AV calcification

AV calcification

LDLR-/- fed Western diet with low

AV calcification

AV calcification

Diabetes, AV calcification

AV calcification

UAV

UAV, AS

-/-

vitamin D
LDLR-/-/ApoB100/100/Igf-II*
EGFR

Vel/+

**

AV: aortic valve, AS: aortic stenosis, BAV: bicuspid aortic valve, Col2a1: collagen type II alpha 1 chain,
EGFR: epidermal growth factor receptor, eNOS: endothelial nitric oxide synthase, HCVD: high
cholesterolemic and vitamin D supplement, LDLR: low-density lipoprotein receptor, RBP-J:
recombination signal-binding protein Jκ, UAV: unicuspid aortic valve, VDR: vitamin D receptor.

The pig has been another widely used animal in CAVD research; these animals
have aortic valves anatomically similar to human valves (Lu et al., 2018; Simmons
et al., 2005) and similar lipid profiles and lipoprotein metabolism to humans (Sider,
Blaser, & Simmons, 2011). Because of their favorable hemodynamic properties i.e.
similarities to human valves, low thrombogenicity, and acceptable durability,
porcine aortic valves are widely used as bioprostheses (Bianco et al., 2018).
Rabbits have become the most widely exploited large animal model used in
CAVD research, as they are relatively easy to manage due to their size, have a
trilaminar valvular morphology, respond to dietary cholesterol and have some
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similarities with human lipoprotein metabolism, (for review, see (Sider et al.,
2011)). One commonly used rabbit model is the myocardial infarction-prone
Watanabe heritable hyperlipidemic (WHHLMI) rabbit, with familial
hypercholesterolemia and atherosclerosis (Hara et al., 2018). WHHLMI rabbits
exhibit a significantly smaller AVA and higher transvalvular pressure gradient than
control rabbits at 20 months, and histologically thickened leaflets with calcified
nodules at 30 months, suggesting that they may be useful for studying early-stage
AS in vivo.
As an alternative to genetic engineering of animals, adenovirus vectors can be
used to up-regulate single genes, for instance a single injection of adenovirus vector
with a gain-of-function mutant Pcsk9 has evoked atherosclerosis and aortic valve
leaflet thickening in mice (Goettsch et al., 2016). Silencing and up-regulation of
miRNAs are also a plausible method of CAVD research, and potentially even a
means of treatment in the future (van der Ven et al., 2017).
2.5.7 Pathogenesis – initiation
Historically, CAVD was considered to be a degenerative process and even though
mechanical stress and injury are important factors, today it is recognized that
complex and actively regulated processes are the key drivers of the pathogenesis of
CAVD, as stated by the National Heart, Lung, and Blood Institute (Rajamannan et
al., 2011). The risk factors (reviewed in chapter 2.5.4) are not alone enough to
initiate the disease process, although they contribute to its initiation.
Figure 3 presents a schematic overview of the pathogenesis of CAVD
(modified from (Pawade et al., 2015)). In the initiation phase, risk factors and
mechanical stress contribute to the endothelial injury on the aortic side of the valve.
This leads to the infiltration of oxidized lipids and inflammatory cells. Moving on
to the fibrosclerotic phase, inflammation promotes profibrotic processes including
active ECM remodeling, which leads to valve thickening. VICs are differentiated
into obVICs, collagen and bone-related proteins start to accumulate, leading to
microcalcification and eventually macrocalcification. Calcification promotes
further calcification, in a vicious cycle, leading to progressive obstruction.
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Fig. 3. A schematic overview of the pathogenesis of CAVD, modified from (Pawade et
al., 2015). Endothelial injury is promoted by risk factors and mechanical stress.
Infiltration of lipids and inflammatory cells promotes profibrotic processes, which in
turn promote the differentiation of VICs into osteoblastic cells. A vicious cycle of
calcification is formed, leading to progressive aortic valve obstruction. ECM:
extracellular matrix, VIC: valve interstitial cell.

Endothelial injury and dysfunction
There is a wide acceptance that CAVD, similarly to atherosclerosis, is initiated by
endothelial injury (reviewed in Boudoulas et al., 2013; Dutta & Lincoln, 2018;
Ohukainen, Ruskoaho, & Rysä, 2018; Pawade, Newby, & Dweck, 2015). The blood
flow is different on the different sides of the aortic valve. On the ventricular side,
it is laminar, but on the aortic side, the blood flow becomes turbulent and oscillating
(Balachandran, Sucosky, & Yoganathan, 2011; Yoganathan, 1988). Endothelial
shear stress is the tangential stress derived from the friction of the flowing blood
(Chatzizisis et al., 2007). Experimental studies on fluid dynamics have shown that
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atherosclerotic plaques tend to occur where flow velocity and shear stress are
reduced and flow is no longer laminar, e.g. near to the arterial branches (Glagov,
Zarins, Giddens, & Ku, 1988); the same phenomenon can be seen in an
experimental model of AS, using porcine aortic valves (Yearwood, Misbach, &
Chandran, 1989). Shear stress is at its highest in the leaflets adjacent to the coronary
ostia because of the influence of the coronary artery flow and the noncoronary
leaflet has lower shear stress – and, indeed, it is most frequently involved in AS
(Dweck et al., 2012). Moreover, the patterns of calcific deposits in stenotic aortic
valves are related to the area of maximal cusp flexion and thus the maximal
mechanical stress (Thubrikar, Aouad, & Nolan, 1986). It should be noted that even
though this ‘low and oscillatory shear stress theory’ is widely accepted, a systematic
review on the subject (in the setting of atherosclerosis) found some confounding
studies, which means that there is still room for research to clarify the factors
responsible for the disease-initiating endothelial damage, particularly longitudinal
studies starting from the healthy state (Peiffer, Sherwin, & Weinberg, 2013).
Anatomic defects, most importantly BAV, alter the blood flow and enhance
aberrant stress forces, which have been shown to promote CAVD-related signaling
pathways (e.g. BMP-4, TGF-β1, MMP-2, MMP-9) in isolated porcine aortic valve
leaflets exposed to BAV type shear stress (L. Sun, Chandra, & Sucosky, 2012).
Small alterations in the cusp sizes of normal tricuspid aortic valves are very
common, more often the rule rather than the exception (Vollebergh & Becker, 1977).
These small anatomic variations could alter the dynamics of blood flow,
introducing more stress to the endothelium, and thus worsening the endothelial
damage (Boudoulas et al., 2013). Furthermore, stiffening of the aortic wall because
of aging and/or different diseases does not allow the aorta to expand as it should
with each ventricular contraction, and abnormal aortic function and anatomy may
cause retrograde pulse waves, again changing the fluid dynamics (Boudoulas et al.,
2018).
Nitric oxide (NO), an endothelium-derived relaxing factor (Palmer, Ferrige, &
Moncada, 1987), may be one of the driving factors mediating the endothelial
damage to the rest of the valve tissue. It modulates the vasomotor tone, inhibits the
expression of the monocyte chemoattractant peptide 1 (MCP-1), reduces vascular
cell adhesion molecule 1 (VCAM-1) expression, prevents the propagation of lipid
oxidation, inhibits the vascular smooth muscle proliferation, and decreases platelet
aggregation – altogether, it possesses strong anti-inflammatory, anti-mitogenic, and
anti-thrombotic properties (Chatzizisis et al., 2007; Harrison et al., 2006).
Additionally, NO promotes wound repair in porcine mitral valves (Durbin, Nadir,
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Rosenthal, & Gotlieb, 2005). Normal shear activates the endothelial nitric oxide
synthase (eNOS) enzyme, which produces NO. For example, the response of the
endothelium to cardiovascular risk factors may lead to endothelial dysfunction
characterized by reduction of the vasodilators (particularly NO) and/or an increase
in endothelium-derived contracting factors (Hadi, Carr, & Al Suwaidi, 2005).
Reduced eNOS mRNA levels have been reported in AS when compared with the
controls and the fibrotic phase valves (Peltonen et al., 2009).
The arterial endothelial cells can sense low endothelial shear stress through a
transmembrane receptor, NOTCH1 (Combs & Yutzey, 2009), which leads to many
changes in the cells: NO production is attenuated and LDL uptake, synthesis, and
permeability are promoted (reviewed by Chatzizisis and co-workers (2007)).
Furthermore, oxidative stress (ROS production), inflammation, vascular smooth
muscle cell migration, differentiation, proliferation, and ECM degradation are
increased. The high concentrations of generated ROS attack the endothelium and
cause even more damage, increasing endothelial permeability and promoting
leukocyte adhesion (Hadi et al., 2005). Considering the similarities between early
atherosclerotic and CAVD lesions, at least some of the same mechanisms in
endothelial dysfunction are also probably present in CAVD.
Calcification of cultured porcine VICs is prevented or accelerated by the gain
or loss of NO, respectively (Bosse et al., 2013). More specifically, NO signaling
affects the expression of Hey1, a downstream mediator of NOTCH1 that is
genetically linked to BAV and thus to CAVD. Moreover, the overexpression of
NOTCH1 retards the calcification of VICs that occurs with NO inhibition. Finally,
mice with the eNOS-/-; Notch1+/- genotype develop CAVD. These findings suggest
that VECs can truly regulate VICs, with the mediator most likely being NO.
Surprisingly, the endothelial dysfunction may persist even with restored
hemodynamic parameters after valve replacement (Chenevard et al., 2006). It has
been speculated that this would be due to the consistently high CRP levels, leading
to lower eNOS expression and thus reduced NO availability.
Systemic endothelial dysfunction can be monitored by ultrasonography of the
brachial artery (changes in the arterial diameter). Poggianti and co-workers (2003)
have shown that there is an association between aortic sclerosis and systemic
endothelial dysfunction and it has been later demonstrated that aortic sclerosis
independently predicts a systemic endothelial dysfunction in hypertensive patients
(Erdoǧan et al., 2013).
Interestingly, the aortic side VECs express significantly fewer numbers of
inhibitors of cardiovascular calcification, e.g. osteoprotegerin (OPG, which
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belongs to the TNF receptor superfamily), C-type natriuretic peptide (CNP) and
parathyroid hormone, suggesting that there may be a side-specific permissiveness
to calcification (Simmons et al., 2005). In addition, the aortic side VECs are softer
and unaffected by a NO donor, sodium nitroprusside, in contrast to ventricular
VECs (Miragoli et al., 2014). Conversely, endothelin (ET-1) causes an increase in
the compliance of the aortic side VECs but has no effect on the ventricular side of
the valve. The gene expression in the aortic side VECs is considered
noninflammatory and antioxidative; in the normal valve, this may protect the tissue
against inflammation and the initiation of sclerotic lesioning (Simmons et al., 2005).
Lipid accumulation
The classic study conducted by Otto and co-workers (1994) characterized the early
lesion of CAVD and emphasized the similarities with early atherosclerotic lesions.
The affected cusps showed uneven, nodular thickening with the lesions located
uniformly on the aortic side, most often in the base. These early lesions were
detected in the fibrosa, beneath the subendothelial basement membrane, which was
often thin, frayed, and reduplicated, sometimes even totally degenerated and absent.
The lesions contained neutral lipids (as identified with oil red O staining) and some
unidentified proteins (red and/or black material in Verhoeff - van Gieson staining)
as well as some calcified material (von Kossa staining). Furthermore, the lesions
had become infiltrated by macrophages (some of them lipid-laden foam cells) and
T lymphocytes.
Similarly, a case report of a seven-year-old child who died with untreated FH
(the case is from 1956, before the time of lipid-lowering medication, and
reexamined in 2003) depicted valvular lesions similar to those encountered in
vascular atherosclerosis, with plaques rich in lipid-laden foam cells, focal areas of
collagen and scant basophilic ground substance (Rajamannan, Edwards, &
Spelsberg, 2003).
It has been described how these lesions are a result of the damaged endothelium
becoming permeable to circulating lipids in the blood, and these substances
accumulate subendothelially. They contain apoB, apo(a) and apolipoprotein E
(apoE) (O’Brien et al., 1996); in atherosclerosis, the subendothelial retention of
apoB-containing LDL is considered to be the key initiating process in atherogenesis
(Tabas, Williams, & Borén, 2007). ApoB is the core protein of Lp(a) and LDL (van
Capelleveen, van der Valk, & Stroes, 2016). The retention of lipids seems to need
an ionic interaction since mice expressing LDL without normally working
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proteoglycan binding to atherogenic lipoproteins develop significantly less severe
atherosclerosis than controls (Skålén et al., 2002). Lp(a) is also involved in tissue
repair and the cellular damage in aortic valve could lead to excessive Lp(a) binding
(Thanassoulis, 2016). In addition, cultured human VICs showed higher levels of
calcium deposition when incubated with LDL or Lp(a) and the treatment with Lp(a)
significantly increased ROS formation (Yu et al., 2018).
The circulating apo(a) and apoB are often oxidized (Kamstrup et al., 2017) and
there is a positive correlation between circulating oxidized LDL levels and a higher
aortic valve remodeling score, which assesses valvular fibrosis, calcification, and
structure degradation (Côté et al., 2008). Thus, the retained phospholipids are partly
oxidized but may be also a target for free radicals or ROS which will further oxidize
these phospholipids (Bochkov et al., 2010) and both OxPL and lysophosphatidic
acid (generated from OxPL by autotaxin) are proinflammatory and proatherogenic
(Bouchareb et al., 2015; Capoulade et al., 2015; Torzewski et al., 2017). Autotaxin
is present in Lp(a) and secreted by VICs (Bouchareb et al., 2015). Furthermore,
lipoprotein-associated phospholipase A2 (Lp-PLA2) is overexpressed in CAVD
and this enzyme converts OxPL into lysophosphatidylcholine, which is a powerful
promoter of mineralization in isolated VICs (Mathieu & Boulanger, 2014).
Taken together, in atherosclerosis there is the concept of ‘response-to-retention’
meaning that atherogenesis is initiated with lipid retention in the arterial wall and
the rest of the process is a response to that initial process (Tabas et al., 2007), a
concept which may hold true in the initiative phase of CAVD, as well.
Inflammation
As described in the above chapters, both the endothelial dysfunction and the
retention of OxPL, as well as ROS production promote inflammation. OxPL
activate cell adhesion molecules mediating the adhesion of monocytes to
endothelial cells and stimulate endothelial expression of several chemokines, some
of which are specific for mononuclear leukocytes, while others attract both
monocytes and granulocytes, or are selective for granulocytes (for review, see
(Bochkov et al., 2010)). Myofibroblasts may also express chemokines, such as CC motif ligand 3 (CCL3) (Ohukainen et al., 2015). Furthermore, OxPL directly
affect inflammatory cells, e.g. monocytes are stimulated to secrete VEGF-A, which
in turn may direct the migration of leukocytes and activate angiogenesis (Bochkov
et al., 2010). Another action of OxPL is the promotion of blood clotting by
modulating the blood coagulation cascade and the activation of platelets.
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In early CAVD, the inflammatory infiltrates consist of macrophages (many of
them are foam cells), T and B lymphocytes, and mast cells (reviewed in Ohukainen
et al., 2018). As is the case in atherosclerosis, the initial inflammatory response,
mostly maintained by macrophages, most likely strives to eliminate the retained
lipids, but while retention continues, inflammation becomes chronic. Lp(a)
particles can promote foam cell formation and inflammation in early valve lesions
(Thanassoulis, 2016). Both macrophages and T cells express pro-inflammatory
cytokines, including interleukins (ILs) 1, 2 and 6, MMPs, and TNF-α, which
stimulate VICs, ECM remodeling, and promote the expression of the genes
involved in osteogenesis (Hulin, Hego, Lancellotti, & Oury, 2018). The
proinflammatory cytokines impair the protective role of valve endothelium by
inhibiting eNOS and thus prevent the production of NO. All in all, the described
activity represents a vicious cycle where endothelial damage/dysfunction, lipid
oxidation, ROS production, inflammation, and the secretion of proinflammatory
factors activate one after the other, leading to a more advanced injury in the area.
In vivo imaging studies on atherosclerotic calcification conducted both in
human subjects (Abdelbaky et al., 2013) and ApoE-/- mice (Aikawa et al., 2007)
have shown that chronic inflammation leads to arterial atherosclerotic calcification
in the inflamed area, with the process presumably starting with extracellularvesicle-derived microcalcification as shown both in hydrogel cultures and calcified
human atherosclerotic plaques (Hutcheson et al., 2016).
The T cells in AS valves are mostly CD8-positive cytotoxic T cells and the
changes in the profiles of T cells match those in circulating blood, suggesting that
there is an ongoing systemic adaptive immune response occurring in AS
(Winchester et al., 2011). Furthermore, the serum levels of MMP-2, MMP-9 and
IL-6 are increased in aortic sclerosis patients (Rugina et al., 2007). It has been
hypothesized that the markers of systemic inflammation could predict CAVD
progression, but even though CRP is known to be increased in patients with AS
(Galante et al., 2001), it has failed to predict the progression of CAVD (Novaro et al.,
2007).
To conclude, inflammation is an important phenomenon in the early phase of
CAVD and contributes to ECM remodeling already in the initiation phase.
Neovascularization
Angiogenetic signaling plays an important role in the pathophysiology of CAVD,
but overall, neovascularization has not been a very extensively studied aspect of
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the disease. The promotion of angiogenesis by the above-mentioned factors leads
to neovascularization which starts during the fibrosclerotic phase but is more
pronounced in AS (Ohukainen et al., 2015).
Chondromodulin 1 (CHM1) is one of the antiangiogenic factors abundantly
expressed in cardiac valves. Interestingly, it is down-regulated in areas with
calcification in diseased human cardiac valves, including cases with infective
endocarditis, RHD and atherosclerosis (Yoshioka et al., 2006). The calcified areas
displayed signs of lipid deposition, neovascularization and VEGF-A expression.
Furthermore, Chm1-/- mice exhibited evidence of early calcification, lipid
deposition, and neovascularization, as well as the expression of VEGF-A. Thus,
this model suggests that neovascularization itself can promote the development of
CAVD.
Arevalos and co-workers (2016) co-cultured porcine VECs and VICs and
found that VICs initially regulated an early VEC network organization in a ROCKdependent manner (found to be associated also with nodule formation in VIC
cultures (Gu & Masters, 2011)), and guided later VEC network contraction through
chemoattraction. Next, the cells formed spheroids, and this phase was regulated by
Angiopoietin1-Tie2 signaling. These findings reveal another form of organized
interplay between VECs and VICs during the initiation phase of CAVD.
The endothelium of the neovasculature expresses both intercellular adhesion
molecule 1 (ICAM-1) and VCAM-1 (Mazzone et al., 2004). This indicates that
neovessels are a portal through which circulating inflammatory cells can enter the
valvular tissue.
Neovascularization is positively correlated with intraleaflet hemorrhage
(Akahori et al., 2011), a quite common feature of valves with AS (28 out of 36
patients in this study as assessed by glycophorin A positivity outside of the
neovessels). The hemorrhagic areas were found mostly near calcifications and
neovascularization and were frequently infiltrated by macrophages, the extent of
macrophage infiltration correlating with that of hemorrhage. It is worth noticing
that there was also a positive correlation between hemorrhage and a rapid
progression of AS (as measured with annual change in aortic valve area).
There are also elevated numbers of lymphatic vessels in AS (though clearly
less than blood vessels) (Kholová et al., 2011) correlating positively with those of
the neovessels and mast cells (Syväranta et al., 2012). This suggests that valvular
myofibroblasts (VICs) and mast cells are regulators of lymphangiogenesis. Lymph
vessel endothelium expresses podoplanin, a glycoprotein widely used as a marker
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for the lymphatic vasculature (Breiteneder-Geleff et al., 1999). However, little is
known about the significance of lymphatic vasculature in CAVD.
2.5.8 Pathogenesis – fibrosclerosis
Active ECM remodeling
Moving into the fibrosclerotic phase, the valvular thickening becomes more
pronounced (Otto et al., 1994). The continuing inflammation induces ECM
remodeling, which is histologically seen as collagen bundle disorganization and
collagen bundles in the ventricularis layer, an increase in loose connective tissue,
as well as elastic fiber fragmentation and stratification (Fondard et al., 2005).
Morphologically, both fibrosis and degeneration are present, and indeed, active
remodeling in the development and disease processes typically features
simultaneous evidence of degradation, synthesis and structural modification (Lu,
Takai, Weaver, & Werb, 2011). The increased activity of MMP-9 and MMP-3 is
present in AS, and tissue inhibitor of matrix metalloproteinase 1 (TIMP-1) in both
aortic sclerosis and AS, indicating that the MMP/TIMP system is active in ECM
remodeling even in a mild/early phase of CAVD (Fondard et al., 2005).
Additionally, removed human stenotic aortic valves showed high
immunohistochemically assessed expression of MMP-1 and TNF-α when
compared with control valves, but the TIMP-1 expression remained low in AS,
(Kaden et al., 2005). The same study found that TNF-α, which was localized
mainly in macrophages, stimulated proliferation and induced MMP-1 expression
and activation in cultured valvular myofibroblasts (most likely VICs).
TNF-α also has a crosstalk with IL-1β, and mice deficient with IL-1 receptor
antagonist (IL1-Ra) have increased levels of TNF-α accompanied by thickened
aortic valves, while the double knockout mice Il-1Ra-/- Tnf-α-/- do not have AS
(Isoda, Matsuki, Kondo, Iwakura, & Ohsuzu, 2010). IL-1β can, like TNF-α, induce
the expression of MMP-1 in cultured myofibroblasts (Kaden et al., 2003).
Cathepsins S, K, and V are cysteine protease enzymes known to be expressed
increasingly along with their inhibitor cystatin C in atherosclerotic lesions but also
in aortic stenosis in human valves where they degrade elastin and disturb the
balance in ECM homeostasis (Helske, Syväranta, Lindstedt, et al., 2006).
Additionally, the presence of cathepsin L has been shown in porcine aortic valves
by Sun and co-workers (2013). They found that changes in the magnitude of shear
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stress and, to a lesser extent, in the frequency of shear stress caused increased
activity of MMP-9, MMP-2, and cathepsin S and increased the expression of MMP9, MMP-2, cathepsin S, and cathepsin L. The longer the valves were exposed to the
changing shear stress, the greater was the increase in those biomarkers. Paracrine
signaling via bone morphogenetic protein 4 (BMP-4) and TGF-β1 was also
induced. Interestingly, mitral valves removed for myxomatous degeneration
display many of the features of fibrotic aortic valves, including α-SMA-positive
myofibroblastic cells (i.e. aVICs) showing positivity for MMP-9, MMP-2, MMP13, MMP-1, cathepsin S, and cathepsin K, as well as IL-1β (Rabkin et al., 2001).
Cytotoxic T lymphocytes feature membrane-bound organelles (lysosomes),
containing cytolytic molecules: granzymes (Grs) and perforin (Ewen, Kane, &
Bleackley, 2012). Five Grs are known in humans (GrA, GrB, GrH, GrK and GrM),
and they interact with perforin to mediate apoptosis. At least GrB is able to degrade
the ECM with its proteolytic function (Buzza et al., 2005), and it has been shown
to be expressed in advanced atherosclerotic lesions, localized in macrophages (both
foamy and “normal”), T lymphocytes, and α-SMA-positive cells that were claimed
to be smooth muscle cells in a study of Choy and co-workers (2003), but may
represent at least partly myofibroblasts.
Reduced NO expression
The profibrotic processes are mediated partly by the reduced NO expression
following endothelial injury and dysfunction. This has been shown in the mice
deficient in eNOS: they developed early fibrosis, both in the case of BAV and TAV
(El Accaoui et al., 2014). Interestingly, calcification was seen only in the mice with
BAV. Moreover, BAV patients have a significantly lower expression of eNOS in
aortic wall than TAV patients, and the expression has a negative correlation with
aortic diameter – suggesting that it could mediate the high risk of aortic aneurysm
in BAV patients (Aicher, Urbich, Zeiher, Dimmeler, & Schäfers, 2007).
Renin-angiotensin system
The renin-angiotensin system (RAS, also known as the renin-angiotensinaldosterone system) oversees the functions of cardiovascular, renal, and adrenal
glands by regulating blood pressure, fluid volume, and sodium and potassium
levels, and has been widely studied in the setting of cardiovascular disease (for
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review, see e.g. (Pacurari, Kafoury, Tchounwou, & Ndebele, 2014)). RAS has
proinflammatory and profibrotic effects at the cellular and molecular levels.
Renin is a proteolytic enzyme secreted as inactive prorenin, which becomes
matured into its active form in the juxtaglomerular cells of the kidney (Sealey,
White, Laragh, & Rubin, 1977). Renin can cleave circulating angiotensinogen into
angiotensin I (Ang I) (Nguyen et al., 2002). Further, renin and prorenin can bind to
the (pro)renin receptor ((P)RR), present at least in heart, brain, placenta, kidney,
and liver (Nguyen et al., 2002). The binding results in two different functions: 1)
when renin or prorenin binds to (P)RR, signaling pathways stimulating fibrosis and
neovascularization are activated by the induction of ERK (Uraoka et al., 2009), and
2) the bound renin becomes catalytically active, ultimately promoting the formation
of angiotensin II (Ang II), which is considered to be profibrotic as well as elevating
the blood pressure (Nguyen et al., 2002).
Some components of the RAS have been shown to exist in valves. ACE is not
present in normal valves but can be detected both in aortic sclerosis and AS,
possibly partly delivered to the valve by LDL, which is its natural vehicle (O’Brien
et al., 2002). Active enzymes are produced also locally as macrophages express
ACE and mast cells possess chymase and cathepsin G, with the levels of all of these
enzymes being up-regulated in AS (Helske et al., 2004; Helske, Syväranta, Kupari,
et al., 2006).
ACE, chymase, and cathepsin G can cleave Ang I into Ang II (Helske et al.,
2004; Nguyen et al., 2002; Reilly, Tewksbury, Schechter, & Travis, 1982). The ratelimiting step in the RAS is Ang I generation, even though the major biologically
active peptide is Ang II (Nguyen et al., 2002). The profibrotic action of Ang II may
be mediated by TNF-α and IL-6, as prehypertensive men with CAVD and increased
circulating levels of Ang II have increased valvular mRNA levels of these cytokines
(Côté et al., 2010). Moreover, VICs express the angiotensin II type 1 receptor
(AT1R), which is also up-regulated in AS (Helske et al., 2004) and thought to be
another mediator of the profibrotic effect, possibly by activating the NF-κB
pathway through relatively complex signaling e.g. involving phospholipase C,
protein kinase C and the inhibitor of IκB kinase γ (IKKγ) (Mathieu, Bouchareb, &
Boulanger, 2015). RAS has also been linked to oxidative stress, as in a study using
human umbilical vein endothelial cells, a low shear stress resulted in higher ROS
levels and suppressed NO generation, which was reversed by the AT1R antagonist,
losartan (Chao et al., 2018).
Ang II has another receptor which it can activate i.e. the angiotensin II type 2
receptor (AT2R). AT1R and AT2R are structurally similar, but differently
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distributed (Kim & Iwao, 2000), and the beneficial effects of RAS on
cardiovascular system (e.g. antifibrotic effect) are supposedly mediated via AT2R
(Steckelings, Paulis, Namsolleck, & Unger, 2012).
Studies in vascular smooth muscle cells and cardiac myocytes have revealed
that Ang II can activate RhoA (Choudhary, Lu, Cui, & Brasier, 2007), a small
GTPase protein that is associated with an increased nodule formation in VIC
cultures and which can cause the differentiation of inactive qVICs into a
myofibroblastic (aVIC) and osteoblastic (obVIC) phenotype (Gu & Masters, 2011).
ROCK inhibition in turn greatly decreases the amount of nodule formation, αSMA-positive stress fibers, apoptosis, and reduces the gene expression of
myofibroblast-related phenotypic markers. Interestingly, the effect of the inhibition
of this pathway on osteogenic activity is only modest.
A more recent finding related to the RAS centers around ACE2, an ACE
homologue that either cleaves Ang I into Ang (1-9), which is then converted to Ang
(1-7) by ACE, or in an alternative way, acts by metabolizing Ang II into Ang (1-7)
(Xu, Sriramula, & Lazartigues, 2011). It is a competitor of Ang II and has
cardiorenal protective effects (vasodilatation, inhibition of smooth muscle
proliferation and neoangiogenesis) mediated by its receptor, Mas (Pacurari et al.,
2014). Thus, this ACE2/Ang (1-7)/Mas receptor axis is considered to be a
counterbalancing or compensatory arm of RAS, being functional at least in the
cardiovascular and central nervous systems (Xu et al., 2011).
Apelin
There is one putative counteracting system to the Ang II – AT1R system i.e. the
apelin - APJ axis (Chandrasekaran, Dar, & McDonagh, 2008). Apelin is expressed
mainly in the vascular endothelium, including the cardiovascular system and brain
(Lee et al., 2000), but it has been detected also in cultured human osteoblasts
obtained from bone donors, together with APJ (Xie et al., 2006). It is a powerful
inotrope and peripheral vasodilator as well as being involved in fluid homeostasis
(Chandrasekaran et al., 2008). Apelin also can control fluid balance by affecting
the secretion of antidiuretic hormone from hypothalamus, but our understanding of
its exact effects is somewhat unclear (Chandrasekaran et al., 2008). Preproapelin is
a peptide of 77 amino acids, cleaved into shorter active ligands for its G-proteincoupled receptor APJ, with the most active peptides being 13 and 17 amino acids
long (Tatemoto et al., 1998). In ApoE-/- mice, exogenous Ang II induces
atherosclerosis and abdominal aortic aneurysm formation, which can be abrogated
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by a co-infusion of apelin, probably by increasing NO production and inhibiting
Ang II cellular signaling (Chun et al., 2008).
Other fibrosis-promoting factors
ET-1 is a very potent vasoconstrictor, promoting not only inflammation and growth,
but also fibrosis (Widyantoro et al., 2010). ET-1 and its main receptor ETA have
been shown to be present in human aortic valves and to be up-regulated in AS
(Peltonen et al., 2009). Interestingly, ET-1 has stimulated fibrosis through EndMT
in diabetic mice (Widyantoro et al., 2010) and increased cusp stiffness in porcine
aortic valves (El-Hamamsy et al., 2009).
CNP is one of the molecules expressed differentially on the different sides of
aortic valve, being more evident in the ventricular VECs (Simmons et al., 2005). It
can be regarded as an antifibrotic factor as it suppresses VIC stiffening and inhibits
myofibrogenesis and osteogenesis in vitro (Wyss et al., 2012). Recently, the
inhibition of these pathological changes has been found to be mediated via
natriuretic peptide receptor 2 (NPR2); Npr2-deficient mice undergo aortic valve
thickening, collagen accumulation, and calcifications (Blaser et al., 2018).
Additionally, 9.4% of mice heterozygous for Npr2 have congenital BAV with more
pathology than TAV. The expression of CNP and its receptors is decreased in AS
(Peltonen et al., 2007), which implies that together with the above-mentioned
findings, CNP/NPR2 signaling plays a role in CAVD.
The accumulation of collagen in matrix is thought to provide a scaffold upon
which progressive calcification can develop (Pawade et al., 2015). However, the
total collagen content in aortic valves is decreased during the progression of AS
and the amount of calcification increases (Eriksen et al., 2006). This is somewhat
paradoxical, since the synthesis of type I collagen (localized in the myofibroblastic
cells adjacent to calcified nodules) is up-regulated, but it probably indicates an
increase in concordant ECM degradation.
2.5.9 Pathogenesis – calcification
Extensive calcification is the hallmark of CAVD and distinguishes it from
atherosclerosis. The fibrosclerotic phase and the beginning of calcification may
together be called the propagation phase, which finally leads to end-stage
calcification with severe symptomatic aortic stenosis. Dweck and co-workers
(2013) have used PET and CT imaging in patients with CAVD and compared
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calcification and inflammation in the aortic valve with regions of thoracic atheroma
and skeletal bone. They found evidence of coexistent CAVD and calcific
atherosclerosis, but active calcification was more pronounced in AS as compared
with the regions of aortic atheroma, while the reverse was true of inflammation.
Furthermore, the calcification in the valve appeared largely unrelated to the calcific
activity in the regions of atherosclerosis or bone, which suggests that once the
calcification process has begun in the valve, it may proceed rather independently
of any external factors. Histological studies have, however, produced confounding
results: in patients with CAVD, there was a correlation in aortic valves removed
during a valve replacement operation between the presence of an inflammatory
process and the progression rate of AS (Coté et al., 2013). A dense inflammatory
infiltrate was also independently related to the remodeling process (indicated by
increased neovascularization and osseous metaplasia) and the degree of stenosis
(peak transaortic gradient).
As noted before, the progression from aortic sclerosis to AS is slow. However,
once even a mild valve obstruction is present, progressive stenosis occurs in nearly
all patients, most often requiring valve replacement – even though there is extensive
variation among individual patients in the speed of progression (Otto &
Prendergast, 2014). Until now, it has not been possible to identify a single ‘point of
no return’, a tipping point when the valve mineralization will continue unhindered
to the inevitable severe calcification and stenosis. Much research has been done to
clarify the origin of calcification, and there are indications that it may originate
from several sources; these will be reviewed in the following chapters.
Microcalcification
Atherosclerotic calcification is thought to start with microcalcification originating
from macrophage-derived extracellular vesicles (Hutcheson et al., 2016; New et al.,
2013). In harmony with this concept, a proinflammatory macrophage subset (M1)
detected in aortic valves, has been found to be able to promote VIC calcification in
cell culture, with one possible mediator being the delivery of microRNA 214
(miRNA-214) in microvesicles to VICs, with a subsequent down-regulation of
TWIST1 (Li et al., 2016). Additionally, increased cholesterol delivery via Lp(a) can
lead to the formation of cholesterol microcrystals which may possibly be nidi for
calcification as shown in atherosclerotic lesions (Hirsch, Azoury, Sarig, & Kruth,
1993), and is a plausible mechanism also in CAVD. Furthermore, the apoptotic
bodies from dying macrophages and VICs, as well as degradation products of
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elastin and collagen, could be sources of microcalcification (New & Aikawa, 2011a,
2011b), as in an electron microscopic evaluation of atherosclerotic plaques, matrix
vesicles (30-300 nm) and apoptotic bodies (300-1000 nm) contain structures
compatible with being nanocrystals of hydroxyapatite.
Microcalcification has been evaluated in atherosclerosis, partly because the
microcalcifications (spotty or granular calcification) are associated with plaque
vulnerability, increasing the risk of plaque rupture (Pugliese, Iacobini, Fantauzzi,
& Menini, 2015), but their clinical impact in CAVD is not known e.g. there is no
definition of what represents the size of a microcalcification in CAVD. In light
microscopy, calcifications down to 10 μm can be distinguished, but special
techniques and stainings (immunofluorescence, electron microscopy) are needed to
detect smaller particles. However, these presumed microcalcifications with calcium
and hydroxyapatite crystals may start to accumulate already during the initiation
phase, but would continue to expand quickly by creating more nucleation sites for
calcium deposition as well as evoking additional pro-inflammatory responses
(Peeters et al., 2017). The matrix in which the calcifications are deposited also
changes to becoming more bonelike, containing osteopontin and other bone matrix
proteins (Mohler, Adam, McClelland, Graham, & Hathaway, 1997; Mohler et al.,
2001).
VICs as calcification sources
The source of osteoblast-like cells ultimately responsible for macrocalcifications is
still somewhat controversial (Pawade et al., 2015). It has been proposed that after
valvular injury, the VECs undergo osteogenic differentiation via EndMT (WylieSears, Aikawa, Levine, Yang, & Bischoff, 2011), the same phenomenon that is seen
during valve development (Armstrong & Bischoff, 2004). Indeed, it has been
shown that sheep VECs induced by TGF-β1 (which induces NOTCH1) undergo
EndMT, which is inhibited by VICs (Hjortnaes et al., 2015). It should be noted that
also changes in ECM, which are seen in the initiation phase of CAVD, can induce
EndMT (Dahal, Huang, Murray, & Mahler, 2017).
Thus, in certain disease conditions, EndMT may populate the valve with newly
formed VICs that in turn could differentiate into obVICs. Indeed, Hjortnaes and coworkers (2016) used a 3D hydrogel culture with isolated porcine VICs; these cells
first differentiated into myofibroblasts and then into osteoblasts forming calcific
nodules. The differentiation cascade was initiated by using an osteogenic medium
including β-glycerophosphate, ascorbic acid and dexamethasone. Myofibroblasts
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were recognized by their α-SMA positivity and osteoblasts by their Runx2
positivity. Moreover, the silencing of α-SMA under osteogenic conditions
diminished osteoblast-like differentiation and calcification. In summary, the
differentiation of inactive qVICs into aVICs with a myofibroblastic phenotype and
finally into calcification-producing obVICs is currently probably the best
hypothesis to explain the differentiation cascade occurring in CAVD.
During the early propagation phase, the differentiation would be coordinated
by macrophages via the action of proinflammatory cytokines (different ILs, TNFα, insulin-like growth factor-1, and TGF-β) (Pawade et al., 2015). Of these, IL-6 is
overexpressed in VICs in AS, and the expression increases dramatically in an
osteogenic, phosphate-containing medium, promoting VIC mineralization (El
Husseini et al., 2014). The increase in mineralization can be prevented by blocking
the increase in IL-6 expression, suggesting that it is one of the key players in the
osteoblastic differentiation of VICs. Interestingly, IL-6 is controlled by the NF-κB
pathway, and it promotes also the expression of BMP2 (El Husseini et al., 2014)
and EndMT in aortic valves (Mahler, Farrar, & Butcher, 2013).
There are other pathways presumed to drive differentiation from aVICs to
obVICs e.g. NOTCH1, receptor activator of NF-κB (RANK)/ receptor activator of
NF-κB ligand (RANKL)/OPG, Wnt/β-catenin, and BMPs (Peeters et al., 2017).
NOTCH1 normally suppresses osteogenic signals of RUNX2 and BMP2 (Zeng et
al., 2016), and as noted before, some individuals with familial BAVs and AS
patients with TAVs have NOTCH1 mutations (Garg et al., 2005; Irtyuga et al., 2017).
The NOTCH1 mutations might directly affect the RANK/RANKL/OPG system, as
the serum OPG levels and the OPG/soluble RANKL ratio correlates with NOTCH1
missense mutation variants (Irtyuga et al., 2017). RANKL also undergoes a crosstalk with RAS, as an infusion of Ang II increases the expression of RANKL, RANK,
and bone-related genes in human aortic vascular smooth muscle cells – and
RANKL in turn increases AT2R and ACE2 expression (Osako et al., 2013).
Recently toll-like receptors (TLRs) have been linked to aortic valve
calcification; TLRs are immune system components specialized in the recognition
of pathogen associated molecular patterns (PAMP) and of endogenous molecules
released upon tissue injury (damage-associated molecular patterns, DAMP) (Kawai
& Akira, 2010). TLRs are critical for host defense but also strongly associated with
the pathogenesis of inflammatory and autoimmune diseases. To date, 10 human
TLRs have been identified; of these, isolated VICs have been found to express
TLRs 2, 3, and 4, of which at least TLR2 and TLR4 activate inflammation and
promote osteogenic reprogramming of VICs via NF-κB (García-Rodríguez et al.,
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2018). Furthermore, phospholipid transfer protein (PLTP) that increases the
binding affinity of HDL to proteoglycans and thus might hinder the outbound
transport of cholesterol, is overexpressed in isolated VICs in CAVD, probably at
least partly due to TLR2 promotion (Derbali et al., 2010). Another coincidental
phenomenon is that VICs produce a proteoglycan called biglycan, which binds to
LDL particles and acts as a DAMP, stimulating TLR2. It is interesting that in
isolated human VICs, there is a cross-talk between TLR-NF-κB and NOTCH1
pathways, as NOTCH1 inhibition results in a suppression of the TLR4-induced
inflammatory response (Q. Zeng et al., 2012). Recently, many other ligands of TLR
have been found to promote calcification in different CAVD models, e.g. by
activating osteogenic mediators such as BMP4 or alkaline phosphatase (ALP),
suggesting that the TLR2/4-NF-κB pathway might be one of the main driving
forces of inflammation leading to calcification (García-Rodríguez et al., 2018).
Calcifications are seen to a larger extent in the left-sided heart valves than in
their right sided counterparts, which has led to a hypothesis that pressure (which is
higher in the left side) plays an important role in the disease development
(Boudoulas et al., 2013). According to the so-called ‘LDL-density-pressure theory’,
the high pressure in the aortic valve results in bone formation while the lower
pressure in the mitral valve produces cartilage (Rajamannan, 2011). It has been
speculated to be mediated via the LDL-related receptor 5 and 6 (Lrp5/6), which is
expressed in VECs and up-regulated by a combination of high mechanical pressure,
a hypercholesterolemic environment and the physical proximity to myofibroblastic
stem cells (most probably VICs) which are able to mineralize (Rajamannan, 2012).
The signaling from VECs to VICs is suggested to be mediated through Wnt3a,
which is located in the cell membrane as a co-receptor complex with Lrp5/6 and
Frizzled, stabilizing intranuclearly transported β-catenin, which in turn promotes
osteogenic signaling of RUNX2 and BMP (reviewed in (Y. I. Zeng et al., 2016)).
Criticism against VIC-derived calcification
Some criticism has been raised against the significance of the calcification
originating from VICs (Ruiz, Hutcheson, & Aikawa, 2015). Many arguments for
VIC-derived calcification are based on experiments conducted with vascular
smooth muscle cells, because isolated and cultured VICs tend to display the aVIC
phenotype and adopt the obVIC phenotype only when cultured on very soft
substrates and under osteogenic conditions (Yip, Chen, Zhao, & Simmons, 2009).
The differentiation into aVICs can be avoided with novel 3D hydrogel culturing
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platforms, but the differentiation into obVICs needs to be promoted with an
osteogenic medium (Hjortnaes et al., 2016). Another counterargument is that in a
side-by-side comparison, VICs cultured in an osteogenic medium did not secrete
osteocalcin, a marker of later-stage mineralization (Monzack & Masters, 2011).
Furthermore, in the rather large histologic study conducted by Mohler and coworkers (2001), only 13% calcified human aortic valves showed mature lamellar
bone with hematopoietic elements and bone remodeling and only two valves
contained immature woven bone, and thus they named the amorphous material,
forming the major part of mineralized lesions, as dystrophic calcification. Another
study with 236 consecutive AS cases found that 53% had bone metaplasia without
hematopoiesis and only 6% displayed signs of hematopoiesis (Galli et al., 2017).
However, the above-mentioned limitations in culturing techniques cannot
counterweigh all of the evidence emerging from imaging and histological studies,
suggesting that VICs would be a major source of calcification. Moreover, the
controversies concerning calcification vs. ossification are probably more a question
of nomenclature, as some authors often do not take account of the intralesional
properties of mineralization, and apparently name all macrocalcifications as bone.
This possible difference in the definition of bone probably explains much of the
variation in how much “bone” was detected in the two studies mentioned above. In
addition, the study of Mohler and co-workers (2001) was mostly a description of
the morphology of the lesions and could not really reveal how they originated.
Apoptotic pathways
There may be also other sources of calcification. As stated before in the chapter
‘Microcalcification’, small amounts of apoptotic bodies contain hydroxyapatite;
they can form microcalcifications and may act as seeds for larger calcifications.
Furthermore, cultured porcine VICs exposed to tension strain can produce calcified
nodules with a necrotic core surrounded by an apoptotic ring (Fisher, Chen, &
Merryman, 2013) and in that study, treatment with a caspase inhibitor was also able
to reduce the amount of formed calcific nodules.
The described phenomenon could be involved in the vicious cycle of selfpromoting progressive calcification and valve injury. The mechanism may partly
be related to the increased mechanical stress as a result of mineral accumulation
and valve stiffening, injury-induced activation of the Wnt/β-catenin pathway and
further osteoblast differentiation (for review, see (Menon & Lincoln, 2018)).
However, it may also be attributable to the activity of ectonucleotidases that
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regulate the levels of inorganic phosphate (Pi) and pyrophosphate (PPi), the former
being a promoter, and the latter an inhibitor of calcification (Towler, 2005). With
respect to the ectonucleotidases, ENPP1 is particularly strongly expressed in CAVD
and VIC cultures undergoing mineralization (Côté et al., 2012), and its inhibition
reduces mineralization in cultured human VICs under mechanical strain
(Bouchareb et al., 2014). ENPP1 is expressed in VICs and exported to plasma
membrane in vesicles, which is promoted through the RhoA/ROCK pathway.
ENPP1 hydrolyses adenosine triphosphate (ATP) thus depleting its extracellular
pool. This produces a net increase in Pi, thus favoring calcification, and promoting
the production of further ENPP1 in a positive feedback loop (Pawade et al., 2015).
ATP is an important survival signal for VICs via the P2Y2 receptor and loss of ATP
leads to apoptosis of VICs (Côté et al., 2012), and possibly promotes or enhances
mineralization (Mathieu & Boulanger, 2014).
Furthermore, this pathway is linked to mineralization-promoting IL-6, as the
loss of P2Y2 increases IL-6 secretion (El Husseini et al., 2014). Finally, adenosine
monophosphate (AMP) resulting from ATP hydrolysis stimulates the
mineralization of VICs through a cyclic AMP (cAMP)/protein kinase A/cAMP
response element-binding protein pathway, which again regulates ENPP1 in a
positive feedback loop (Mahmut, Boulanger, Bouchareb, Hadji, & Mathieu, 2015).
In conclusion, the ectonucleotidase pathway may play an important role in
amplifying signals for calcification thus contributing to the CAVD progression. It
has been speculated that osteogenic VICs could then produce mature bone in a
subset of patients (Ruiz et al., 2015). It remains to be proven which of these
processes (VICs differentiated into osteoblastic phenotype or apoptotic pathways)
produces most of the mineralized material.
Circulating osteogenic progenitor cells
Furukawa (2014) has speculated that the origin of calcification would be circulating
osteoblast progenitor cells (COPs), found in ectopic ossification that develops in
tissues throughout the body (Suda et al., 2009). His group has found mesenchymal
stem cells that they suggested could cause calcification in aortic valves (Nomura et
al., 2013). Interestingly, these cells were CD45-negative (a common leucocytic
marker) while Egan and co-workers (2011) stated that in aortic valves, there were
CD45-positive cells coexpressing type 1 collagen, which they suggested to
represent COPs. They revealed that these cells were present in both fibrosclerotic,
calcified, and osseous lesions of stenotic valves with mature bone and they
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speculated that COPs would home in to the sites of valvular injury and that they
would be intimately associated with bone formation. It cannot be ruled out that they
play a role in CAVD, but in the light of the recent findings concerning VIC
differentiation, it seems unlikely that they are the major source of osteoblastic cells
producing calcifications.
Systemic calcium homeostasis
There are systemic regulators of calcification in the bone and in the cardiovascular
system that control calcium homeostasis e.g. several proteins that bind systemic Pi
to prevent the mineralization of soft tissues. These include fetuin A (secreted by
liver to blood) and matrix γ-carboxyglutamic acid protein (MGP) (from the blood
vessels and the aortic valve) (Mathieu & Boulanger, 2014). They can, separately or
as a complex, bind calcium crystals, and inhibit many of the procalcific processes.
Low serum levels of fetuin A predict the progression of aortic valve calcification
(Koos et al., 2009), and in another study, this was seen only in an elderly group of
patients over 70 years of age (Mohty et al., 2011).
There is an inverse correlation between the mineral density of bone and AS,
which has been shown in a large prospective study with 26 639 individuals in the
UK (Pfister et al., 2015). As noted before, disorders of mineral metabolism have
been associated with an increased prevalence of AS (Dweck, Boon, et al., 2012),
and individuals with osteoporosis suffer increased morbidity and mortality from
cardiovascular diseases (Kado, Browner, Blackwell, Gore, & Cummings, 2000).
Serum phosphate levels and CAVD have a close relationship: each 0.5 mg/dl
increase in serum phosphate concentration was associated with a greater risk of
aortic valve sclerosis (OR 1.17) (Linefsky et al., 2011). Moreover, a study using
near-infrared fluorescence in ApoE-/- mice has revealed that in arteries and aortic
valves, inflammation and calcification were associated with each other while the
level of inflammation was inversely correlated with bone mineralization (Hjortnaes
et al., 2010).
The mechanism for the inverse association between aortic valve calcification
and bone mineral density may be located in the activity of the
RANK/RANKL/OPG pathway. RANKL binds to RANK in bone and this induces
osteoclast differentiation and activity, leading to demineralization (Pawade et al.,
2015). RANKL has the opposite effect on cultured human VICs resulting in
increased matrix calcification (Kaden et al., 2004). OPG prevents the
RANKL/RANK interaction; e.g. OPG-deficient mice develop early osteoporosis
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and arterial calcification (Bucay et al., 1998). The differential effects in bone and
vasculature may be due to the activation of pro-osteoclasts by RANKL in bone but
their absence in the vasculature may lead to osteoblastic activation (Pawade et al.,
2015). However, the absence of osteoclasts in valvular tissue seems to be relative
rather than absolute, as osteoclasts have been shown to exist in calcified aortic
valves (Mohler et al., 2001), but to date, their role has remained unclear. A study
conducted by Cappelli and co-workers (2010) found gamma-glutamyltransferase
(γ-GT) expression in these osteoclast-like cells, and γ-GT exhibited a negative
correlation with both valve calcification and the degree of stenosis, which suggests
that osteoclasts could limit the progression of AS. The osteoclasts reside at the sites
of microfractures that form in the calcifications due to mechanical forces (Nagy et
al., 2013), but their osteolytic function is decreased as a result of IFN-γ derived
from CD8-positive cytotoxic T lymphocytes, as shown in organoid cultures of
calcified human aortic valves (Nagy et al., 2017).
However, imaging studies with PET/CT using fluoride tracers in patients with
CAVD have shown that calcification activity, calcification score, and macrophage
infiltration were poorly related to the calcific activity in the aorta, coronary arteries,
and bone, but displayed a strong relationship with baseline AS severity (Dweck et
al., 2013). In addition, the highest calcification activity as assessed using 18Ffluoride as a tracer, was observed in patients with the most advanced disease
(Dweck, Jones, et al., 2012). These findings suggest that calcification promotes
further calcification in AS independently of systemic regulation (a snowball effect)
and would explain the rapid progression of calcification in the end-stage AS.
Oxidative stress in calcification phase
There is evidence that oxidative stress continues to play a role in the calcification
phase. Superoxide (one of the most significant ROS) and hydrogen peroxide
enhance osteoblastic differentiation of cultured bovine vascular smooth muscle
cells (Mody, Parhami, Sarafian, & Demer, 2001). Weiss and co-workers (2006)
have shown that old, hypercholesterolemic mice (LDLr-/-/ApoB100/100) were prone
to develop aortic valve calcification and stenosis and had significantly more
superoxide in valve tissue than controls. The same group has reported that the
superoxide levels in the calcified regions of human valves were increased by 2-fold
when compared with the non-calcified areas of calcified valves or normal valves
(Miller et al., 2008). Furthermore, the expression and activity of some antioxidant
enzymes were reduced in the calcified areas.
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Amyloid deposits
There have been at least two larger studies (Cooper, 1983; E. Falk, Ladefoged, &
Christensen, 1981) on amyloid deposits associated with heavily calcified valves,
so-called dystrophic valvular amyloidosis. Most of the valves had amyloid deposits
and they were in a close topographic relationship with calcium deposits. In these
publications, amyloid deposits did not show any resemblance to the more common
systemic amyloidoses (senile transthyretin amyloidosis and primary systemic
amyloid light-chain (AL) amyloidosis) that involve the heart. It has been proposed
that these deposits originate from degraded thrombi which are formed inside the
valves (Goffin & Rickaert, 1986). Furthermore, there has been one case report on
a different kind of isolated valvular amyloidosis, not associated with scar tissue or
calcifications (Iqbal, Reehana, & Lawrence, 2006).
Amyloid substance within stenotic aortic valves contains mainly
apolipoprotein A1, a major component of HDL, and it has been shown to promote
mineralization (Audet et al., 2012). This may be evidence of a link between TLR2
and amyloidosis, as TLR2 is one of the factors promoting apolipoprotein A1
modifications, leading to trapping of HDL within valvular tissue (Derbali et al.,
2010). In addition, serum amyloid P component has been shown to be up-regulated
in AS (Ohukainen, unpublished results) being not only involved in amyloidosis, but
also in cardiovascular pathologies, including atherosclerosis (Vilahur & Badimon,
2015).
2.5.10

Bicuspid vs. tricuspid valves and CAVD

The malformation of BAV leads to high turbulence and altered shear stress. Noncalcified BAVs have an abnormal collagen fiber arrangement (Aggarwal et al.,
2014). However, once stenosis is present, the clinical course appears to be similar
to that of CAVD in TAV. There have been some studies comparing histological
findings of CAVD in BAV and TAV: in a study conducted by Hamatani and coworkers (2016), there was no difference in the severity of inflammation,
neovascularization or calcium and cholesterol deposition between BAV and TAV,
the only differences being that calcified BAVs were thicker and featured more
fibrosis than TAVs. Another study found more severe inflammation,
neovascularization and calcification in bicuspid aortic valve stenosis (Moreno et
al., 2011).
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In a large age-matched cohort of 198 patients in both groups, AS patients with
TAV had more often cardiovascular comorbidities and cardiac impairment than
their counterparts with BAV, as well as worse survival after AVR (Huntley et al.,
2018).
Recently, calcified human aortic valves (10 bicuspid and 9 tricuspid) have been
studied for their RNA expression profile (Guauque-Olarte et al., 2016). Only two
genes were found to be differentially expressed: the growth factor insulin-like
growth factor 1 (IGF1) and R-spondin 2 (RSPO2), both being up-regulated in BAVs.
However, when calcified valves were compared with normal TAVs (obtained from
heart transplantation operations), BAVs showed more gene alterations than TAVs.
Thoracic aorta aneurysm leading to aortic surgery is more common in BAV
than in TAV (Huntley et al., 2018). This might be due to higher oxidative stress and
impaired antioxidant mechanisms in BAV, leading to smooth muscle cell damage
in the aortic wall (Billaud et al., 2017). It is still unclear if these oxidative damageassociated changes are transmitted through heritable genetics or acquired through
altered mechanical stretch in the aortic wall (Jones, 2017).
2.5.11

Pediatric CAVD

Congenital aortic valvular stenosis is a complex and lifelong disease. The treatment
of choice is surgical or balloon valvuloplasty and reinterventions are often needed
(Kallio, Rahkonen, Mattila, & Pihkala, 2017; Kjellberg Olofsson, Berggren,
Söderberg, & Sunnegårdh, 2018). BAV has been identified as the root cause of AS
in 70-85% of pediatric cases (Tripathi, Wang, & Jerrell, 2018). As the prevalence
of BAV is only 0.5% in asymptomatic primary school students, it seems that
pediatric AS is very rare, but there is no exact data of its overall prevalence in larger
populations. Interestingly, even though both adult and childhood AS feature valve
thickening, loss of valve leaflet stratification, and VIC activation (Wirrig, Hinton,
& Yutzey, 2011), calcifications occur first during adulthood (Beppu et al., 1993).
In accordance with this concept, transcription factors (e.g. Twist family BHLH
transcription factor 1 (TWIST1), SRY-box 9 (SOX9), muscle segment homeobox
2 (MSX2)) that are markers for mesenchymal-type progenitor cells are expressed
in both adult and pediatric AS, while osteochondrogenic markers (e.g. RUNX2 and
BMP signaling-associated p-Smad1/5/8) are specific for adult CAVD (Wirrig et al.,
2011). The reason for this difference remains unknown.
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2.5.12

Summary of the pathogenesis of CAVD

A detailed overview of the progression of CAVD is shown in figure 4. The risk
factors, often shared with atherosclerosis, contribute to the initiation of the
pathological processes (Owens et al., 2010; Stewart et al., 1997; Yan et al., 2017).
Increasing age is an important factor, but it is not known how many of the at-risk
patients progress to the initiative disease phase (Coffey et al., 2016, 2014). During
this phase, changes in shear stress cause an endothelial injury leading to lipid
accumulation and oxidation, which in turn promote inflammation and the
myofibroblastic differentiation of qVICs into aVICs (for review, see (Dutta &
Lincoln, 2018; Ohukainen et al., 2018)).
MMP/TIMP system is active already in the early CAVD, remodeling ECM:
fibrosis is promoted and connective tissue fibers become fragmented and stratified,
with the process continuing also in the more advanced stages of the disease
(Fondard et al., 2005). About 10-15 % of these patients develop a progressive
disease over a period of 2-5 years (Otto & Prendergast, 2014). Inflammation is
diminished, but oxidative stress and calcification increase (Dweck et al., 2013), as
different procalcific stimuli are active and the osteoblastic differentiation of aVICs
to obVICs is promoted (for review, see (Peeters et al., 2017)).
The exact time of the point-of-no-return is unclear, but it seems that
calcification promotes further calcification, in a vicious cycle manner, and the
changes are irreversible after this point. Thus, all patients with progressive disease
eventually develop obstructive AS with extensive calcification (Otto & Prendergast,
2014), and sometimes even the formation of mature bone and cartilage (Mohler et
al., 2001).
2.5.13

Treatment

Valve replacement therapy
CAVD progresses slowly, but once even a mild valve obstruction is present, the
hemodynamic progression is common and leads to severe symptomatic AS that
requires AVR, which still remains the treatment of choice (Lindman et al., 2013).
The standard approach for patients with a low to intermediate surgical risk is
surgical AVR (SAVR), while higher risk patients should undergo transcatheter
aortic valve implantation (TAVI) (Lindman et al., 2016; Rashedi & Otto, 2015).
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Fig. 4. Disease mechanisms and time course of CAVD. Modified from Dweck and coworkers (2012) and Otto & Prendergast (2014). The risk factors contribute to the
initiation of the CAVD. The process starts with the endothelial injury caused by the
changes in shear stress, which leads to lipid accumulation and their oxidation. They
promote inflammation and the myofibroblastic differentiation of VICs. The ECM is
remodeled and the fibers become fragmented. A minority, 10-15%, of the patients in the
initiative phase develop a progressive disease over a period of 2-5 years, and all of the
patients in the progressive phase will eventually develop an obstructive AS due to the
osteoblastic differentiation of VICs. In the more advanced stages, calcification
promotes further extensive calcification causing an obstruction of the blood flow.
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After successful SAVR, the rate of overall survival is similar to that among agematched adults without AS, with the overall 30-day mortality being under 3% for
an isolated AVR (Lindman et al., 2016). In a large meta-analysis of randomized
trials, patients undergoing TAVI was associated with a significant 13% relative risk
reduction for death in a 2 years’ follow-up from any cause when compared with
SAVR (Siontis et al., 2016). TAVI also reduced the numbers of kidney injuries,
new-onset atrial fibrillation, and major bleedings while it led more often to major
vascular complications, permanent pacemaker implantation, and paravalvular
regurgitation. There was no difference in cerebrovascular events (stroke, transient
ischemic attack), myocardial infarction, or valve endocarditis. However, the
differences between SAVR and TAVI are small, and a recent study using data from
a Finnish nationwide registry (FinnValve registry) shows that during the past
decade, mortality rates for both have improved considerably (4.1% to 1,8 %,
p=0.048, for SAVR and 4.8 % to 1,2 %, p=0.011 for TAVI) (Mäkikallio et al., 2019).
An improvement was also seen for two-year survival, moderate-to-severe
paravalvular regurgitation, acute kidney injury, and hospital stay time. In a
European multicenter study with 72 deaths after TAVI, autopsies revealed that the
main causes of death within the first 72 hours after operation were cardiogenic
(62.5%) or hemorrhagic shock (34.4%) (van Kesteren et al., 2017). In patients with
mortality between 3 and 30 days, cardiogenic shock (51.6%) and sepsis (22.6%)
were the main causes, while most of the patients succumbing after 30 days died of
sepsis (88.9%). Interestingly, 12 patients suffered cerebrovascular complications
and autopsy revealed unexpected findings in 61.1% of cases, emphasizing its
importance.
Previously, mechanical valves were preferred, but there has been a shift
towards the use of bioprostheses, at least in patients under 65 years (Lindman et al.,
2016). Some studies have shown worse survival with bioprostheses compared with
mechanical valve prostheses in patients younger than 70 years, but there are
conflicting results (Huntley et al., 2018). Recent data suggests that patients with
bioprostheses have higher rates of reoperation and valve failure, and the risk for
structural valve deterioration is particularly high in those individuals with risk
factors for atherosclerosis (e.g. smoking, high cholesterol levels, diabetes,
metabolic syndrome) (Head, Çelik, & Kappetein, 2017).
The third type of replacement valve is an allograft from an organ donor, which
has some advantages: excellent hemodynamic function, low thrombogenicity and
resistance to infection (Lund et al., 1999). The durability varies considerably, but
the long-term follow-up trials have estimated median time until structural
80

deterioration with cryopreserved allografts to be 20 years, and some allografts have
been functioning well for more than 30 years (Fukushima et al., 2014). Allografts
are used less frequently than prostheses, due to the limited availability of donated
organs.
The Ross procedure is considered to be the preferred operation type for
children in need of AVR (Elkins, 1996). This operation is performed by replacing
the aortic valve with a pulmonary valve autograft and the pulmonary valve with a
pulmonary valve allograft. Even though there is a high risk of the reoperation of
the both replaced valves, the allograft is hemodynamically well-performing, shows
diameter increase along with the somatic growth, and is associated with a low risk
for endocarditis (Elkins, Thompson, Lane, Elkins, & Peyton, 2008). It has a lower
risk for early and late mortality when compared with mechanical prostheses and
aortic valve allografts (Etnel et al., 2016).
An alternative to AVR might be aortic valve construction using pericardial
tissue, which has been suggested as a possible treatment for middle-aged patients
if the aortic valve repair is not possible (Mourad et al., 2019).
Pharmacological treatment
In spite of extensive research, no effective drug therapies have been introduced to
treat CAVD (Borer & Sharma, 2015). Drugs are often prescribed based on theory
and at best may be useful in acute valvular diseases, or as a bridge to surgery in
severely decompensated patients, but there is no solid evidence that they would be
effective in chronic situations.
Since many risk factors and pathogenic mechanisms of CAVD are shared with
atherosclerosis, cholesterol-lowering statins have been tested as a potential therapy
for CAVD. Indeed, animal studies (Miller et al., 2009), and initial observational
studies and the first prospective study (RAAVE) on human individuals pointed to
a reduction in AS progression with statin therapy (Moura et al., 2007; Shavelle et
al., 2002), but the following prospective, randomized, double-blinded studies of
lipid-lowering therapies with different statins (ASTRONOMER, SALTIRE, SEAS
and TASS) have failed to show any significant effect on AS progression (Chan, Teo,
Dumesnil, Ni, & Tam, 2010; Cowell et al., 2005; Dichtl et al., 2008; Rossebø et al.,
2008). Hypothetically, lipid-lowering medication might be effective in the initiation
phase of CAVD, but not later in the calcification phase, where other pathogenic
pathways are active, and thus the medication should be started early enough in a
subclinical phase – a fact which should be taken into account in the design of
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clinical trials (Rajamannan, 2018). In support of this hypothesis, Ardehali and coworkers (2012) conducted an observational study in a population of 4105 patients
with aortic sclerosis and found that statin treatment was associated with a
significant reduction in mortality, admission for ischemic heart disease, and
progression to AS. Statin therapy for CAVD without symptoms of heart failure is
not recommended at the moment (Borer & Sharma, 2015). However, if patients
have symptoms of heart failure and are unsuitable candidates for surgery, or
awaiting surgical intervention, they should be medically treated according to the
ESC heart failure guideline (V. Falk et al., 2017).
The content of OxPL per apolipoprotein B-100 (OxPL-ApoB) reflects the
biological activity of Lp(a) (Bergmark et al., 2008). Elevated Lp(a) and OxPLApoB levels are associated with faster AS progression and a need for AVR, which
supports the hypothesis that Lp(a) mediates AS progression through its associated
OxPL (Capoulade et al., 2015). Interestingly, statins may raise plasma Lp(a) and
OxPL-ApoB (Yeang et al., 2016), e.g. rosuvastatin elevated Lp(a) levels
significantly in the ASTRONOMER trial (Chan et al., 2010), which may partly
explain the ineffectiveness of statin treatment against CAVD. Yeang and coworkers (2016) have shown that niacin, antisense oligonucleotide against Apo(a),
and apolipoprotein apheresis are effective in lowering Lp(a) and OxPL-ApoB. Thus,
there is a clear rationale for performing randomized trials of Lp(a)-lowering and
OxPL-ApoB-lowering therapies in AS.
As components of profibrotic, proinflammatory and calcification-promoting
renin-angiotensin system (RAS) are present and up-regulated in diseased aortic
valve, the drugs affecting RAS have also been studied in the setting of CAVD. Early
guidelines recommended caution in using ACE inhibitors and angiotensin receptor
blockers because of the possible hemodynamic collapse, but in a recent systematic
review and meta-analysis, they were found to be safe (no increased risk of mortality)
and to reduce the risk for AVR (Andersson & Abdulla, 2017). Angiotensin receptor
blockers have been associated with a slower progression of CAVD in a Japanese
retrospective study (JASS) when the medication was initiated in an early stage of
disease (Yamamoto et al., 2010). Many retrospective/observational studies have
found ACE inhibitors to have beneficial effects (lower risk of death and other
serious cardiovascular events in AS); these can mostly be explained by improved
hemodynamics as well as by the reduced blood pressure (reviewed in (Peltonen,
Ohukainen, Ruskoaho, & Rysä, 2017)). However, no prospective large trials of
these drugs have been published to date.
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The use of warfarin, a widely used oral anticoagulant, is a prognostic factor for
AS progression (Yamamoto et al., 2010). Vitamin K is its antagonist, and it has
been found to slow the progression of aortic valve calcification in a prospective
study with 99 patients (Brandenburg et al., 2017).
As indicated before, osteoporosis is associated with an increased prevalence of
AS, and this has led to a hypothesis that medication to treat osteoporosis could slow
down the progression of AS. Skolnick and co-workers (2009) have published an
observational study revealing a decreased progression of AS and osteoporosis
treatment (bisphosphonates, calcitonin, or estrogen receptor modulators). However,
the study size was quite small (18 patients receiving osteoporosis treatment, 37
controls) and later a larger, retrospective study did not find any significant benefits
for bisphosphonate therapy on the hemodynamic or clinical progression of AS
(Aksoy et al., 2012). Furthermore, another osteoporosis medication, denosumab,
has been found to inhibit sodium phosphate-induced calcification in isolated
porcine VICs (Lerman, Prasad, & Alotti, 2015). More research is needed on this
subject; a prospective randomized controlled trial is currently underway to
determine whether denosumab or bisphosphonates can slow AS (Pawade et al.,
2015).
To conclude, pharmacological therapies would be beneficial in preventing the
progression of AS, but so far, the results have been quite modest. Research on the
pathogenesis of CAVD has revealed some potential targets for medication,
including components of RAS (e.g. AT2R agonists), endothelin and its receptors,
apelin - APJ axis, bradykinin and its receptors, renin/prorenin and (pro)renin
receptor, as well as natriuretic peptides (reviewed by Peltonen and co-workers
(2017)). Other suggested targetable molecules for the prevention and treatment of
CAVD are Lp-PLA2, PCSK9, HDL, purinergic receptor 2 (P2Y2R), sodiumdependent phosphate cotransporter (PiT-1), dipeptidyl peptidase 4 (DDP4),
peroxisome proliferator-activated receptor gamma (PPARγ), 5-hydroxytryptamine
receptor 2B (5-HT2B), sortilin, cadherin 11 and cathepsin S (Cho, Sakuma, Sohn,
Jo, & Koh, 2018; Myasoedova et al., 2018). In addition, miRNAs have been
proposed to be used as targets to treat CAVD (van der Ven et al., 2017), as
epigenetic regulation is known to happen in CAVD. In order that the
pharmacological intervention should be efficacious, it would be beneficial to start
the medication as early as possible, since its efficacy is probably highest during the
earlier phases of the disease. Nonetheless, it should be remembered that probably
the most important means of CAVD prevention would be to control its risk factors
83

(mostly targeted towards classical atherosclerotic risk factors), i.e. leading a healthy
lifestyle.
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3

Aims of the research

From a pathologist’s point of view, the morphological findings of a calcified aortic
valve are at the same time remarkable, but also insignificant. There are some
remarkable signs i.e. the amount of degeneration, fibrosis, inflammation,
neovascularization and calcification – and even chondroid and bone formation – in
comparison to a normal, thin and delicate valve. However, these histological
findings still remain insignificant from the pathologist’s point of view as we do not
know any histological markers of the stage and possible subgroups of CAVD.
Cardiovascular and surgical pathology textbooks state that the most precise
diagnosis will be made from the gross appearance of the valve and that usually the
microscopic examination is of little value (Burke & Tavora, 2011; Rosai, 2011).
However, without microscopy, at least a possibly co-existing endocarditis would
be missed.
The aim of this thesis is to identify differentially expressed genes and
molecular markers that could help to understand the pathophysiology of CAVD.
Furthermore, as is clear from the unsuccessful studies to provide effective
pharmacological treatment for CAVD, it is important to learn more of its
pathogenesis and thus in the future, be able to identify earlier those patients in need
of a medical intervention and find new targets for medication.
More specifically, the objects for individual studies were to study the
expression of the following factors in normal aortic valves and different stages of
CAVD.
I) The expressions of apelin – APJ axis, a proposedly counteracting system for
Ang II – AT1R system, as well as AT1R, and AT2R were studied. They could
potentially modulate RAS that has proinflammatory and profibrotic effects in
atherosclerosis, but less is known about the role of RAS in the setting of CAVD.
The findings would elucidate the activity of RAS in CAVD and provide potential
targets for drug therapies.
II) The expressions of prorenin, renin, (P)RR, ACE2/Ang-(1-7)/Mas receptor
axis, all components of RAS, were studied. The findings would further explain the
function of RAS in CAVD and reveal potential pharmacological targets.
III) To study the expression of granzymes A, B, H, and K as well as perforin in
CAVD. These proteins are located in and secreted by inflammatory cells and are
capable of modulating ECM and inducing apoptosis. As inflammation is known to
exist in CAVD, their presence would be expected. If present in CAVD, they could
provide another potential target for drug therapies.
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IV) To identify the expression of podoplanin and its relation to calcification in
the different stages of CAVD. Podoplanin is a known marker for lymph vessel
endothelium, and lymph vessel density has been shown to be increased in CAVD.
Furthermore, podoplanin has been found to be expressed in mesenchymal cells in
atherosclerotic lesions, but its expression had not been characterized in CAVD.
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4

Materials and methods

The methods used in this doctoral thesis are listed in Table 3.
Table 3. Methods used in original publications.
Method

Original Publication

RNA extraction

I-IV

Quantitative real-time polymerase chain reaction (qRT-PCR)

I-IV

Histological and immunohistological analysis

I-IV

Statistical analysis

I-IV

4.1

Study population and sample preparation

Aortic valves were obtained from patients during aortic valve or aortic root surgery
undergoing normal surgical procedures. The study protocol was approved by the
Research Ethics Committee of Oulu University Hospital and it conformed to the
principles outlined in the Declaration of Helsinki. Informed consent was obtained
from the patients included in the study. After surgical removal, parts of aortic valve
cusps were immersed immediately after removal into liquid nitrogen and stored at
–70 °C. Parts of the samples were fixed in 10% buffered formalin and sent to the
pathology laboratory for routine diagnostics.
Patients were divided into four (original publications I, II and IV) or two
(publication III) groups based on the clinical evaluation. Patients in control (C)
group (all publications) were operated because of root pathology of the ascending
aorta with normal aortic annulus diameter, i.e. the aortic valve leaflets were normal
and non-regurgitant. In the aortic regurgitation (AR) group (publications I, II and
IV), patients had regurgitant, but pliable, smooth and non-calcified valves. The
aortic regurgitation + fibrosis group (AR+f) consisted of patients whose aortic
valves were macroscopically thickened (publications I, II and IV). The aortic
stenosis (AS) group consisted of patients with severe aortic valve sclerosis and at
least one of the following features: mean transvalvular gradient > 40 mmHg, peak
transvalvular gradient > 50 mmHg, aortic valve area < 1 cm2, maximal aortic
velocity > 4 m/s.
The number of patients in the study groups in the original publications is
presented in table 4. The specific patient demographics for the respective studies
are shown in the original publications.
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Table 4. The number of patients in the study groups.
Original publication

Control

AR

AR+f

I

6

9

14

AS
26

II

11

14

20

61

III

6

-

-

20

IV

7

8

15

49

AR: aortic regurgitation, AR+f: aortic regurgitation + fibrosis, AS: aortic stenosis

4.2

RNA extraction and qRT-PCR analyses

Total RNA was extracted from aortic valve cusps using the modified guanidine
thiocyanate-CsCl method (Peltonen et al., 2007) (I) or by using RNeasy Fibrous
Tissue Mini Kit (Qiagen) (IV). The qRT-PCR analyses were performed by using
TaqMan chemistry on a 7300 real-time quantitative PCR System (Applied
Biosystems) (I-III) or Taqman Real Time PCR assays (Thermo Fisher Scientific)
(Huuskonen et al., 2008) (IV). The sequences of the forward and reverse primers
are presented in the original publications. The gene expression levels were
normalized against 18S measured from the same sample.
4.3

Histological analysis

After formalin fixation, aortic valve samples were embedded in paraffin. When
necessary, ethylenediaminetetraacetic acid (EDTA) was used for decalcification.
For the quantification of calcified area, 5-μm sections were cut and stained with
hematoxylin and eosin. For area calculations (total valve area and calcified area,
including mature cartilage and bone occasionally seen in the calcified areas), slides
were photographed with Leica DFC420 camera. Area measurements of the total
valve area and the total calcified area were performed with image analysis program
ImageJ (http://rsbweb.nih.gov/ij/).
4.4

Immunohistological analysis

The antibodies used for immunohistological stainings are listed in table 5. The
chromogens used were either 3,3’-diaminobenzidine (DAP, brown color), or
amino-9-ethylcarbazole (AEC, red color). The procedures are described in greater
detail in the respective publications.
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Table 5. Immunohistochemical antibodies used in original publications.
Target

Dilution

Clone/cat.nr.

Manufacturer

Factor VIII

1:50

A0082

Dako

Publication
I, II, III, IV

Apelin

1:100

custom-produced

I

CD45

1:400

2B11

Dako

I

CD68

1:1000 (I)

KP1/M0814

Dako

I, II, III, IV

M0851

Dako

I, II, IV

1:5000 (II)
1:10000 (III, IV)
α-SMA

1:1000 (I)
1:500 (II, IV)

Renin-receptor

1:100

ab5959

Abcam

II

ACE2

1:200

AF933

R&D-systems

II
II

AT2R

1:50

sc-9040

SantaCruz Biotech.

Granzyme A

1:50

ab10870

Abcam

III

Granzyme H

1:100

LS-C31913

LifeSpan BioSciences

III
III

Granzyme K

1:50

AP20485PUN

Acris Antibodies

Perforin

1:100

δG9

Ancell

III

CD8

1:200

4B11

Leica Biosystems

III
III

CD138

1:40

MI15

Thermo Scientific

CD31

1:300

M0823

Dako

IV

CD34

1:500

NCL-L-END

Leica Biosystems

IV

Podoplanin

1:50

D2-40/M3619

Dako

IV

α-SMA: alpha smooth muscle actin, ACE: angiotensin-converting enzyme, AT2R: angiotensin II type 2
receptor, CD: cluster of differentiation

Negative control stainings were carried out by substituting non-immune serum for
the primary antibodies. Blood vessel density was determined by counting Factor
VIII-positive vessels and dividing the count by tissue area. When staining
localization in specific cell types was assessed, parallel sections were used for the
respective stainings.
In the quantification of podoplanin expression, the stained slides were digitized
with a Leica Aperio AT2 slide scanner with a 20x objective, resulting in a resolution
corresponding to a 40x objective of a light microscope. The achieved virtual slides
were analyzed using the Qupath program (Bankhead et al., 2017). The areas with
positive staining were manually annotated in different groups: lymphatic vessels,
areas not associated with calcifications, and areas associated with calcifications.
Furthermore, the latter group was divided into two groups: edges of calcifications
i.e. the positive reaction tightly surrounding the calcifications, and areas close to
the calcifications, but not in a direct contact with them. The region identification
module of Qupath for cytokeratin annotations was used (Downsample factor 4.0,
89

Gaussian sigma 0.01, Tissue threshold 0, DAB threshold 0.35, Separation distance
0). The areas of the resulting annotations with positive staining reactions were
calculated by Qupath and divided by the total valvular tissue area to obtain the
relative podoplanin expression in the respective groups. In addition, podoplaninpositive lymph vessels were counted. An example of annotated areas is shown in
figure 5.

Fig. 5. An example of annotations of podoplanin expression (screen shot from Qupath).
Measured areas are surrounded with respective colors. Yellow: lymph vessel
endothelium, black: edges of calcifications, green: close to the calcification, but not in
direct contact. Scale bar depicts 100 μm.

4.5

Statistical analysis

Summary measurements are presented as mean and standard deviation (SD) or as
median with 25th–75th percentiles. Age, sex, comorbidities (no/yes), number of
cusps (1-2 or 3), left ventricular ejection fraction (LVEF) and usage of statin
medication were set as covariates in the analysis of covariance (ANCOVA) to
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control their influence on measurements only if they had a significant (>10%)
impact on the model’s coefficient of determination (R2). If the analysis of
covariance showed a significant group effect, the adjusted means between groups
were compared pair-wise. In the case of a right-skewed distribution (natural base)
logarithmic transformation was used. Pearson’s χ2-test or Fisher’s exact test were
used for categorical data. Spearman’s correlation coefficient (ρ) was calculated.
Student’s t-test was used for comparison of gene expression values between two
groups (IV). The analyses were performed with SPSS statistics (IBM Corp). Twotailed p-values <0.05 were considered statistically significant.
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5

Results and discussion

5.1

Calcification and vascular density in CAVD (I, II, III and IV)

In all of the original articles, the extent of calcification as well as vascular density,
were compared between the different patient groups. In original article III, the
comparison was between the control and the AS groups while in the other articles,
also the AR and the AR+f groups were analyzed. In all of the studies, the AS group
showed significantly more calcification and a higher vascular density than the
control group, figure 6 presents the calculations from original article I. In addition,
in the original article IV, the AR+f group had more calcification and a greater
density of vasculature than the control group.

Fig. 6. A) The relative area of calcification and B) vascular density per mm2 of total valve
area. Both calculations are from original article I.

The increased calcification in the AR+f and the AS groups is expected in the setting
of CAVD, as it is a hallmark of the disease (Otto et al., 1994). The increase in
vascular density in the progression of CAVD is also a well-known phenomenon
(Mazzone et al., 2006; Otto et al., 1994; Soini, Salo, & Satta, 2003). Collectively,
these findings reflect that the study composition and the patients’ subclassification
to specific groups based on the clinical assessment of the valves have been reliable.
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5.2

Apelin and its receptor APJ in CAVD (I)

Apelin is expressed mainly in vascular endothelium and acts through its G-proteincoupled receptor APJ, e.g. expressed in cardiovascular system and brain (Lee et al.,
2000), but the role of apelin – APJ axis and its possible crosstalk with Ang II
pathways in CAVD are not known.
Quantitative RT-PCR was used to measure apelin and APJ mRNA levels, and
both were expressed in aortic valves. The mRNA levels of apelin were significantly
up-regulated in the AS group when compared to the control and the AR groups
(figure 7A). The APJ receptor mRNA levers were significantly up-regulated not
only in the AS group, but also in the AR+f group (figure 7B). There were no
differences in apelin or APJ mRNA levels between statin-treated and other patients.
Apelin mRNA levels correlated positively with age (Spearman ρ=0.329, p=0.024).

Fig. 7. A) Apelin and B) APJ mRNA levels in human aortic valves. The results are
presented as mean ± SD.

The localization of apelin was determined with immunohistochemical stainings.
The VECs of normal valves were positive for apelin (figure 8A). In diseased valves,
apelin positivity was seen also in the endothelium of the neovasculature,
macrophages and myofibroblasts (figure 8C-D).
As stated before, Apelin – APJ axis may counteract Ang II – AT1R system
(Chandrasekaran et al., 2008), as in a mouse model apelin blocks Ang II-induced
atherosclerosis and abdominal aortic aneurysm formation (Chun et al., 2008).
Moreover, apelin inhibits TGF-β-stimulated activation of cardiac fibroblasts
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(Pchejetski et al., 2012). The detected up-regulation of apelin and APJ in stenotic
valves in our study may imply that this system is striving to compensate for the
AT1R-mediated harmful effects. There may be a dynamic interaction between
apelin and Ang II systems, since ACE2 can hydrolyze not only Ang II, but apelin13 as well (Vickers et al., 2002). Z-S. Yuan and co-workers (2015) have shown APJ
expression in cultured human VICs, and they found that apelin attenuates the
osteoblastic differentiation of VICs, mediated via ERK and phosphatidylinositol 3
kinase (PI3-K)/Akt pathways.

Fig. 8. Representative immunohistochemical stainings of a healthy (5A-B) and a
stenotic aortic valve (5C-D). A) In normal aortic valve, endothelial cells (VECs) are
positively stained for apelin. B) Negative control (PBS). C) Apelin stains positively in
the endothelium of neovessels (arrows) and scattered cells that are morphologically
macrophages (double arrows). D) Apelin staining in an inflamed area is again positive
in the endothelium of the neovessels (arrows) and macrophages (double arrows). In
addition, some spindle cells, most likely myofibroblasts, stain positive. Scale bars
depict 100 μm.

However, there are some conflicting studies suggesting that apelin – APJ axis may
promote atherosclerotic changes. Apelin and APJ have been found to be expressed
also in cultured human osteoblasts obtained from bone donors (Xie et al., 2006).
Apelin can also stimulate the proliferation and suppress the apoptosis of osteoblasts,
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shown in a mouse cell line (Tang et al., 2007). Furthermore, apelin is angiogenetic
(Eyries et al., 2008) and promotes chemotaxis in cultured endothelial cells (Cox,
D’Agostino, Miller, Heimark, & Krieg, 2006), both of which could be harmful
effects in CAVD. Finally, Hashimoto and co-workers (2007) found that in APJ-//ApoE-/- mice fed a high cholesterol diet showed a dramatically reduced amount of
atherosclerotic changes compared with APJ+/+/ApoE-/- mice. They also showed that
apelin stimulates vascular smooth muscle cell proliferation through oxidative stress.
The seemingly dualistic role of apelin – APJ axis may be partly explained by
the finding that non-activated APJ suppressed AT2R, while apelin-activated APJ
activated it (X. Sun et al., 2011). Nevertheless, the apelin – APJ axis seems to play
a role in the pathogenesis of CAVD and provides a potential target for
pharmacological therapy. However, there are no known drugs that target this
pathway to date, although several agonists and antagonists of APJ, including
homologous analogs of apelin and a recently discovered endogenous APJ ligand
Elabela and its analogs, have been identified (for review, see (Huang, He, Chen, &
Chen, 2018)).
5.3

Expression of angiotensin II receptors in CAVD (I-II)

Both AT1R and AT2R were expressed in aortic valves (figure 9). AT1R mRNA
levels were not significantly altered when the AR, the AR+f and the AS groups
were compared with the control group (figure 9A). There was a remarkable downregulation of AT2R in the AS group, as the mRNA levels were 90% lower than in
the control group and 72% lower than in the AR group, and these changes were
statistically significant (figure 9B). AT2R also showed a significant negative
correlation with age (ρ=0.456, p=0.006).
Immunohistochemical stainings were performed with an AT2R antibody, but
the result was negative both in normal and stenotic valves (figure 10). The result
was confirmed with a positive control staining of vasa vasorum blood vessel
endothelium in aortic wall.
Ang II can mediate antifibrotic and anti-inflammatory effects via AT2R
(Steckelings et al., 2012), but as shown in this study, AT1R and AT2R are
differentially expressed in the advancing stages of CAVD in favor of the former,
and thus the profibrotic profile dominates. However, there are also studies even
showing that AT1R is up-regulated in CAVD (Helske et al., 2004; O’Brien et al.,
2002), which could be explained by a differential expression of AT1R between
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Fig. 9. A) AT1R and B) AT2R mRNA levels in human aortic valves. The results are
presented as mean ± SD.

individuals and the different stages of CAVD, as O’Brien and co-workers (2002)
detected AT1R in only in 18% of nonstenotic valves and in 3 out of 4 stenotic
valves.

Fig. 10. Representative photographs of immunohistochemical AT2R stainings. A)
Normal aortic valve and B) stenotic aortic valve show no specific positive reaction. C)
Endothelium in the vasa vasorum blood vessels in aorta acts as a positive control. Scale
bars depict 100 μm.
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5.4

Renin, prorenin, and (pro)renin receptor and angiotensin
converting enzyme 2/angiotensin-(1-7)/Mas receptor axis in
CAVD (II)

5.4.1 Expression of renin, prorenin, and (pro)renin receptor
RAS modulates the functions of cardiovascular, renal, and adrenal glands by
regulating blood pressure, fluid volume, and sodium and potassium. It has been
widely studied in the setting of cardiovascular disease (for review, see (Pacurari et
al., 2014)), but much less so in CAVD.
RAS components i.e. renin, prorenin, and (P)RR were all expressed in aortic
valves. The mRNA levels of renin were significantly lower in the AS group when
compared with the control and the AR groups (72% and 66% lower, respectively,
figure 11A). The prorenin mRNA levels were also significantly reduced (by 64%)
when the AS and the control groups were compared (figure 11B). The (P)RR
mRNA levels showed no statistically significant changes between the groups
(figure 11C).

Fig. 11. A) Renin, B) prorenin, and C) (P)RR mRNA levels in human aortic valves. The
results are presented as mean ± SD.

The localization of (P)RR in the valves was studied with immunochemical
stainings. A cytoplasmic (P)RR positivity was seen in the VECs of control valves
(figure 12A). However, the VECs on the surface of stenotic valves were negative,
while some of the endothelial cells in neovessels were positively stained (figure
12B). Some scattered macrophages and myofibroblasts surrounding the neovessels
were also positive.
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Fig. 12. Representative photographs of (P)RR stainings. A) A control valve shows
positively stained VECs (arrows). B) The VECs on the surface of a stenotic valve are
negative (arrows). Some neovessels show endothelial positivity (double arrows), while
some are negative (dashed arrows). (P)RR-positivity is detected in some macrophages
and myofibroblastic cells around the neovasculature. The scale bars depict 100 μm.

This is the first time that renin, prorenin, and (P)RR have been determined to be
expressed in human aortic valves. Furthermore, renin and prorenin are downregulated in AS. Even though the (P)RR mRNA levels were not significantly
altered, the surface VECs showed a reduced amount of (P)RR positivity, while
some endothelial cells in the neovessels stained positively, which is consistent with
the proangiogenic effect of (P)RR (Satofuka et al., 2008; Uraoka et al., 2009).
(P)RR supposedly has two different profibrotic functions, of which only one is Ang
II-dependent (Nguyen et al., 2002; Uraoka et al., 2009). In addition, renin catalyzes
the rate-limiting step in the synthesis of Ang II (Nguyen et al., 2002). Thus, the
findings imply that both of the functions of (P)RR are attenuated in CAVD and that
the down-regulation of renin and prorenin may reflect a negative feedback loop to
locally increased Ang II, as Ang II-producing enzymes are up-regulated in AS
(Helske et al., 2004; Helske, Syväranta, Kupari, et al., 2006).
Treatment with the renin antagonist, aliskiren, has been shown to reduce
neovessel formation in atherosclerotic plaques of ApoE-/-mice, this being at least
partly mediated by a reduction in TLR2 expression (H. Wu et al., 2014), and the
size of atherosclerotic plaques in Ldlr-/- mice (H. Lu et al., 2008). However, these
positive effects have not been confirmed in cardiovascular outcome studies: the
Aliskiren Trial in Type 2 Diabetes Using Cardio-renal Disease Endpoints
(ALTITUDE) was terminated prematurely due to the concerns of higher stroke risk
and no apparent beneficial effects (Jhund et al., 2015).
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(P)RR is the first receptor of tissue RAS and its antagonism would potentially
lead to a lower activity of the downward RAS cascade. Furthermore, (P)RR
inhibition could reduce calcification, as it has been found to be a component of the
Wnt/β-catenin pathway (Cruciat et al., 2010) and thus possibly involved in the
osteogenic signaling of CAVD (Rajamannan, Subramaniam, Caira, Stock, &
Spelsberg, 2005).
5.4.2 Expression of ACE2 and Mas
A more recent finding in RAS has been ACE2/Ang (1-7)/Mas receptor axis. It
possesses cardiorenal protective effects (Pacurari et al., 2014) and can thus be
considered to be a counterbalancing arm of RAS, functional at least in the
cardiovascular and central nervous systems (Xu et al., 2011).
ACE2 expression was detected in all stages of CAVD and its mRNA levels
were significantly lower (by 69%) in AS when compared with the control group
(figure 13A). Immunohistochemically, ACE2 was seen in the fibroblasts of normal
valves, while in stenotic valves, it was localized in macrophages and lymphocytes
(figure 13B-C).

Fig. 13. A) ACE2 mRNA levels in aortic valve. The results are presented as mean ± SD.
B) and C) Representative photographs of immunohistochemical ACE2 stainings in
aortic valves. B) The stromal fibroblasts are positive in ACE2 staining in this control
valve. C) This area from a stenotic valve shows ACE2-positive cells around neovessels.
The positive cells are mostly macrophages, but probably some spindle-shaped
myofibroblasts are positive, as well. Scale bars depict 100 μm.
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The mRNA levels of Mas receptor were significantly lower in the AS group than
in the control, the AR, or the AR+f groups (58%, 55%, and 41% lower, respectively,
figure 14).

Fig. 14. Mas receptor mRNA levels in human aortic valves. The results are presented as
mean ± SD.

The rate-limiting step in the RAS is the generation of Ang I, even though the major
biologically active peptide is Ang II (Nguyen et al., 2002). ACE2 can convert Ang
II into Ang-(1-7), a competitor of Ang II with cardiorenal protective effects
(Ferrario, Trask, & Jessup, 2005; Pacurari et al., 2014) mediated by the G proteincoupled Mas receptor (Sampaio, Henrique De Castro, Santos, Schiffrin, & Touyz,
2007). Ang-(1-7) has also antiangiogenic properties (Machado, Santos, & Andrade,
2001), and thus the decreased production of Ang-(1-7) may promote
neovascularization. In addition, at the systemic level, RAS is involved in the
development of hypertension, which may accelerate the progression of AS
(Capoulade et al., 2013). Interestingly, the vasoprotective and atheroprotective
effects of the AT1R antagonist, candesartan, have been suggested to be mediated
by the restoration of ACE2/Ang-(1-7)/Mas receptor axis functionality (Pernomian
et al., 2015). Mice fed with a high cholesterol-fed ApoE-/- and treated with
candesartan showed restored aortic endothelial function and elastin and collagen
deposition, and both effects were inhibited by treatment with a Mas antagonist
A779.
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Interestingly, Ang II-producing enzymes ACE, chymase and cathepsin G can
also inactivate the antifibrotic bradykinin (Ferrario et al., 2005). Furthermore,
neutral endopeptidase (NEP), capable of degrading bradykinin, is known to be upregulated in AS (Helske et al., 2007). Thus, disturbed bradykinin metabolism may
be another factor promoting the shift of balance towards fibrosis.
The Mas receptor is expressed in many tissues including human endothelial
cells (Alenina, Xu, Rentzsch, Patkin, & Bader, 2008; Sampaio, Henrique De Castro,
et al., 2007). Mas knockout mice have impaired endothelial function, decreased NO
production and lowered eNOS expression (Alenina et al., 2008). Furthermore, it
has been reported that Mas and AT2R induce eNOS (Sampaio, Souza dos Santos,
et al., 2007) and thus their down-regulation may contribute to the endothelial
dysfunction in CAVD.
The molecular and cellular mechanisms involved in the down-regulation of the
Mas receptor and AT2R in CAVD are not known. ACE2 is down-regulated in
cardiomyocytes and myofibroblasts by Ang II, an effect possibly mediated by ERK
(Gallagher, Ferrario, & Tallant, 2008). The ACE2 promoter possesses sites for the
binding of many transcriptional factors, including activator protein 1 (AP-1)
(Gallagher et al., 2008). The binding activity of AP-1 is decreased in CAVD
(Peltonen et al., 2009), and thus it may play a role in ACE2 down-regulation.
Recently, an Ang-(1-7) mimetic Mas agonist, AVE0991, has been shown to
decrease atherosclerotic plaque development and macrophage infiltration in the
atherosclerotic lesions of ApoE-/- mice, e.g. by reducing chemokine and cytokine
expression in macrophages and macrophage activation (Skiba et al., 2017). Thus,
Mas agonists may have beneficial effects also in CAVD.
In conclusion, the results described in chapters 5.3. and 5.4.2. indicate that both
the ACE2/Ang (1-7)/Mas receptor axis and AT2R are down-regulated in CAVD,
which favors the profibrotic and proinflammatory AT1R-mediated branch of RAS,
especially when the increased production of Ang II due to the up-regulation of the
producing enzymes in AS (Helske et al., 2004; Helske, Syväranta, Kupari, et al.,
2006) is taken into account (see figure 15). Renin and prorenin are down-regulated,
possibly due to a negative feedback by Ang II, but there is a local up-regulation of
the (P)RR in the endothelium of the neovasculature (see chapter 5.4.1.), which may
also mediate profibrotic and proangiogenic effects. The down-regulation of ACE2
by Ang II has been shown in cardiomyocytes and myofibroblasts (Gallagher et al.,
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2008), but may exist also in the aortic valve, which would again favor the AT1R
pathway.

Fig. 15. A schematic presentation of the proposed shift in the balance of valvular RAS
components towards activated ACE/Ang II/AT1R-mediated changes in AS. Ang II
production is increased due to the up-regulation of Ang II-producing enzymes. As ACE2,
AT2R and Mas are down-regulated, the profibrotic AT1R pathway is favored. (P)RR is
down-regulated, but locally up-regulated in the neovasculature (*), which may further
mediate profibrotic and proangiogenic effects. Arrows depict up- and down-regulation
of gene expression in stenotic aortic valves.

5.4.3 Expression of valvular RAS genes in AS patients treated with
statins
The mRNA levels of renin, prorenin, (P)RR, ACE2, Mas, and AT2R between statintreated (n=37) and untreated patients (n=20) were compared. The results revealed
no significant differences between the groups (data not shown). As stated before,
large studies of lipid-lowering therapies with different statins (ASTRONOMER,
SALTIRE, SEAS and TASS) have failed to show any significant effect on AS
progression (Chan et al., 2010; Cowell et al., 2005; Dichtl et al., 2008; Rossebø et
al., 2008). Our observation is in line with these studies i.e. statins do not have any
effect on the expression of valvular RAS genes.
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5.5

Granzymes and perforin in AS (III)

5.5.1 Expression of granzymes
Based on a DNA microarray study (Ohukainen et al., 2015; Rysä, 2016), GrB is
one of the most extensively up-regulated genes in CAVD, although not in the top
10. Granzymes are serine proteases which are able to induce apoptosis when
interacting with perforin (Ewen et al., 2012). GrB has been associated with
advanced atherosclerosis (Choy et al., 2003) and ECM remodeling (Buzza et al.,
2005).
All five granzymes (GrA, GrB, GrH, GrK and GrM) had detectable mRNA
levels in control valves. GrA, GrB, GrH and GrK were significantly up-regulated
in the AS group when compared with the control group (4.9-, 7.1-, 4.6-, and 4.7fold, respectively, figure 16). The GrM mRNA levels were 2.8-fold higher in the
AS vs. control group but did not quite reach statistical significance (p=0.069).

Fig. 16. A) GrA, B) GrB, C) GrH, D) GrK, and E) GrM mRNA levels in human aortic valves.
The results are presented as mean ± SD. *** p<0.001 vs. the control group.
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Immunohistochemical stainings for GrA, GrH, and GrK were performed to study
their localization in stenotic aortic valves (figure 17). GrA positivity was detected
in mast cells and lymphocytes, GrH positivity in mast cells (but not in lymphocytes),
and GrK positivity in lymphocytes (but not in mast cells). Mast cells were
recognized morphologically and by using Giemsa staining in adjacent sections.
Cytotoxic lymphocytes were identified both morphologically and by using CD8
immunohistochemical staining in adjacent sections.

Fig. 17. Representative photographs of immunohistochemical granzyme stainings in a
stenotic valve. A) GrA is expressed in mast cells (arrows) and lymphocytes (double
arrows). B) GrH-positivity is seen in mast cells (arrows). C) Staining for GrK is positive
in lymphocytes (double arrows). Mast cells were recognized with Giemsa staining and
cytotoxic lymphocytes with CD8 staining in adjacent sections. Scale bars depict 100
μm.

It was observed that granzymes, which are enzymes capable of degrading ECM and
inducing apoptosis, are up-regulated in the aortic valve in AS. ECM remodeling,
consisting both of its degradation and subsequent fibrosis (Lu et al., 2011), is
known to occur already in the initiation phase of CAVD and to continue in the
fibrosclerotic phase. The degradation is a prerequisite for remodeling, this being
mainly mediated by MMPs, ADAMTS (a disintegrin and metalloproteinase with
thrombospondin motifs) family of peptidase proteases, and serine proteases (e.g.
cathepsin G and plasmin) (Lu et al., 2011). The inflammatory cells (macrophages
and T cells) express pro-inflammatory cytokines (e.g. ILs, MMPs, and TNF-α),
which stimulate ECM remodeling (Hulin et al., 2018).
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GrB is located in the lysosomes of cytotoxic T-cells and natural killer (NK)
cells (Trapani, Davis, Sutton, & Smyth, 2000), which secrete GrB into the
extracellular spaces during chronic inflammation (Ewen et al., 2012). It is a
protease capable of breaking down ECM structures, such as vitronectin, fibronectin,
laminin, decorin, and biglycan (Ewen et al., 2012), of which the latter two are
localized in calcified nodules in diseased valves (Stephens et al., 2011).
Furthermore, the expression of GrB is also up-regulated specifically in the calcified
areas of human valves (Nagy et al., 2017); this enzyme has been implicated in the
cytotoxic T cell-mediated development of vulnerable atherosclerotic plaques in a
mouse model (Kyaw et al., 2013). Interestingly, experimental hypercholesterolemia
in rabbits can induce apoptosis in aortic valves (Rajamannan et al., 2001) and
purified GrB on its own can induce apoptosis of cultured smooth muscle cells,
possibly due to the cleavage of extracellular fibronectin (Choy et al., 2004).
Transcription factor AP-1 may play a role in the regulation of GrB, as its binding
activity is decreased in AS (Peltonen et al., 2009), and it has a binding site also for
GrB (Wargnier et al., 1998). However, the details of this possible regulation are not
known to date.
GrA is capable of causing ECM protein cleavage (via different mechanisms
from GrB), but it also induces the production of cytokines in human monocytes
(Ewen et al., 2012). Hence, it is most likely one of the inflammation-promoting
factors in CAVD.
The exact mechanisms of the actions of GrH, GrK and GrM are not well
understood, but also they can induce apoptosis (Ewen et al., 2012). It was shown
that these enzymes are present in cytotoxic lymphocytes and/or mast cells, both of
which are numerous in the calcified areas of the diseased valves. Mast cells have
been proposed to act as ECM modulators in AS (Helske, Syväranta, Kupari, et al.,
2006), and these findings support this theory. The differential distribution of
inflammatory cells in calcified valves may indicate that Grs act in different regions
at different times of the disease process. There was not a statistically significant
increase of GrM mRNA in AS, which could imply that there is a negative feedback
loop, as GrM can hydrolyze an inhibitor of GrB (Ewen et al., 2012). However, there
was a tendency towards an up-regulation of GrM, and thus it could contribute to
the up-regulation of GrB. However, more studies are needed on this subject.
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5.5.2 Expression of perforin
Perforin was significantly up-regulated in AS: the mRNA levels of perforin were
3.6-fold when compared with the control group (figure 18A). In
immunohistochemical stainings, perforin was located in the endothelium of some
neovessels (figure 18B), as well as in some inflammatory cells.

Fig. 18. A) Perforin mRNA levels in human aortic valves. The results are presented as
mean ± SD. ***) p<0.001 vs. the control group. B) Representative photograph of an
immunohistochemical perforin staining in a stenotic valve. Scale bar depicts 100 μm.

Perforin is used by cytotoxic T lymphocytes and NK cells to form pores in the
plasma membranes of the target cells as well as in the membranes of GrBcontaining vesicles (so-called gigantosomes), thus enabling GrB to enter the target
cells’ cytoplasm (Thiery et al., 2011). Recently, it has been shown that perforin is
up-regulated specifically in the calcified areas of diseased valves (Nagy et al.,
2017). The findings are in accordance with reports indicating that active cytotoxic
reactions related to the activation of innate and adaptive immunity play a role in
the pathogenesis of AS (reviewed in (Mathieu et al., 2015)), a subject that warrants
further research.
5.5.3 Granzymes and perforin in AS patients treated with statins
Since granzymes play a role in apoptosis and ECM in CAVD, they represent a
possible target for pharmacological intervention. However, in this study, the AS
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patients receiving statin therapy (9 patients) did not have statistically different
granzyme (A, B, H, K, or M) or perforin mRNA levels when compared with the
AS patients without medication (10 patients). These results are in line with the view
that statin treatment is ineffective in combatting CAVD, but the granzyme system
might still be modifiable by other pharmacological agents. For instance, serpina3n,
a serine protein inhibitor, inhibits also GrB, and was able to significantly attenuate
the GrB-mediated degradation of aortic adventitia ECM as well as reducing
aneurysmal rupture in a mouse model of aortic aneurysm (Ang et al., 2011).
5.6

Podoplanin in CAVD (IV)

In AS, there are elevated numbers of lymphatic vessels in the stenotic valves, as
visualized with LYVE-1 antibody (Syväranta et al., 2012). Podoplanin has been
used for visualization of the lymphatic vasculature in aortic valves in two previous
studies, showing increased density of these vessels in endocarditis (Niinimäki,
Mennander, Paavonen, & Kholová, 2016), and, to a lesser extent, in AS (Kholová
et al., 2011; Niinimäki et al., 2016). Furthermore, podoplanin has been found to be
expressed in mesenchymal cells in aortic atherosclerotic lesions (Hatakeyama et al.,
2012), and thus its possible mesenchymal expression in CAVD was a topic of
interest.
5.6.1 Lymphatic vessel count and topography in aortic valves
In the control group, no lymphatic vessels were found (figure 19A). Kholová and
co-workers (2011) have examined the lymphatic vasculature of heart and found
podoplanin-positive lymphatic vessels in the proximal parts, i.e. at the base of
normal aortic valves, while in the current study, no lymphatic vessels were found
in normal valves. The differential results might be due to the difference in sampling,
since Kholová and co-workers (2011) used whole hearts from autopsies.
In the AR group, only one valve displayed lymphatic vessels, while in the AR+f
group 3 of the 15 valves had these vessels (average 0.04 vessels/mm2). In contrast,
most of the stenotic valves (40 out of 49) had lymphatic vessels (average 0.17
vessels/mm2), but with a remarkable variation in the total count. Our findings are
in agreement with previous studies.
The lymph vessels were almost exclusively located in the fibrotic areas
between the calcifications. Most of the vessels were not associated with
inflammation as the lymphatic vessels co-localized with inflammation only in
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seven valves, and in four of those cases, the great majority of the vessels were
present in non-inflamed areas. A previous study has described a similar distribution
pattern (Kholová et al., 2011).
5.6.2 Podoplanin expression in aortic valves
In the measurements of the podoplanin mRNA level, 8 control and 10 stenotic
valves were studied. The mRNA levels were significantly higher in the AS group
(1.7-fold, figure 19B). In immunohistochemical analysis (figure 19C), total
podoplanin expression was gradually increased in the different stages of CAVD,
starting from mild disease (AR group) and ending in stenosis (the AS group). The
AR+f and AS groups had significantly higher levels of podoplanin expression when
compared to the control and AR groups, and the AS group had a higher expression
than the AR+f group (median 1.55 vs. 0.31). Furthermore, the level of
immunohistochemically assessed podoplanin expression correlated positively with
the extent of valve calcification and vascular density (ρ=0.62, p<0.001 and ρ=0.64,
p<0.001, respectively).
5.6.3 Immunohistochemically assessed podoplanin expression in
valvular cell types
As expected, the endothelium of lymphatic vessels stained positive for podoplanin
(figure 20A). However, most of the podoplanin-positivity was located in spindle
cells that were sparse in non-calcified valves, being located mainly in the spongiosa
layer (figure 20B). Some non-calcified valves featured nodular proliferations of
myofibroblasts, but somewhat surprisingly, there was no significant podoplaninpositivity in these areas. Some apparently early CAVD lesions with cholesterol and
lipid accumulations (figure 20C) and tissue degeneration without calcification
(figure 20D) were surrounded by positive staining. Podoplanin was often
associated with calcifications – here mostly in spindle cells and to a lesser extent
in ECM (figure 20E). There were some other podoplanin-positive cell types i.e.
chondrocytes, osteoblasts, osteocytes and macrophages (figures 20G and 20H).
However, there was no positivity in osteoclasts.
These findings have many similarities with the findings in early and advanced
atherosclerotic lesions, as Hatakeyama and co-workers (2012) have shown that
macrophages and α-SMA positive cells in atherosclerotic lesions express more
podoplanin in advanced lesions although also to a lesser extent in early lesions.
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Podoplanin expression has been detected previously in normal cartilage and bone
(Ariizumi et al., 2010), but this is the first time that podoplanin has been detected
in osteoblasts, osteocytes, and chondroblasts in calcification-associated bone and
cartilage in CAVD.

Fig. 19. A) Lymph vessel count in individual cases and groups. B) Podoplanin mRNA
levels in the control and AS groups. C) Total immunohistochemically assessed
podoplanin expression in the different groups. Horizontal lines in B and C depict the
25th percentile, median (wide line) and the 75th percentile.

To further characterize calcification-associated spindle cells, some adjacent
sections of the valves were stained with additional antibodies. In these
representative pictures, podoplanin (figure 21A) has a staining pattern similar to αSMA in the adjacent sections (figure 21B), meaning that the spindle cells display a
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Fig. 20. Representative photographs of immunohistochemical podoplanin stainings in
aortic valves. A) The endothelium of lymphatic vessels stains positively. B) Scattered
positively stained spindle cells in the spongiosa layer (AR group). C) Positively stained
cells surrounding cholesterol clefts and lipid accumulations. D) A degenerative area
(marked with arrows) is surrounded by positive staining (AR+f group). E) On the left,
positive spindle cells in spongiosa; on the right, calcifications surrounded by positive
spindle cells (AR+f group). F) Masson’s trichrome staining of the rectangle-marked area
in E, visualizing calcifications as bright red globuli against the blue fibrotic background.
G) Positivity in chondrocytes. H) Osteoblasts and osteocytes (at the edges of and inside
mature bone, respectively) stain positively. The scattered positive cells in the fibrotic
area are macrophages, as they are positive also in I) the CD68 staining in the adjacent
section of the same area. Scale bars depict 200 μm.

myofibroblastic phenotype. The positivity in spindle cells is often tightly
surrounding very small calcifications, measuring 10 to 50 μm. CD31 (figure 21C)
and CD34 (figure 21D) stain only the endothelium of some scattered vessels in
adjacent sections, but no spindle cells. CD31 is known to stain most of the
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lymphatic vasculature, and since these vessels are negative in podoplanin, they
most likely represent blood vessels.

Fig. 21. Calcification-associated podoplanin expression in aortic valves, representative
photographs of immunohistochemical stainings of adjacent sections of the same area
with calcifications (AS group). A) Podoplanin is positive in spindle cells, often tightly
surrounding small calcifications. The insert is Masson’s trichrome staining of the
rectangle-marked area, visualizing calcifications as bright red globuli against the blue
fibrotic background. Some spindle cells are also red-colored. B) A myofibroblastic
marker α-SMA a staining pattern similar to podoplanin. C) CD31 and D) CD34 stain the
endothelium of scattered blood vessels. Scale bars depict 100 μm.

The total and area-wise relative podoplanin-positivity were quantified in the
different groups (figure 22A). Control valves featured no calcification or lymphatic
vessels and the AR group had only minor calcification and a few lymph vessels,
and thus it is natural that the podoplanin-positivity was almost exclusively in
scattered interstitial spindle cells. In the AR+f and AS groups, the positivity was
mostly associated with calcifications. Both the calcification-associated podoplanin
(relative area=0 vs >0, figure 22B) and the podoplanin-positivity at the edges of the
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calcifications (figure 22C) were significantly higher in the AS group when
compared to the AR+f group.

Fig. 22. Immunohistochemically

assessed

calcification-associated

podoplanin-

positivity in aortic valves. A) Total and area-wise podoplanin. B) Calcificationassociated podoplanin. C) Calcification edge-associated podoplanin. Horizontal lines
depict the 25th percentile, median (wide line), and the 75th percentile.

VICs cultured in an osteogenic environment first differentiate into myofibroblasts,
then into osteoblasts (Hjortnaes et al., 2016), and it was shown here that the
podoplanin-positive spindle cells are often myofibroblasts. Based on the CD31negativity in the podoplanin-positive spindle cells, they are most probably not
lymphatic vessels, although some of them might be maturing lymphatic vessels, as
podoplanin-positive myofibroblasts in cancer stroma have been proposed to have
an angiogenetic potential (Kitano et al., 2010).
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Podoplanin may act as a marker of osteoblastic differentiation of
myofibroblasts, since much of the positivity was detected at the edges of small
calcifications, possibly representing active foci of calcification. Indeed, in a study
with isolated mesenchymal stem-like cells (MSLCs) from human aortic valves,
CD34-negative MSLCs from calcified valves were more sensitive to high Pi levels
than their CD34-positive counterparts (Nomura et al., 2013). As the podoplaninpositive cells surrounding calcifications were CD34-negative in our study, they
may represent the same cell population and the main source of calcification in
CAVD. The podoplanin-positivity in osteoblasts also supports this proposal.
Despite the wide expression of podoplanin in tissues, its role is not well
understood. Podoplanin-/- mice died during the embryonic stage and showed many
cardiac abnormalities, including hypoplastic atrioventricular cushions, from which
also the aortic valve should develop (Mahtab et al., 2009, 2008). This is in harmony
with the proposal that podoplanin promotes EMT (Martin-Villar et al., 2006), and
is needed in the development of the aortic valve (Combs & Yutzey, 2009).
Furthermore, increased EndMT has been linked to CAVD (Dahal et al., 2017), and
cells undergoing EndMT act as a source of osteogenic progenitors in vascular
calcification and atherosclerosis (Sánchez-Duffhues, García de Vinuesa, & Ten
Dijke, 2018). EMT correlates in podoplanin-/- mice with the extent of the downregulation of RhoA (Mahtab et al., 2009), which is associated with increased nodule
formation in VIC cultures and a myofibroblastic and osteoblastic differentiation of
VICs (Gu & Masters, 2011).
There is only one known receptor for podoplanin, C-type lectin-like receptor 2
(CLEC-2), being mainly expressed in platelets (Tamura et al., 2016). No changes
were detected in the CLEC-2 mRNA levels between control and calcified valves.
The clinical manifestation of CAVD could be complicated by the interaction of the
podoplanin-positive cells with platelets i.e. promoting platelet aggregation and
thrombosis (Suzuki-Inoue et al., 2007). Interestingly, CLEC-2-/- mouse embryos
have a reduced amount of alveolar duct myofibroblasts associated with lung
malformations (Tsukiji et al., 2018), meaning that the CLEC-2/podoplanin
interaction may play a role in mesenchymal processes, putatively acting through
TGF-β signaling (Tsukiji et al., 2018).
Even in non-calcified valves, scattered podoplanin-positive cells were seen,
mainly in the spongiosa layer. In addition, in CAVD, the majority of changes in the
structure of collagen occur in spongiosa (Hutson et al., 2016). Podoplanin has been
shown to play a role in cell adhesion to ECM in oral squamous cell carcinoma
(Tsuneki, Yamazaki, Maruyama, Cheng, & Saku, 2013). More specifically, this
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happens through the crosstalk between hyaluronic acid in ECM and CD44, a
hyaluronic acid receptor, which is co-localized with podoplanin in carcinoma cells.
CD44-positive cells also play a role in leaflet maturation toward the trilaminar
structure during the second trimester, as detected in human embryos (Monaghan et
al., 2016). Hyaluronic acid is a major component of valvular ECM (Stephens, Chu,
& Grande-Allen, 2008); in CAVD, hyaluronic acid homeostasis is impaired and
CD44 expression up-regulated (Krishnamurthy et al., 2017). Furthermore, the use
of anti-CD44 to block the hyaluronic acid and VIC interaction stimulates the
mineralization of cultured VICs from porcine aortic valves (Rodriguez, Piechura,
& Masters, 2011). These findings suggest that it may be worthwhile to clarify the
relationship between podoplanin and CD44 in CAVD and that CD44 might also be
a potential target for pharmacological treatment in CAVD.
CD44v6 has also been shown to interact with osteopontin to mediate calcium
deposition via phospho-Akt in a human model mimicking the early stages of CAVD
(Poggio et al., 2014). Osteopontin expression is increased in CAVD;
immunohistochemically it is localized at least partly at the edge of the calcifications
in CAVD (Pohjolainen et al., 2008). It seems to have a regulatory role in the
progression of CAVD through an alteration of HMGB1 function (Passmore et al.,
2015) and its plasma levels have been shown to correlate with the severity of CAVD
(P. J. Yu et al., 2009).
5.6.4 Immunohistochemically assessed calcification-associated
podoplanin expression in tricuspid and bi/unicuspid aortic
valves
Podoplanin expression was immunohistochemically assessed in 37 tricuspid and
23 bi/unicuspid valves (21 bicuspid, 2 unicuspid). There was significantly more
calcification-associated podoplanin in TAVs than in bi/unicuspid valves (median
1.520 vs. 1.157, figure 23A). A similar difference was seen when only the
calcification edge-associated positivity was taken into account (median 0.671 vs.
0.351, figure 23B).
The reason for the lower podoplanin expression in bi/unicuspid valves is
unclear. It might be due to the anatomical differences, as non-calcified BAVs have
an abnormal collagen fiber arrangement (Aggarwal et al., 2014) and calcified BAVs
are thicker than TAVs (Hamatani et al., 2016), thus possibly affecting the movement
of myofibroblasts and the arrangement of the calcifications. Furthermore, it could
be the result of a different disease phase – CAVD might have advanced further in
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the bicuspid valves and the active process might be slowing down. If this holds true,
then one could speculate that podoplanin-positivity might reflect disease activity.

Fig. 23. Immunohistochemically assessed podoplanin expression in tricuspid vs.
bi/unicuspid valves. A) Calcification-associated podoplanin. B) Calcification edgeassociated podoplanin. Horizontal lines depict the 25th percentile, median (wide line),
and the 75th percentile.
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Summary and conclusions

The purpose of this work was to characterize several novel factors involved in
pathogenic processes in CAVD.
1.

2.

3.

4.

Apelin – APJ axis, a system proposed to counteract the Ang II – AT1R system,
is expressed in aortic valves and its levels are significantly up-regulated in
fibrosclerotic and stenotic valves. Furthermore, AT1R and AT2R are
differentially expressed in advancing stages of CAVD in favor of the former,
as AT2R is significantly down-regulated and thus the profibrotic profile
dominates. These findings suggest that drug therapies aimed at blocking the
apelin – APJ system and AT1R might be able to attenuate the progression of
CAVD.
Renin, prorenin and (P)RR, all components of RAS, are expressed in aortic
valves and are down-regulated in AS, possibly as a result of a negative
feedback loop in response to the locally increased Ang II. Another component
of RAS, ACE2/Ang-(1-7)/Mas receptor axis, is also expressed in aortic valves,
but down-regulated in AS. As ACE2 can cleave Ang II into Ang-(1-7), this is
another indication that there is a shift in the balance of the valvular RAS
components towards the activation of ACE/Ang II/AT1R-mediated fibrosis,
proliferation and inflammation in AS. AT1R blockers alone, or in combination
with renin inhibitors, might potentially shift this balance back towards the
opposing, beneficial pathways (AT2R, Ang-(1-7)/Mas) and slow down the
progression of CAVD. In addition, the ACE2/Ang-(1-7)/Mas receptor axis and
AT2R are potential pharmacological targets, as their stimulation could have a
similar effect.
CAVD is characterized by an increased expression of granzymes A, B, H, and
K, as well as perforin. These enzymes can modulate ECM and induce apoptosis.
The findings support the concept of active cytotoxic reactions occurring in
CAVD and inhibiting these reactions with drugs might be beneficial.
Podoplanin is expressed in the endothelium of lymphatic vessels, the number
of which is increased in AS. However, most of the podoplanin-positivity is
located in spindle cells, often tightly associated with small calcifications,
which may represent active foci of calcification. The overall podoplanin
expression is increased in the advancing stages of CAVD and the positively
staining spindle cells probably reflect the myofibroblastic and osteoblastic
differentiation of VICs. Furthermore, podoplanin may interact with its receptor
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CLEC-2 and ECM components during the progression of CAVD. These
interactions may provide a way to modify the disease process by drugs in the
later stages of CAVD. To date, there are no pharmacological therapies that
would be effective in the progressive phase of the disease. Podoplanin was
expressed differentially between tricuspid and bi/unicuspid valves, which may
reflect differences in the pathogenesis of CAVD in TAV and BAV patients.
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