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The history of cardiac valve cellular biology experiments began in the early
1980s with pioneering studies from the Mayo Clinic’s Department of Pediatrics
by Dr. Christopher Johnson. Dr. Johnson developed in vitro cell culture systems
to study the cellular biochemistry and molecular biology of the heart valve. The
development of these porcine cell culture systems took several years to isolate,
and clone the valvular sub-populations. It was clear from the start that there were
two morphologically distinct layers of cells resident in the valve tissue, an endo-
thelial cell layer and a subendothelial cell layer. These studies describing the
meticulous isolation of cardiac valve cells were reported in several seminal pub-
lications. Since then, Dr. Johnson’s cell culture techniques have been utilized in
valve biology laboratories around the globe and have provided the foundation for
understanding the cellular expression of extracellular matrix proteins both in vitro
and in vivo. His pioneering work determined the optimal technique for valve cell
isolation and identified subtle changes in cellular morphology by light micros-
copy. These early studies also provided some initial biochemical and molecular
characterization of both endothelial and subendothelial cell populations.

In 1983, Johnson’s laboratory established culture lines of porcine endothe-
lial cells derived from the aortic valve. These cells had the typical morphology
of vascular endothelial cells in culture and contained angiotensin-converting
enzyme activity found in other endothelial cells. However, they differed from
endothelial cells derived from the ascending aorta in a unique way: aortic
valvular endothelial cells were deficient in their ability to synthesize fibro-
nectin. This finding was confirmed in vivo using immunohistochemical stain-
ing of tissues. This was an intriguing find because fibronectin is a major
biosynthetic product of other vascular endothelial cell types. Aortic valve
cells are relatively deficient in this ability, a finding that carries significant
implications for aortic valvular disease

In 1987, Johnson’s laboratory established culture lines derived from the
subendothelial region of the porcine aortic valve. These cells were isolated by
extensive collagenase digestion of valvular tissue and were serially propa-
gated in vitro with stable morphology. In sparse culture by phase contrast
microscopy valve, subendothelial cells, later termed myofibroblasts, morpho-
logically resembled skin fibroblasts. When confluent in the culture dish, how-
ever, the valve subendothelial cells assumed a morphology similar to that of
cultured vascular smooth muscle cells, in that they formed ridges and piles.
Subendothelial cells also formed calcifying nodules in vitro, the first descrip-
tion in the literature of this potentially significant phenomenon.

vii



viii

In 1988, Rajamannan and Johnson reported cell culture experiments that
identified potential cell to cell communication occurring between valve endo-
thelial cells and subendothelial myofibroblasts. The experiments examined
materials released into the culture supernatant by endothelial cells that would
affect growth and other behaviors of myofibroblast cells. This in vitro culture
model evolved over the next 25 years to identify the role of the components
of this conditioned media, including isolation of mitogenic proteins, and to
characterize the expression of endothelial nitric oxide synthase in the aortic
valve endothelium. The cell-cell architecture assays set the foundation for the
evolving hypothesis that the endothelial cell, under conditions of oxidative
stress, is responsible for the initiation event of the myofibroblast cell to signal
extracellular matrix synthesis, which is then responsible for the calcification
process in the valve. This cell-cell communication hypothesis has now
evolved into the concept of the stem cell niche in the aortic valve.

The field evolved rapidly in the 1990s with the published findings from
large databases, such as the Cardiovascular Health Study from the University
of Washington. These findings demonstrated that the risk factors for valvular
heart disease are similar to those for vascular atherosclerosis, including the
traditional risk factors — lipids, hypertension, obesity, male gender. From 2000
to the present, in vivo and in vitro models have been described to determine the
cellular basis of the calcification in the aortic valve. This included the appear-
ance of an osteoblast-like phenotype, the phenotype of the myxomatous
changes in the mitral valve, and a chondrogenic-like phenotype, as described
by investigators at the University of Pennsylvania, the Mayo Clinic, Rice
University, and Northwestern University. This work all began with the in vitro
cell culture systems first described by Johnson and Rajamannan 30 years ago.

Over the past decade, animal models have been developed to study the cel-
lular processes of the cardiac valve. These have included rabbits and genetic
knock-out mice using different concentrations of experimental hypercholes-
terolemia diets, different lengths of diets, and renal failure to determine the
critical findings of apoptosis, cell proliferation, atherosclerosis, early mineral-
ization, chondrocyte hypertrophy, and finally calcification. The specific cell
assays, both in vivo and in vitro, as well as ex vivo models, and techniques
presented in this textbook, Molecular Biology of Valvular Heart Disease, will
become a handbook for current and future valve biologists throughout the
world.

Rochester, MN, USA Nalini M. Rajamannan, MD, FACC, FAHA
Santa Fe, NM, USA Christopher M. Johnson, MD, MA, FAAP
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The National Heart, Lung, and Blood Institute (NHLBI) convened a Working
Group of investigators on September 21, 2009, in Chicago, Illinois, to advise
the NHLBI on the state of the science and on new research directions to
improve the understanding, and ultimately, the treatment of calcific aortic
valve stenosis.

Calcific aortic valve disease (CAVD) covers a spectrum of disease from ini-
tial changes in the cell biology of the valve leaflets, through early calcification,
tissue remodeling and aortic sclerosis, to outflow obstruction and aortic stenosis.
The later stages are characterized by fibrotic thickening of the valve leaflets and
the formation of new blood vessels and calcium nodules — often including the
formation of actual bone — throughout the valve leaflets but concentrated near
the aortic surface. Although CAVD is more common with age, it is not an inevi-
table consequence of aging. CAVD appears to be an actively regulated disease
process that cannot be characterized simply as “senile” or “degenerative.”

Epidemiological studies show that some of the risk factors for CAVD are
similar to those for vascular atherosclerosis. Age, gender, and certain clinical
factors are all associated with an increased risk of CAVD. Clinical risk factors
associated with the presence of CAVD include elevated low-density lipopro-
tein (LDL) cholesterol, but the association is relatively weak in those over 65
years old, the group at greatest risk of progressing to aortic stenosis. Other
factors include smoking, hypertension, shorter height, lipoprotein (a) level,
metabolic syndrome, type II diabetes, end-stage renal disease (but not mild to
moderate renal disease), and imbalances in calcium or phosphate metabo-
lism. However, the factors associated with disease initiation may differ from
those that promote disease progression.

Although aortic stenosis may occur in individuals with otherwise anatomi-
cally normal aortic valves, congenital valve abnormalities markedly increase
the risk. Nearly half of the individuals with aortic stenosis have a bicuspid
aortic valve (BAV), an aortic valve that developed with two functional leaflets
instead of the normal three. BAV occurs in about 0.6 % of the population and
is the most common congenital cardiac malformation. Although the causes of
BAV are unclear, genetic factors have been identified in some cases. CAVD
tends to develop at an earlier age in individuals with BAV and to progress
more rapidly for reasons that are poorly understood. Genetic mutations asso-
ciated with BAV that cause cellular dysfunction may also predispose an
individual to other congenital heart defects or to dilation and dissection of the
ascending aorta.



CAVD may progress to a point-of-no-return, a stage of severe calcification
where damage to the valve leaflets is too severe to be reversed by drug therapy.
Whether a point-of-no-return really exists, and if so, whether it is a fundamental
aspect of CAVD biology or only the limit of therapeutic ingenuity is not known.

The biology of the aortic valve is regulated by valve endothelial cells and
valve interstitial cells (VICs). These cells maintain the health of the valve and
mediate valve disease. VICs may behave differently in different locations
within the valve and in different stages of valve development or disease. The
normal signals between valve cells and the signals that trigger activation and
differentiation have not been fully established. Possible triggers for VIC dif-
ferentiation or dysfunction include hemodynamic shear stress, solid tissue
stresses, reactive oxygen species, inflammatory cytokines and growth factors,
and the cellular environment caused by other disease states, such as meta-
bolic syndrome, diabetes mellitus, hypercholesterolemia, chronic renal dis-
ease, and disorders of calcium or phosphate metabolism. Once activated,
VICs can differentiate into a variety of other cell types, including myofibro-
blasts and osteoblasts, although valve osteoblasts may respond to cellular
signals differently than skeletal osteoblasts.

The study of bioprosthetic valves may serve as a “purer’” model of calcifi-
cation or VIC injury and may improve our understanding of the mechanisms
of CAVD and the early events of calcification.

Mouse models of hypercholesterolemia demonstrate various features of
human CAVD at the molecular and organ levels, and at least one develops
stenosis. However, is only one of several conditions — including other risk
factors for atherosclerosis and specific genetic mutations — that contributes to
aortic stenosis, and may not be the most common. Therapies developed in
high-cholesterol animal models may fail in human clinical trials unless the
therapies target final common pathways leading to CAVD, which remain to
be elucidated. The implications are important for the design of future clinical
trials. Large animal models, possibly including non-human primates, would
be helpful but are limited by technical difficulties, expense, and the likelihood
that development of disease will be slow.

Prospective clinical studies of CAVD are hampered by the typically slow
and variable progression of the disease. Patients who present with aortic steno-
sis are already in the later stages of the disease. Echocardiography is the stan-
dard for evaluating the severity of aortic stenosis and is a useful surrogate
endpoint for clinical studies in the later stages. CT is a relatively high-resolution
and high-sensitivity technique for evaluating aortic valve calcium and is a use-
ful endpoint for clinical studies in the earlier stages. However, molecular imag-
ing, with sub-millimeter resolution, may be able to identify and study the
mechanisms of even earlier subclinical aortic valve calcification.
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Current information does not yet support a specific pharmacological target
or design of a large CAVD treatment clinical trial. Recent studies showing
lipid reduction to be ineffective may have been limited by the late stage of the
disease or by an insensitive measure of effect. Whether patients at an earlier
stage, e.g., with aortic sclerosis, or with specific known risk factors such as
BAV, should be treated with lipid lowering therapy, angiotensin converting
enzyme inhibitors, or novel pharmacological interventions — even if they do
not meet the current criteria for therapy — remains an open question.

Rochester, MN, USA Nalini M. Rajamannan, MD, FACC, FAHA
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Nalini M. Rajamannan and Christopher M. Johnson

Introduction

Calcific Aortic Valve Disease is the most com-
mon indication for surgical valve replacement in
the world [1]. For years, this disease was thought
to be a passive degenerative phenomenon.
Understanding of the cellular mechanisms of this
valve lesion will provide new cellular therapeutic
options to slow disease progression. Until
recently, the etiology of valvular heart disease
has been thought to be a degenerative process
related to the passive accumulation of calcium
binding to the surface of the valve leaflet. Recent
descriptive studies have demonstrated the critical
features of aortic valve calcification, including
osteoblast expression, cell proliferation and ath-
erosclerosis [2-5] and mitral valve degeneration,
glycosaminglycan accumulation, proteoglycan
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Rochester 55905, MN, USA
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1850 Bandelier Court, Santa Fe, NM 77505, USA

University of Kansas Medical School,
Kansas City, KS, USA

expression, and abnormal collagen expression
[6-9]. Studies have also demonstrated that spe-
cific bone cell phenotypes are present in calcify-
ing valve specimens in human specimens [10,
11]. This phenotype is the foundation for the
studies focused on the cellular mechanism for
osteoblastogenesis in the heart and the founda-
tion for the Molecular Biology of Valvular
Disease.

Calcifying Stem Cells Responsible
for Aortic Valve Calcification

Over the past decade, scientific publications have
demonstrated that cardiac stem cells of mesen-
chymal origin are responsible for the bone forma-
tion in the heart. These data provide the evidence
that the aortic valve calcification follows the
spectrum of bone formation secondary to stem
cells which have the potential to differentiate to
bone, fat and cartilage. The presence of calcifica-
tion in the aortic valve is responsible for valve
stenosis. Severe aortic stenosis can result in
symptomatic chest pain, as well as syncope and
congestive heart failure in patients with severe
aortic valve stenosis. For years, aortic valve ste-
nosis was thought to be a degenerative process.
However, the pathologic lesion of calcified aortic
valves demonstrate the presence of complex cal-
cification in the valve leaflet [2, 3, 12].

N.M. Rajamannan (ed.), Molecular Biology of Valvular Heart Disease, 1
DOI 10.1007/978-1-4471-6350-3_1, © Springer-Verlag London 2014
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The Role of Lrp5/Beta-Catenin
Activation in Cardiovascular
Calcification and Osteoblast
Bone Formation

Bone and cartilage are major tissues in the
vertebrate skeletal system, which is primar-
ily composed of three cell types: osteoblasts,
chrondrocytes, and osteoclasts. In the develop-
ing embryo, osteoblast and chrondrocytes both
differentiate from common mesenchymal pro-
genitors in situ, whereas osteoclasts are of hema-
topoietic origin and brought in later by invading
blood vessels. Osteoblast differentiation and
maturation lead to bone formation controlled by
two distinct mechanisms: intramembranous and
endochondral ossification, both starting from
mesenchymal condensations. To date, only two
osteoblast-specific transcripts have been iden-
tified: (1) Cbfal and (2) osteocalcin (OC). The
transcription factor Cbfal [13] has all the attri-
butes of a ‘master gene’ differentiation factor
for the osteoblast lineage and bone matrix gene
expression. During embryonic development,
Cbfal expression precedes osteoblast differen-
tiation and is restricted to mesenchymal cells
destined to become osteoblasts. In addition to its
critical role in osteoblast commitment and dif-
ferentiation, Cbfal appears to control osteoblast
activity, i.e., the rate of bone formation by dif-
ferentiated osteoblasts [13]. Rajamannan et al.,
have shown previously that cholesterol upregu-
lates Cbfal gene expression in the aortic valve,
and atorvastatin decreases the gene expression
[5] in an animal model. The studies also dem-
onstrated that Sox9 and Cbfal are expressed in
human degenerative valves removed at the time
of surgical valve replacement [10]. The regula-
tory mechanism of osteoblast differentiation
from osteoblast progenitor cells into terminally
differentiated cells is via a well-orchestrated and
well-studied pathway which involves initial cel-
lular proliferation events and then synthesis of
bone matrix proteins, which requires the actions
of specific paracrine/hormonal factors and the
activation of the canonical Wnt pathway [14].
Recently, studies [10, 15-19] have shown
that the Lrp5/Wnt/beta-catenin pathway plays

N.M. Rajamannan and C.M. Johnson

an important role in the development of vascular
and valvular calcification. Studies have shown
that different mutations in Lrp5, an LDL recep-
tor related protein, develop a high bone mass
phenotype and an osteoporotic phenotype [20,
21]. In the presence of the palmitoylation of
Whnt, an active beta-catenin accumulates in the
cytoplasm, presumably in a signaling capacity,
and eventually translocates to the nucleus via
binding to nucleoporins [22] where it can inter-
acts with LEF-1/TCFs in an inactive transcrip-
tion complex [23, 24]. The Wnt/Lrp5/frizzled
complex turns on downstream components such
as Dishevelled (Dvl/Dsh) which leads to repres-
sion of the glycogen synthase kinase-3 (GSK3)
[25]. Inhibition of GSK3 allows beta-catenin to
accumulate and translocate to the nucleus. In
the nucleus, beta-catenin interacts with mem-
bers of the LEF/TCF class of architectural HMG
box of transcription factors, including Cbfal
and Sox9 involved in cell differentiation, osteo-
blast activation and chrondrocytic cell differen-
tiation [26-31].

Translating the Calcifying Aortic
Valve Mechanistically

Currently, there are three fundamental mecha-
nisms defined in the development of aortic valve
disease: (1) oxidative stress via traditional car-
diovascular risk factors [5, 19, 32-39], (2) cellu-
lar proliferation [40] and (3) osteoblastogenesis
in the end stage disease process [3, 4]. Previously,
the Wnt/Lrp5 signaling pathway has been identi-
fied as a signaling mechanism for cardiovascular
calcification [10, 19, 41]. Recently, a stem cell
niche has been added to the mechanisms to define
the role of cell-cell communication necessary to
develop the disease [18].

The corollaries necessary to define a tissue
stem cell niche include (1) physical architecture
of the endothelial cells signaling to the adjacent
subendothelial cells: the valve interstitial cell
along the valve fibrosa, and (2) an oxidative-
mechanical stress gradient necessary to activate
Whnt3a/Lrp5 in this tissue stem niche to induce
disease.



1 Calcific Aortic Valve Disease: The Role of the Stem Cell Niche

Cardiac Stem Cell Origins:
Circulating Systemic Stem
Cells Versus Resident
Myofibroblast Cells

There are two specific cell types of interest for
understanding the role of the cell types responsi-
ble for bone formation. First is the circulating
stem cell, and second is the resident mesenchy-
mal cell, which maintains potential to differenti-
ate to bone. A recent study by Egan et al. [42],
identifies for the first time in human calcifying
aortic valves a population of circulating osteo-
genic precursor cells(COP) in calcified human
aortic valves. Their finding of these CD45* OCN*
COP cells in areas of calcification and not in the
unaffected calcified tissues provides another
level of evidence that mesenchymal derived cell
populations are responsible for the development
of osteogensis in the calcified aortic valve.
Specifically, the study demonstrated that these
cells were localized to areas of confirmed endo-
chondral ossification and bone formation. Fig. 1.1
demonstrates the two types of cardiac stem cells
which have the capacity to differentiate to bone
via osteogenic differentiation. Within the regions
of interest, there were areas of mature bone with
the characteristic architecture including osteo-

cytes and bone lining cells. However, within the
limits of the study there was no consistent
involvement of the valve leaflet layers as the
areas of endochondral ossification was found to
extend to variable depths. The conclusions from
this study provide the first evidence in human cal-
cifying aortic valve tissue that a novel cellular
origin is found on the calcific aortic valve and
that these COP cells play a role in the cellular
mechanisms of osteogensis. Tanaka et al. [44],
have demonstrated in an in vivo experimental
cholesterol model that the number of circulating
stem cells is approximately 17 %. Therefore, this
population of stem cells contributes to a portion
of the calcification process.

The studies to date indicate that the cellular
origins of bone forming cells in the calcifying
aortic valve have two distinct pathways as shown
in Fig. 1.1. The cells can be the COP cell capable
of differentiating to bone at the site of calcifica-
tion and disease. The other cell type of interest to
form bone in the valve is the interstitial aortic
valve cell that is capable of differentiating to
bone in vivo. This cell type is described in the
most recent NHLBI working group paper on cal-
cific aortic valve disease, and this position paper
provides a framework to study the cellular mech-
anisms of this disease process [45].

Calcific aortic valve disease

a Stem cell differentiation to osteogenic phenotype
Other Adipocytes
Pluripotent PPARg/CBP) A (Fat)
meser?chymal _ ( J /)4 Osteoblasts —» 1erminal
cells (Myo D) \‘ (CBFA-1) \\ osteocyte
) Myocytes Chondrocyes
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Fig. 1.2 Demonstrates the
cellular architecture
necessary for a stem cell
niche including the cell-cell
communication between
valvular endothelial cells
and myofibroblast cells [16]
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Cardiac Valve Stem Cell Niche

Recently, the role of a stem cell niche present
within the aortic valve has been identified [18].
There are two corollaries necessary for an adult
stem cell niche. The first is to define the physical
architecture of the stem-cell niche and second is
to define the gradient of proliferation to differen-
tiation within the stem-cell niche. Figure 1.2,
demonstrates the cell architecture necessary for
the stem cell niche. The endothelial lining cell
located along the aortic surface is responsible for
the secretion of a growth factors [46]. In the aortic
valve, the endothelial cell then interacts with the
subendothelial cells which are resident below the
endothelial layer of cells. These cells have been
characterized as myofibroblast cells [47-49].
Adult tissues stem cells are a population of
functionally undifferentiated cells, capable of (i)
homing (ii) proliferation, (iii) producing differen-
tiated progeny, (iv) self-renewing, (v) regenera-
tion, and (vi) reversibility in the use of these
options. Within this definition, stem cells are
defined by virtue of their functional potential and
not by a specific observable characteristic. The
COP cells have the potential to migrate or home
to the niche once the gradient of oxidative stress

develops to form bone, or the resident myofibro-
blast cell can differentiate to bone. Both cell
types self renew via cell proliferation and then
form bone via osteogenesis.

The two corollary requirements necessary for
an adult stem cell niche is to first define the physi-
cal architecture of the stem-cell niche and second
is to define the gradient of proliferation to dif-
ferentiation within the stem-cell niche. The aor-
tic valve endothelial cell communicates with the
myofibroblast cell to activate the myofibroblast
to differentiate to form an osteoblast-like phe-
notype [4]. This concept is similar to the endo-
thelial/mesenchymal transition critical in normal
valve development [50]. These data are the first to
implicate a cell-cell communication between the
aortic valve endothelial cell and the myofibroblast
cell to activate the canonical Lrp5/Wnt pathway.
Lrp5 is important in normal valve development
[51]. In this stem cell niche, reactivation of latent
Lrp5 expression [10, 19] regulates osteoblasto-
genesis in these mesenchymal cells.

These data fulfill the main corollaries of the
plausibility of a stem cell niche as another mecha-
nism for the development of valvular heart dis-
ease. Within a stem cell niche there is a delicate
balance between proliferation and differentiation.
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Cells near the stem-cell zone are more prolifera-
tive, and Wnt likely plays a role in directing cell
differentiation. Endothelial cell derived Wnt3a
secretion into the micro-environment is capable
of activating quiescent stem cells into differentia-
tion [52].

An important inhibitor in this model is Notch1.
Notchl plays a roll in cellular differentiation deci-
sions. In the osteoblast cell, it serves as an inhibi-
tor of osteoblast differentiation [53, 54]. In the
aortic valve, it serves to turn off bone formation
via the cell-cell crosstalk between the endothelial
and the myofibroblast cells [55]. Normal Notchl
receptor functions to maintain normal valve cel-
lular composition and homeostasis. In the pres-
ence of lipids, Notchl is spliced and therefore
activates osteoblastogenesis. In turn, the Wnt3a is
secreted and binds to Lrp5 and Frizzled on the
extracellular membrane to regulate the osteoblast
gene program. This developmental disease pro-
cess follows a parallel signaling pathway, which
has been described in normal embryonic valve
development. It has also been well delineated by
previous investigators [50]. A similar cell-cell
communication is necessary for the development
of valve disease [46].

In the aortic valve, the communication for the
stem cell niche would be between the aortic valve
endothelial cell and the adjacent myofibroblast
cell located below the aortic lining endothelial
cell. Initial experiments from the 1980s charac-
terized the initial publications isolating the cells,
defining the protein expression and the potential
role of the proteins in the development of CAVD
[56-58]. Conditioned media was produced from
untreated aortic valve endothelial cells for the
microenvironment that activates signaling in the
myofibroblast cell. A mitogenic protein (Wnt3a)
was isolated from the conditioned media and then
tested directly on the responding mesenchymal
cell, the cardiac valve myofibroblast [18, 47, 59].
This transfer of isolated protein to the adjacent
cell was necessary to determine if the cell would
proliferate directly in the presence of this protein.
This system is appealing because the responding
mesenchymal cell is isolated from the anatomic
region adjacent and immediately below that of
the endothelial cells producing the growth factor

activity along the fibrosa surface. Very little is
known regarding the characterization of the
endothelial cell conditioned media.

The second corollary for identifying a stem
cell niche is to define the gradient responsible
for the proliferation to differentiation process.
The main postulate for this corollary stems from
the risk factor hypothesis for the development of
aortic valve disease. If traditional atheroscle-
rotic risk factors are necessary for the initiation
of disease, then these risk factors are responsi-
ble for the gradient necessary for the differentia-
tion of myofibroblast cells to become an
osteoblast calcifying phenotype [18, 19, 41, 48,
49, 61-63]. If traditional risk factors are respon-
sible for the development of valvular heart dis-
ease, then an oxidative stress mechanism is
important for the development of a gradient in
this niche.

Nitric oxide is important in terms of the mech-
anism in adult disease processes and also in the
developmental abnormalities such as the bicus-
pid aortic valve phenotype in the eNOS null
mouse [18, 64]. The proof of principle experi-
ment to test the importance of eNOS enzymatic
activity is an overexpression experiment to deter-
mine if eNOS is able to inhibit cell proliferation,
an early cellular event in the development of aor-
tic stenosis [40].

A recent study demonstrates the effects of
lipids regulating the development of a “Wnt3a”
gradient in the abnormal oxidative stress micro-
environment [18]. If the presence of elevated
LDL can increase Wnt3a secretion into the con-
ditioned media or the microenvironment of the
diseased aortic valve, this further contributes to
the activation of the canonical Wnt pathway in
the subendothelial space of the aortic valve. The
stem cell niche is a unique model for the develop-
ment of an oxidative stress secondary to hyper-
lipidemia communication within the aortic valve
endothelium. The model proposed for a stem cell
niche in calcific aortic valve disease in Fig. 1.2,
provides the cellular architecture for the develop-
ment of this disease process. This model does not
take into account other cytokine/growth factor
mediated mechanisms shown to also be impor-
tant in this disease process [64].
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As shown in Fig. 1.2, oxidative stress contrib-
utes to the release of Wnt3a into the subendothe-
lial space to activate Lrp5/Frizzled receptor
complex on the extracellular membrane of the
myofibroblast. This trimeric complex then
induces glycogen synthase kinase to be phos-
phorylated. This phosphorylation event causes
[B-catenin translocation to the nucleus. p-catenin
acts as a coactivator of osteoblast specific tran-
scription factor, Cbfal, to induce mesenchymal
osteoblastogenesis in the aortic valve myofibro-
blast cell.

Isolated Aortic Valve Endothelial
Cells and Myofibroblast Cells by
Light Microscopy

Figure 1.3 is the Light Microscopy of in vitro
Aortic Valve Endothelial Cells and Myofibroblast
Cells demonstrating the morphology of the cells
isolated in the stem cell niche. Figure 1.3 is
the light microscopy of the isolated cells from the
aortic valve, including the top layer of cells, the
endothelial cell, as shown in Fig. 1.3, Panel a.
The lower layer of cells, the subendothelial cell,
Fig. 1.3, Panel b, now entitled the myofibroblast
cell. Figure 1.3, Panel c, is immunohistochemis-
try for alpha-actin stain to confirm the presence
of actin filaments in the cell layer found in the

valve fibrosa [45]. The techniques for isolation of
these cell populations involves specific isolation
techniques to clone populations of endothelial
and vascular smooth muscles from the aorta, and
myofibroblasts from the aortic valve, mitral
valve, and pulmonary valve [47, 57-59].

In Vitro Model of Endothelial-
Myofibroblast Cell-Cell Signaling

Figure 1.4 is a summary of these experimental
results. Figure 1.4 demonstrates the isolation and
characterization of the mitogenic protein from
the conditioned media microenvironment.
Endothelial cells were cultured as shown in
Fig. 1.4, Panel a, which is a light microscopy
photograph of aortic valve endothelial cells iso-
lated from the aortic surface of the aortic valve.
The media was obtained from the endothelial
cells and then transferred directly to the myofi-
broblast cell to determine effects on cell prolif-
eration. The results of the mitogen assays for
fractions eluting from a DEAE- Sephadex col-
umn are shown in Fig. 1.4, Panel c. It can be seen
that the mitogenic activity appeared as a single
peak eluting at approximately 0.25 M NaCl. The
material eluting from DEAE- Sephadex was then
applied to Sephadex G-100; the results of mito-
gen assays on fractions eluting from such a gel

Fig. 1.3 Demonstrates the light microscopy of the In vitro cells isolated from the aortic valve endothelium, Panel (a)
the aortic valve myofibroblast cell, Panel (b) and Alpha-Actin Stain of the myofibroblast cell, Panel (c)
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Fig. 1.4 Protein isolation and characterization of aortic
valve endothelial cell conditioned media. Panel (a) Light
microscopy for aortic valve endothelial cells. Panel (b)
Cell proliferation for fractions eluting from a DEAE-
Sephadex column. (p<0.001). Panel (¢). Fractions from
DEAE- Sephadex to characterize weight with Sephadex
G-100. (p<0.001)

filtration column are shown in Fig. 1.4, Panel b. It
can be seen that under these native, non-
denaturing conditions the bulk of the mitogenic
activity eluted as a peak corresponding to stan-
dard proteins of 30—40,000 molecular weight.
This material lost all activity when heated to
100 °C for 5 min; disulfide bond reduction with
dithiothreitol also abolished all mitogenic activ-
ity, and treatment with trypsin destroyed all activ-
ity, implicating a protein structure.

These data demonstrate. Importance of the
first corollary for defining a tissue stem cell
niche: the physical architecture necessary for the
signaling mechanisms. The endothelial lining
cells along the aortic surface of the aortic valve
signal to the myofibroblast cells that are resident
below the endothelial cells to activate the disease
process [18, 46].

The Role of Endothelial Nitric
Oxide Synthase in Aortic Valve
Endothelial Cells

The second corollary for identifying a stem cell
niche is to define the gradient responsible for the
proliferation to differentiation process. To answer
this question of the role of oxidative stress and
nitric oxide in the aortic valve, in vitro experi-
ments were performed to determine eNOS enzy-
matic and protein regulation in the presence of
lipids and attenuation with Atorvastatin to con-
firm the importance of eNOS enzymatic function
in vitro [18].

eNOS Expression and Functional
Assays in Aortic Valve Endothelial
Cells

Figure 1.5 demonstrates the eNOS regulation in
the endothelial cells in the presence of lipids with
and without Atorvastatin. A number of standard
nitric oxide assays were performed to measure
eNOS functional activity. There was an increase
in nitrites with lipid treatments and attenuation
with Atorvastatin. This increase in nitrite lev-
els correlates with a decrease in the functional
activity of the eNOS enzyme in the aortic valve
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endothelium [18]. The proof of principle experi-
ment to test the importance of eNOS enzymatic
activity is an overexpression experiment to deter-
mine if eNOS is able to inhibit cell proliferation,
an early cellular event in the development of aor-
tic stenosis [40]. Experiments were performed to
overexpress eNOS to determine if eNOS over-
expression in the aortic valve endothelial cells
would regulate cell proliferation and found that
eNOS overexpression reduced cell proliferation
[18]. Caveolin-1 and eNOS expression confirmed
the role of these structural proteins in the inter-
action with eNOS in the aortic valve similar to
vasculature [65-69].

The regulatory mechanism of osteoblast dif-
ferentiation from osteoblast progenitor cells into
terminally differentiated cells is via a well-orches-
trated and well-studied pathway which involves
initial cellular proliferation events and then syn-
thesis of bone matrix proteins, which requires the
actions of specific paracrine/hormonal factors/cell
signaling activation of the canonical Wnt pathway
[10, 15, 16, 18, 45, 55, 70, 71]. The presence of
variable depths of the COP cell in the calcific valve
is consistent with the hypothesis that these cells can
home to the diseased valve but are not responsible
for the entire bone formation process. The native
interstitial cells also have the potential to differenti-
ate to bone in situ and contribute to the calcifying
cells in the native valve. The contribution of these
two cell types toward the development of calcifi-
cation in the aortic valve requires further ongoing
investigation for future translational implications.

Summary

This chapter demonstrates experimental methods
to test the hypothesis that aortic valve stenosis
develops secondary to stem cell niche mediated
process. Figure 1.2 demonstrates the cell-cell sig-
naling pathways necessary to fulfill the stem cell
niche and to differentiate the myofibroblast cell
to an osteogenic phenotype as described in
Chap. 2. The two corollary requirements neces-
sary for an adult stem cell niche is to first define
the physical architecture of the stem-cell niche

and second is to define the gradient of prolifera-
tion to differentiation within the tissue stem-cell
niche. The aortic valve endothelial cell commu-
nicates with the myofibroblast cell to activate the
myofibroblast to differentiate to form an
osteoblast-like phenotype [4]. This concept is
similar to the endothelial/mesenchymal transi-
tion critical in normal valve development [50].
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Introduction

The presence of calcification in the aortic valve
is responsible for important prognostic informa-
tion regarding the natural history of this disease
[1, 2]. Although calcification in aortic valves
has been described in the literature for over 100
years, little is known about the synthesis of bone
matrix proteins in the aortic valve. Studies evalu-
ating aortic valve calcification have focused on
the expression of osteopontin (OP) expression in
the mineralization zones of heavily calcified aor-
tic valves obtained at autopsy and surgery [3, 4].
Furthermore, studies in cardiovascular calcifica-
tion demonstrate parallel histologic findings in the
valve and the vasculature in regards to the cellular
abnormalities involved in the calcification [5].
Vascular biologists [6], have demonstrated
that lipids are important in the differentiation of
vascular smooth muscle cells to calcifying cells.
The field of valvular biology has also demon-
strated that a similar phenotypic switch occurs
in myofibroblasts isolated from the aortic valve
[7-12]. Several lines of evidence indicate that
osteoblasts, chondrocytes, and adipocytes are all
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derived from a common progenitor cell called an
undifferentiated mesenchymal cell [13, 14]. The
mineralized valve has been characterized as an
osteoblast-like bone phenotype [11, 15].

Bone is the major component of the skeleton
and is formed by two distinct process, intramem-
branous and endochondral. Intramembranous
bone arises directly from mesenchymal cells
condensing at ossification centers and transform-
ing directly into osteoblasts. This form of ossi-
fication gives rise to the flat bones of the skull,
parts of the clavicle, and the periosteal surface
of long bones. Endochondral ossification differs
from the intramembranous component in that is
formed in the presence of a cartilaginous blas-
tema. It is a complex, multistep process requiring
the sequential formation and degradation of car-
tilaginous structures that serve as templates for
the development of axial and appendicular bones.
This formation of calcified bone on a cartilage
scaffold occurs not only during skeletogenesis,
but is an integral part of post-natal growth and
fracture repair [16].

Valve Myofibroblast Differentiation
to Bone: Cell Proliferation to
Mineralization to Bone

Bone is a mineralized connective tissue, compris-
ing an exquisite assembly of functionally distinct
cell populations that are required to support the
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Fig. 2.1 Demonstrates the three phases for developing
a porcine valvular fibroblast model system to follow
the osteoblast (OB) differentiation and mineralization

structural integrity and remodeling of the skele-
ton. The bone forming OB cells are derived from
mesenchymal precursor cells in the bone marrow
stroma and periosteum, and have the capacity for
extensive proliferation [17]. In cell culture, osteo-
blasts are morphologically indistinguishable from
fibroblasts [18, 19]. Figure 2.1, Panel a, demon-
strates the first stage of OB differentiation, which
is the transition of the undifferentiated mesenchy-
mal cells to OB progenitors [20]. Figure 2.1 Panel
b, demonstrates the second stage is the maturation
of osteoblast progenitors into functional OB cells,
which produce collagen, osteocalcin, osteopontin,
bone sialoprotein and high levels of alkaline phos-
phatase activity. Figure 2.1, Panel ¢, demonstrates
the final stage of OB mineralization and binding
of hydroxyapatite to the newly synthesized matrix
in the tissues. The regulatory mechanism of osteo-
blast differentiation from OB progenitor cells
into terminally differentiated cells that produce
bone matrix proteins has been extensively stud-
ied and requires the actions of specific paracrine/
hormonal factors [21]. Genes which code for the
bone extracellular matrix proteins in OB cells
include alkaline phosphatase (AP), osteopontin
(OP), osteocalcin (OC), bone sialoprotein (BSP)
and matrix Gla protein (MGP) [22]. Interestingly,

process, important in the phenotypic switch. (a) Stage
one, cell proliferation stage. (b) Stage two, extracellular
matrix synthesis. (¢) Stage three, mineralization phase

Giachelli et al. have shown that OP may have an
inhibitory role in mineralization in the vascular
smooth muscle cells [23, 24]. This data supports a
potential regulatory mechanism that these matrix
proteins may play in the development of biomin-
eralization. To date, many of these markers have
been shown to be critical in the extracellular min-
eralization and bone formation developing in nor-
mal OB differentiation [19]. Recent descriptive
studies from patient specimens have demonstrated
the critical features of aortic valve calcification,
including osteoblast expression, cell proliferation
and atherosclerosis [3, 11, 12, 15]. These stud-
ies define the biochemical and histological char-
acterization of these valve lesions. Furthermore,
these studies have also shown that specific bone
cell phenotypes are present in calcifying valve tis-
sue from human specimens [25, 26]. Early stud-
ies in vascular smooth muscle cells demonstrate
the ability of calcifying vascular cells to have the
multipotential ability to differentiate to calcifying
phenotypes [13]. The first description of a pos-
sible bone protein in the valve was the discovery
of the expression of the bone matrix protein osteo-
pontin in the diseased calcific aortic valves [3, 4].
This concept was confirmed once the molecular
phenotype was published demonstrating the RNA
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Fig. 2.2 RNA level for the activation of the osteoblast
gene program in calcified human aortic valves from surgi-
cal valve replacement as compared to valve removed at
the time of heart transplantation [11]

osteogenic regulation in the control versus the
calcified valves from surgery explants [11].
Figure 2.2 demonstrates the first evidence at the
RNA level for the activation of the osteoblast
gene program in calcified human aortic valves
from surgical valve replacement as compared to
valve removed at the time of heart transplantation
[11]. Increased gene expression of osteopontin,
bone sialoprotein, and Cbfal (the osteoblast spe-
cific transcription factor) were all increased in the
calcified aortic valves as compared to the control
valves from heart transplantation. This data has
provided the first molecular evidence that a par-
allel osteoblast gene program is important in the
mineralizing phenotype found in calcified human

aortic valves. The gene expression and the histo-
morphometric data that endochondral bone for-
mation provide the foundation for an ossification
phenotype. Osteoblast bone formation is a com-
plex process involving multiple growth and dif-
ferentiation cellular mechanisms. The presence of
osteoblast bone formation in the aortic valve has
provided the foundation for the hypothesis that the
cells residing in the aortic valve have the potential-
ity to trans-differentiate into a bone forming cell,
which over time mineralizes and expresses and
ossification phenotype. There have been a number
of studies that have identified the signaling path-
ways critical in the development of calcific aortic
stenosis. A number of these signaling factors are
similar to those found in vascular atherosclerosis
and bone formation. Matrix MetalloProteinases
(MMP) [27], Interleukinl [28], Transforming
Growth Factor-beta(TGF-beta), purine nucleo-
tides [29, 30], RANK [31], osteoprotegrin(OPG)
[31], and TNF alpha [32], have all been identified
as signaling pathways important in the develop-
ment of this disease process.

Cardiac Valve Cell Types: Valvular
Interstitial Cells

VICs are abundant in all layers of the heart valves
and are crucial to function. VICs synthesize
VECM and express matrix degrading enzymes
(including matrix metalloproteinases [MMPs]
and their inhibitors [TIMPs]) that mediate and
regulate remodeling of collagen and other matrix
components. VICs comprise a diverse, dynamic,
and highly plastic population of resident cells
[33]. They modulate function among phenotypes
in response to changes in stimulation by the
mechanical environment or by certain chemicals,
during valvular homeostasis, adaptation, and
pathology. Adult heart valve VICs in-situ have
characteristics of resting fibroblasts; they are qui-
escent, without synthetic or destructive activity
for ECM. VICs are activated during intrauter-
ine valvular maturation, by abrupt changes in
the mechanical stress state of valves and in dis-
ease states, and VICs continuously repair a low
level of injury to the VECM that occurs during



16

Table 2.1 1In vitro valvular cell phenotypes

Cell type Location
Embryonic progenitor

endothelial/mesenchymal cells

Embryonic cardiac
cushions

qVICs Heart valve leaflet
pVICs Bone marrow,
circulation, and/or
heart valve leaflet
aVICs Heart valve leaflet
obVICs Heart valve leaflet

N.M. Rajamannan et al.

Function

Give rise to resident qVICs, possibly through an
activated stage. EMT can be detected by the loss of
endothelial and the gain of mesenchymal markers
Maintain physiologic valve structure and function
and inhibit angiogenesis in the leaflets

Enter valve or are resident in valve to provide aVICs
to repair the heart valve, may be CD34-, CD133-,
and/or S100-positive

a-SMA-containing VICs with activated cellular
repair processes including proliferation, migration,
and matrix remodeling. Respond to valve injury
attributable to pathological conditions and abnormal
hemodynamic/mechanical forces

Calcification, chondrogenesis, and osteogenesis

in the heart valve. Secrete alkaline phosphatase,
osteocalcin, osteopontin, bone sialoprotein

Valve myofibroblast cells undergo cell transitions in vitro, which can range form the embryonic precursor cell to the
quiescent VIC, to the circulating bone marrow cells, the active VIC which is the early differentiating cell to the final
bone forming cell which is the obVIC cell type. Used with permission Liu et al. [33]

physiological functional remodeling of AV tis-
sue [34]. Table 2.1 demonstrates the phenotypic
transitions of the VIC cells, which are critical
for normal development, homeostasis, and func-
tion of the aortic valve, and likely mediate the
development of valve calcification [33]. Once
activated, VICs can differentiate into a variety
of other cell types [35], including myofibroblasts
and osteoblasts, although valve osteoblasts may
respond to cellular signals differently than skel-
etal osteoblasts.

Establish an In Vitro Model of Aortic
Valve Calcification

This cell culture model is currently being utilized
in other laboratories [7, 36, 37]. We established
this model in order to investigate the molecular
mechanisms of calcification in the aortic valve.
The myofibroblast cell is the suspected target
for differentiation into OB like cells in the aortic
valve. Therefore, determining the signaling path-
ways in this cell will help to define the changes
found in the ex vivo calcified aortic valves and
define future medical therapies for this disease.
In vitro studies have been instrumental to deter-
mine the timing and phenotypic characterization
of calcifying nodules using an in vitro cell culture
model of porcine aortic valve cells. Chapter 1,

describes the cell isolation technique for myofi-
broblast cells from porcine aortic valves.

Osteogenic Transcription Factor
Expression in Calcified Aortic
Valves

The evidence for osteoblastogeneis in aortic
valve myofibroblast is dependent on defining the
regulatory elements controlling osteoblast (OB)
differentiation as in Fig. 2.2, which demonstrates
the bone transcription factors upregulated in the
calcified valves. The next step to study the osteo-
genic regulation of bone formation in the valve,
Fig. 2.3, demonstrates the in vitro evidence for
osteogensis in the myofibroblast cell.
Myofibroblast cells in culture were differen-
tiated to osteoblast-like cells using osteogenic
media. Figure 2.3 demonstrates the three phases
for developing a porcine valvular fibroblast
model system to follow the osteoblast (OB) dif-
ferentiation and mineralization process, and
determine the cell type responsible for the pheno-
typic switch as shown in the model for Fig. 2.1.
Figure 2.3, Panel a, demonstrates the mRNA
expression of the bone markers, osteopontin and
type-1 collagen in porcine valve fibroblast cells
cultured for 2-20 days with dexamethasone and
TGPFbeta. The results indicate that the growth of
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Fig. 2.3 Panel (a) Matrix gene expression in valve myo-
fibroblast cells, Panel (b) Alkaline phosphatase assay in
myofibroblast cells treated with dexamethasone and TGF
beta, and Panel (c), is the Control experiment with the

these cells in culture for longer periods and under
specified certain conditions induces expres-
sion of two important OB markers. Figure 2.3,
Panel b, demonstrates the increase in myofi-
broblast synthesis of alkaline phosphatase after
treatment with TGFbeta for 32 days. Figure 2.3,
Panel d, Von Kossa staining of the valvular
fibroblasts reveals nodule formation after treat-
ment with dexamethasone and TGFbeta for 20
days whereas the control myofibroblast cells,
Fig. 2.3, Panel c, received only 0.5 % media
and no dex and no TGFbeta demonstrates no
nodule formation. These results demonstrating
that dexamethasone and TGFbeta are important
in myofibroblast differentiation are also impor-
tant agents in OB differentiation [38—40]. This
data supports the feasibility of using an in vitro
system to investigate and characterize potential
signaling pathways. Also, the preliminary data
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non-calcifying cells, (Negative Von Kossa stain), Panel
(d), is the Calcifying cells treated with the osteogenic
media (Positive Von kossa stain) after 6 weeks of treat-
ment in vitro

supports the hypothesis that myofibroblasts can
differentiate into an OB-like cell. An in vitro
model system will be invaluable to determine the
cellular mechanisms involved in the cellular dif-
ferentiation/transformation and induction of the
calcification process as well as determining the
mechanism by which these cells undergo a phe-
notype switch from a valve myofibroblast cell to
an OB-like cell.

The Role of the Stem Cell Niche:
Myofibroblast Cell Differentiating
to Osteogenic Bone

The next assay is to test the myofibroblast cell’s
ability to differentiate to mineralized bone via
upregulation of the Lrp5 receptor. The concept of
the cell-cell communication was the foundation
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Fig. 2.4 Osteogenic mineralization assays in a stem cell
niche. Panel (a) The myofibroblast cells stain for Alcian
blue, indicating a cartilaginous phenotype treated with
osteogenic media. Panel (b) The myofibroblast cells stain
positive for Alizarin red, indicating an osteoblast pheno-
type treated with osteogenic media. Panel (¢) RTPCR for
Cbfal and Lrp5, in the myofibroblast cells treated with
osteogenic media. Panel (d) MicroCT of the calcifying
cells indicating mineralization present in the cells. Panel
(e) RTPCR for Lrp5, Cbfal and osteopontin in the myofi-
broblast cells treated with directly with lipids with and

for these sets of experiments to test the role of con-
ditioned media released from the endothelial cell
to initiate the myofibroblast differentiation. There
are two necessary corollaries for this experiment:
(1) cell-cell communication, (2) oxidative stress
gradient in the presence of elevated LDL [41].
Myofibroblasts were treated with three dif-
ferent conditions to determine the microenvi-
ronment necessary to activate the Lrp5 pathway
of bone formation. The initial set of conditions
includes treatment of the myofibroblasts with
osteogenic differentiating media. This osteo-
genic differentiation media provides the min-
eralizing microenvironment necessary for the
calcification of bone mineralization [42]. The
cells were treated with osteogenic media in
Fig. 2.4, Panel a. Over time the myofibroblast
cells stain positive for Alcian blue, indicating
the transformation to a chondrocyte phenotype.
After 6 weeks, the cells begin to mineralize and
form bone as implicated with the positive stain
for Alizarin read as shown in Fig. 2.4, Panel b.
The microCT indicates mineralization in this in

without Atorvastatin. Panel (f) RTPCR for Lrp5, Cbfal
and osteopontin in the myofibroblast cells treated with
conditioned media from Endothelial cells with lipids with
and without Atorvastatin. Panel (g) RTPCR for Lrp5,
Cbfal and osteopontin in the myofibroblast cells treated
with cyclic stretch and with lipids with and without
Atorvastatin. Panel (h) RTPCR for Lrp5, Cbfal and osteo-
pontin in the myofibroblast cells treated with cyclic
stretch and conditioned media from Endothelial cells with
lipids with and without Atorvastatin

vitro model with upregulation of Runx2 and Lrp5
the key regulators of Wnt regulation of bone for-
mation, Fig. 2.4, Panels c and d.

Next, the cells were treated with LDL, with
and without Atorvastatin directly shown in
Fig. 2.4, Panel e. When the cells were treated
with lipids directly, there was no gene expres-
sion of the Lrp5 receptor and low level expres-
sion of Runx2 and osteopontin. Figure 2.4, Panel
f, demonstrates the gene expression in myofi-
broblast cells treated with conditioned media
from aortic valve endothelial cells. The condi-
tioned media was produced in the presence of
LDL, with and without Atorvastatin. The AEC
conditioned media is required to upregulate the
Lrp5 gene in this model of endothelial/mesench-
myal cross talk. The conditioned media from
the endothelial cells treated with lipids induced
the Lrp5 gene expression and mildly attenuated
with Atorvastatin therapy. Figure 2.4, Panels g
and h, demonstrates the final set of conditions,
the response to mechanical force by measuring
the Lrp5 expression in the myofibroblast cells



2 In Vitro Cell Culture Model of Calcification: Molecular Regulation of Myofibroblast 19

with cyclic stress. The Lrp5 is expressed after
the application of the cyclic stretch, and is fur-
ther increased with the application of the cyclic
stretch and the Conditioned media treated cells.
This data, in combination with previously pub-
lished data [10, 43, 44], indicates that LDL and
Pressure are both necessary for the upregulation
of the Lrp5/Wnt3a pathway [45, 46].

Summary

The model proposed in the study as described
in Fig. 2.2 provides the cellular architecture for
the development of this disease process. The
stem cell niche is a unique model for the devel-
opment of an oxidative stress communication
within the aortic valve endothelium. As shown
in Fig. 2.2, oxidative stress contributes to the
release of Wnt3a into the subendothelial space
to activate Lrp5/Frizzled receptor complex on
the extracellular membrane of the myofibroblast.
This trimeric complex then induces glycogen
synthase kinase to be phosphorylated. This phos-
phorylation event causes p-catenin translocation
to the nucleus. B-catenin acts as a coactivator of
osteoblast specific transcription factor Runx2 to
induce mesenchymal osteoblastogenesis in the
aortic valve myofibroblast cell.

References

1. Rajamannan NM, Evans FJ, Aikawa E, Grande-Allen
KJ, Demer LL, Heistad DD, Simmons CA, Masters
KS, Mathieu P, O’Brien KD, Schoen FJ, Towler DA,
Yoganathan AP, Otto CM. Calcific aortic valve dis-
ease: not simply a degenerative process: A review and
agenda for research from the National Heart and Lung
and Blood Institute Aortic Stenosis Working Group.
Circulation. 2011;124(16):1783-91.

2. Rosenhek R, Binder T, Porenta G, Lang I, Christ G,
Schemper M, Maurer G, Baumgartner H. Predictors
of outcome in severe, asymptomatic aortic stenosis.
N Engl J Med. 2000;343:611-7.

3. O'Brien KD, Kuusisto J, Reichenbach DD, Ferguson
M, Giachelli C, Alpers CE, Otto CM. Osteopontin
is expressed in human aortic valvular lesions.
Circulation. 1995;92:2163-8 [comment].

4. Mohler 3rd ER, Adam LP, McClelland P, Graham L,
Hathaway DR. Detection of osteopontin in calcified

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

human aortic valves. Arterioscler Thromb Vasc Biol.
1997;17:547-52.

. Vattikuti R, Towler DA. Osteogenic regulation of vas-

cular calcification: an early perspective. Am J Physiol
Endocrinol Metab. 2004;286:E686-96.

. Parhami F, Basseri B, Hwang J, Tintut Y, Demer LL.

High-density lipoprotein regulates calcification of
vascular cells. Circ Res. 2002;91:570-6.

. Mohler 3rd ER, Chawla MK, Chang AW, Vyavahare

N, Levy RJ, Graham L, Gannon FH. Identification
and characterization of calcifying valve cells from
human and canine aortic valves. J Heart Valve Dis.
1999;8:254-60.

. Rajamannan NM. Calcific aortic valve disease: cellu-

lar origins of valve calcification. Arterioscler Thromb
Vasc Biol. 2011;31:2777-8.

. Rajamannan NM. Role of oxidative stress in cal-

cific aortic valve disease: from bench to bedside. In:
Morales-Gonzalez J.A.Oxidative Stress and Chronic
Degenerative Diseases — A Role for Antioxidants,
InTech Publisher, 2013; Chapter 11, pp. 265-87.
Rajamannan NM, Subramaniam M, Caira F, Stock
SR, Spelsberg TC. Atorvastatin inhibits hypercholes-
terolemia-induced calcification in the aortic
valves via the lrpS receptor pathway. Circulation.
2005;112:1229-34.

Rajamannan NM, Subramaniam M, Rickard D, Stock
SR, Donovan J, Springett M, Orszulak T, Fullerton
DA, Tajik AJ, Bonow RO, Spelsberg T. Human aor-
tic valve calcification is associated with an osteoblast
phenotype. Circulation. 2003;107:2181-4.
Rajamannan NM, Subramaniam M, Springett M,
Sebo TC, Niekrasz M, McConnell JP, Singh RJ, Stone
NJ, Bonow RO, Spelsberg TC. Atorvastatin inhibits
hypercholesterolemia-induced cellular proliferation
and bone matrix production in the rabbit aortic valve.
Circulation. 2002;105:2260-5.

Tintut Y, Alfonso Z, Saini T, Radcliff K, Watson K,
Bostrom K, Demer LL. Multilineage potential of cells
from the artery wall. Circulation. 2003;108:2505-10.
Rawadi G, Vayssiere B, Dunn F, Baron R, Roman-
Roman S. Bmp-2 controls alkaline phosphatase
expression and osteoblast mineralization by a wnt
autocrine loop. J Bone Miner Res. 2003;18:1842-53.
Mohler 3rd ER, Gannon F, Reynolds C, Zimmerman R,
Keane MG, Kaplan FS. Bone formation and inflamma-
tion in cardiac valves. Circulation. 2001;103:1522-8.
Bonner F, Farach-Carson MC. Bone formation. New
York: Springer; Topics in Bone Biology. 2003. Vol 1.
p. 1-15.

Bostrom K, Tintut Y, Kao SC, Stanford WP, Demer
LL. Hoxb7 overexpression promotes differentiation
of ¢3h10t1/2 cells to smooth muscle cells. J Cell
Biochem. 2000;78:210-21.

Ducy P, Zhang R, Geoffroy V, Ridall AL, Karsenty
G. Osf2/cbfal: a transcriptional activator of osteoblast
differentiation. Cell. 1997;89:747-54 [see comment].
Ducy P, Schinke T, Karsenty G. The osteoblast: a
sophisticated fibroblast under central surveillance.
Science. 2000;289:1501-4.



20

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Waters KM, Rickard DJ, Riggs BL, Khosla S,
Katzenellenbogen JA, Katzenellenbogen BS, Moore
J, Spelsberg TC. Estrogen regulation of human osteo-
blast function is determined by the stage of differ-
entiation and the estrogen receptor isoform. J Cell
Biochem. 2001;83:448-62.

Aubin JE, Liu F, Malaval L, Gupta AK. Osteoblast and
chondroblast differentiation. Bone. 1995;17:77S-83.
Young MF, Kerr JM, Ibaraki K, Heegaard AM, Robey
PG. Structure, expression, and regulation of the major
noncollagenous matrix proteins of bone. Clin Orthop
Relat Res. 1992;281:275-94.

Speer MY, McKee MD, Guldberg RE, Liaw L, Yang
HY, Tung E, Karsenty G, Giachelli CM. Inactivation
of the osteopontin gene enhances vascular calcifica-
tion of matrix gla protein-deficient mice: evidence for
osteopontin as an inducible inhibitor of vascular cal-
cification in vivo. J Exp Med. 2002;196:1047-55.
Steitz SA, Speer MY, McKee MD, Liaw L, Almeida
M, Yang H, Giachelli CM. Osteopontin inhibits min-
eral deposition and promotes regression of ectopic
calcification. Am J Pathol. 2002;161:2035-46.

Caira FC, Stock SR, Gleason TG, McGee EC,
Huang J, Bonow RO, Spelsberg TC, McCarthy PM,
Rahimtoola SH, Rajamannan NM. Human degenera-
tive valve disease is associated with up-regulation of
low-density lipoprotein receptor-related protein 5
receptor-mediated bone formation. J Am Coll Cardiol.
2006;47:1707-12.

Jian B, Jones PL, Li Q, Mohler 3rd ER, Schoen
FJ, Levy RJ. Matrix metalloproteinase-2 is associ-
ated with tenascin-c in calcific aortic stenosis. Am J
Pathol. 2001;159:321-7.

Kaden JJ, Vocke DC, Fischer CS, Grobholz R,
Brueckmann M, Vahl CF, Hagl S, Haase KK, Dempfle
CE, Borggrefe M. Expression and activity of matrix
metalloproteinase-2 in calcific aortic stenosis. Z
Kardiol. 2004;93:124-30.

Kaden JJ, Dempfle CE, Grobholz R, Tran HT, Kilic
R, Sarikoc A, Brueckmann M, Vahl C, Hagl S, Haase
KK, Borggrefe M. Interleukin-1 beta promotes matrix
metalloproteinase expression and cell proliferation
in calcific aortic valve stenosis. Atherosclerosis.
2003;170:205-11.

Osman L, Chester AH, Amrani M, Yacoub MH,
Smolenski RT. A novel role of extracellular nucleo-
tides in valve calcification: a potential target for ator-
vastatin. Circulation. 2006;114:1566-72.

Osman L, Amrani M, Isley C, Yacoub MH,
Smolenski RT. Stimulatory effects of atorvastatin on
extracellular nucleotide degradation in human endo-
thelial cells. Nucleosides Nucleotides Nucleic Acids.
2006;25:1125-8.

Kaden JJ, Bickelhaupt S, Grobholz R, Haase KK,
Sarikoc A, Kilic R, Brueckmann M, Lang S, Zahn I,
Vahl C, Hagl S, Dempfle CE, Borggrefe M. Receptor
activator of nuclear factor kappab ligand and osteo-
protegerin regulate aortic valve calcification. J Mol
Cell Cardiol. 2004;36:57-66.

Kaden JJ, Kilic R, Sarikoc A, Hagl S, Lang S,
Hoffmann U, Brueckmann M, Borggrefe M. Tumor
necrosis factor alpha promotes an osteoblast-like phe-

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

N.M. Rajamannan et al.

notype in human aortic valve myofibroblasts: a poten-
tial regulatory mechanism of valvular calcification.
Int J Mol Med. 2005;16:869-72.

. Liu AC, Joag VR, Gotlieb Al. The emerging role of

valve interstitial cell phenotypes in regulating heart
valve pathobiology. Am J Pathol. 2007;171:1407-18.
Aikawa E, Whittaker P, Farber M, Mendelson K,
Padera RF, Aikawa M, Schoen FJ. Human semilu-
nar cardiac valve remodeling by activated cells from
fetus to adult: implications for postnatal adapta-
tion, pathology, and tissue engineering. Circulation.
2006;113:1344-52.

Chen JH, Yip CY, Sone ED, Simmons CA.
Identification and characterization of aortic valve mes-
enchymal progenitor cells with robust osteogenic cal-
cification potential. Am J Pathol. 2009;174:1109-19.
Tintut Y, Parhami F, Bostrom K, Jackson SM, Demer
LL. Camp stimulates osteoblast-like differentia-
tion of calcifying vascular cells. Potential signaling
pathway for vascular calcification. J Biol Chem.
1998;273:7547-53.

Johnson CM, Hanson MN, Helgeson SC. Porcine car-
diac valvular subendothelial cells in culture: cell iso-
lation and growth characteristics. J Mol Cell Cardiol.
1987;19:1185-93.

Selvamurugan N, Kwok S, Alliston T, Reiss M,
Partridge NC. Transforming growth factor-beta 1
regulation of collagenase-3 expression in osteoblastic
cells by cross-talk between the smad and mapk sig-
naling pathways and their components, smad2 and
runx2. J Biol Chem. 2004;279:19327-34.

Roelen BA, Dijke P. Controlling mesenchymal
stem cell differentiation by tgfbeta family members.
J Orthop Sci. 2003;8:740-8.

Chang W, Parra M, Ji C, Liu Y, Eickelberg O,
McCarthy TL, Centrella M. Transcriptional and post-
transcriptional regulation of transforming growth
factor beta type ii receptor expression in osteoblasts.
Gene. 2002;299:65-77.

Rajamannan NM. Oxidative-mechanical stress signals
stem cell niche mediated Irp5 osteogenesis in enos(-
/-) null mice. J Cell Biochem. 2012;113:1623-34.
Stringa E, Filanti C, Giunciuglio D, Albini A,
Manduca P. Osteoblastic cells from rat long bone. 1.
Characterization of their differentiation in culture.
Bone. 1995;16:663-70.

Shao JS, Cheng SL, Pingsterhaus JM, Charlton-
Kachigian N, Loewy AP, Towler DA. Msx2 promotes
cardiovascular calcification by activating paracrine
wnt signals. J Clin Invest. 2005;115:1210-20.

Kirton JP, Crofts NJ, George SJ, Brennan K, Canfield
AE. Whnt/beta-catenin signaling stimulates chondro-
genic and inhibits adipogenic differentiation of peri-
cytes: potential relevance to vascular disease? Circ
Res. 2007;101:581-9.

Rajamannan NM. The role of lrp5/6 in cardiac valve
disease: Ldl-density-pressure theory. J Cell Biochem.
2011;112(9):2222-9.

Rajamannan NM. The role of lrp5/6 in cardiac
valve disease: experimental hypercholesterol-
emia in the apoe-/-/IrpS-/- mice. J Cell Biochem.
2011;112:2987-91.



Mony Shuvy, Chaim Lotan,
and Nalini M. Rajamannan

Introduction

Degenerative aortic valvular disease is a common
medical condition. With the decline of acute
rheumatic fever, aortic valvular dysfunction sec-
ondary to degeneration has become the most com-
mon indication for surgical valve replacement.
The cost of this disease in morbidity, mortality
and dollars is substantial. Despite the high preva-
lence of degenerative aortic stenosis, the cellular
causes are virtually unknown. Recent analysis
evaluating the risk factors leading to degenerative
aortic valvular disease have found inciting fac-
tors similar to those of vascular atherosclerosis,
such as smoking, male gender, hypertension, and
elevated cholesterol levels [1].

The correlation between elevated serum cho-
lesterol levels and cardiovascular disease has
been known for more than 100 years. Prior to
the advent of lipid-lowering therapies, aortic
valvular stenosis occurred frequently in patients
with familial hyperlipidemia. Patients with
hyperlipidemia (homozygote type II pattern),
have several features not found in the heterozy-
gote patient, or in patients with other forms of
hyperlipidemia [2]. In this form of degenerative
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aortic stenosis, the cusps are often thickened
and relatively immobile. Histologic analysis has
disclosed foam cells, cholesterol clefts, and cal-
cific deposits within the leaflets. The occurrence
of intracellular lipid and cholesterol clefts within
the cusps is distinct and not seen in other forms
of valvular aortic stenosis. It is now thought that
lipid-laden foam cells found in the arterial wall
in early atherosclerotic lesions are generated by a
massive accumulation of cholesterol within mac-
rophage cells. It is this early lesion in the intima
of the vascular wall that leads to progression of
atherosclerosis [3]. The histopathologic findings
in aortic valvular disease are similar to those seen
in atherosclerotic disease.

Several experimental studies have shown
hypercholesterolemia in rabbits [4—6] eventually
causes a lesion resembling early atherosclero-
sis. However, little is known how experimental
hypercholesterolemia may cause similar mor-
phologic aortic valve changes, or if this process
is associated with early valvular degeneration.

This early study demonstrated that elevated
cholesterol levels contribute to the early patho-
genesis of aortic valvular disease, similar to
atherosclerosis [7]. This model of experimental
hypercholesterolemia helped to determine if val-
vular changes occur similar to those described
in vascular atherosclerosis. Male New Zealand
White Rabbits were randomly assigned to con-
trol or cholesterol-fed groups and lipid levels
were measured. Terminal deoxynucleotidyl trans-
ferase (TdT)-mediated dUTP-biotin nick end-
labeling assay was used to measure apoptosis.
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Transmission Electron Microscopy Analysis was
performed to confirm apoptosis in the valves.

Apoptosis in Experimental
Hypercholesterolemia Aortic Valves

Serum cholesterol levels and a total plasma cho-
lesterol levels were significantly higher in the cho-
lesterol-fed animals, compared to control animals
(2,235+£162 mg/dL vs 39+4 mg/dL, p<0.0005).
Similarly, HDL cholesterol and plasma triglyc-
eride levels were higher in hypercholesterol-
emia animals compared to controls (35+7 mg/
dL vs 15+1 mg/dL, p<0.04) and 472+3 mg/
dl vs 13+3 mg/dl (p<0.006). Figure 3.1, Panel
a, normal aortic valve, Panel b, hypercholes-
terolemia aortic valve. In the hypercholesterol-
emia animals, marked positive PCNA, positive
staining cells were mainly detected in the plaque
lesion on the endothelial surface of the valve. The
Hematoxylin and eosin stain in Figure 3.2, Panel
a, normal, and b, hypercholesterolemia, demon-
strate the fatty streak type lesion typical of early
atherosclerosis. Figure 3.3, Panel a normal, and
b hypercholesterolemia demonstrates the PCNA
staining of the valves with a marked increase in
the cholesterol treated as compared to control.

M. Shuvy et al.

In situ detection of apoptosis using TUNEL
staining was positive in all hypercholesterol-
emia animals. The total density of TUNEL posi-
tive cells in hypercholesterolemia animals was
110.8+£15.0 cells/mm [2]. In contrast, TUNEL
stain was not detected in any control aortic valve
specimen, suggesting that this process may occur
at a very limited rate or below the level of detec-
tion in normal valves. By transmission electron
microscopy, aortic valves from control animals
exhibited normal cellular architecture. Normal
appearing cytoplasm and nuclei were present.
Conversely, hypercholesterolemia aortic valves
were infiltrated by multiple layers of subendo-
thelial foam cells on the endocardial surface. In
particular, the foam cells were embedded in a
matrix composed of ground substance and elastin
interspersed with diffuse cholesterol cleft deposi-
tion Fig. 3.3, Panel a normal and b hypercho-
lesterolemia. Most of the TUNEL-positive cells
demonstrated hyperchromatic and fragmented
nuclei, characteristic morphological features of
apoptosis. Cells with distinct morphologic fea-
tures consistent with apoptosis such as nuclear
condensation and fragmentation were detected
in the subendothelial layers of the valve surface
from hypercholesterolemia animals, but not in
controls Fig. 3.3, Panel ¢ hypercholesterolemia.

Fig. 3.1 (a) Gross picture of the normal control rabbit

aortic valve. (b) Gross picture of the hypercholesterol-
emia rabbit aortic valve. Upper arrow in both figures

/s

points to the aortic valve leaflet and the lower arrow
points to the coronary ostia
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Fig. 3.2 (a) Hematoxylin and Eosin staining, normal (a) no evidence of atherosclerosis, (b) arrow demonstrates
control rabbit aortic valve, (b), hypercholesterolemia the degree of atherosclerosis in the hypercholesterolemic
rabbit aortic valve. Arrow point to the surface of the valve.  rabbit aortic valve
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Fig. 3.3 Panel (a) normal, and (b) hypercholesterolemia demonstrates the PCNA staining
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Fig. 3.4 Transmission electron microscopy. (a) Normal
control rabbit aortic valve, (b), Hypercholesterolemia
rabbit aortic valve demonstrating cholesterol cleft for-
mation and foam cell formation, Immunostaining for
TUNEL to demonstrate apoptosis. (¢) TUNEL staining

in the hypercholesterolemia aortic valve demonstrat-
ing positive staining by blue nuclei, Magnification x 50.
(d) Hypercholesterolemia rabbit aortic valve demon-
strating DNA condensation and nuclear fragmentation
consistent with apoptosis. Magnification x 50 K
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Summary

Calcific aortic valve disease and sclerosis occurs
as the aortic valve ages. Recent epidemiological
studies reveal the association of risk factors such
as increased cholesterol, smoking, etc., in the
development of progressive severe aortic valvu-
lar degeneration. Familial hypercholesterolemia
is also a known risk factor for progressive athero-
sclerosis and aortic valvular disease. This model
of experimental hypercholesterolemia revealed
biochemical and morphologic evidence of ath-
erosclerotic changes in the aortic valve similar
to findings in early lesion of vascular atheroscle-
rotic formation.

This study demonstrates that experimental
hypercholesterolemia is associated with char-
acteristic histomorphologic change in the rab-
bit aortic valve. In particular, there was marked
endothelial cell disruption, foam cell infiltration
and cholesterol cleft deposition on the valve sur-
face of high-cholesterol fed animals. These fatty
infiltrative changes are unique to the hypercholes-
terolemia animal model and has been well studied
in the evolution of hypercholesterolemia vascular
disease. Furthermore, these associations suggest
that hypercholesterolemia may play a role in the
development of early aortic valve tissue injury.

It is now well established that apoptosis, a
form of programmed cell death, is a vital aspect
of normal development. Yet, dysregulated apop-
tosis may have an important role in a variety of
cardiovascular disorders. The TUNEL staining
and TEM reveal that the values of hypercholes-
terolemia animals have a characteristic increase
in apoptotic cells compared to controls. The role
of apoptosis was further determined in a model
of renal failure [8]. Apoptosis occurs mainly in
the region of the hypercholesterolemia lesion of
the endothelial surface of the aortic valve. Our
data present a static view of an early valvular
lesion at a single point in time, not an integrated

picture over the life of the valve. In conclusion,
our data suggests that programmed cell death is
upregulated in the early phase of valvular lesions
in the presence of hypercholesterolemia. These
observations suggest that apoptosis may be an
important, independent factor contributing to the
pathological changes characteristic of advanced
degenerative aortic valve disease, including gen-
eration of hypocellular regions of the valve. In
the next chapter, the effect of long-term choles-
terol diets on the aortic valve will demonstrate
the mineralization process that ensues in the
development of calcific aortic valve disease.
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Introduction

Over the past 25 years, the development of an in
vivo model to test for calcific aortic valve dis-
ease has been challenging. The understanding
of the biology, imaging, and duration of expo-
sure to risk factors have been the cornerstone for
defining the different stages of osteoblast differ-
entiation. The first experimental was a high cho-
lesterol-diet rabbit model. The studies published
demonstrated apoptosis [1], cell proliferation [2],
and atherosclerosis [1, 3—6] along the aortic valve
surface. These models all include short time diet
experiments to define the early atherosclerotic
findings in the valve. The next level of experi-
mentation includes testing the diet for 6 months.
This duration of diet provides the time necessary
for the valve to mineralize and to calcify.

Prior to 2005, there were few established
in vivo models of aortic valves to demonstrate
osteoblastogeneis in the calcifying aortic valve.
Studies in the bone field demonstrated that differ-
ent mutations in Lrp5, an LDL receptor related
protein, develop a high bone mass phenotype
and an osteoporotic phenotype [7, 8]. An early
study from Japan was the first to demonstrate
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that the Lrp5 receptor is upregulated in the tho-
racic aortas of hypercholesterolemia Watanabe
rabbits [9].

The Lrp5 receptor is upregulated and binds to
palmitoylated Wnt, which in turn actives beta-
catenin accumulation in the cytoplasm. The
increase in beta-catenin, eventually translocates
to the nucleus via binding to nucleoporins [10]
where it can interacts with LEF-1/TCFs in an
inactive transcription complex [11, 12]. The Wnt/
Lrp5/frizzled complex turns on downstream
components such as Dishevelled (Dvl/Dsh)
which leads to repression of the glycogen syn-
thase kinase-3 (GSK3) [13]. Inhibition of GSK3
allows beta-catenin to accumulate in the nucleus,
interacting with members of the LEF/TCF class
of architectural HMG box of transcription fac-
tors, including Cbfal involved in cell differentia-
tion and osteoblast activation [14—18]; and Sox 9,
a HMG box transcription factor, is required for
chondrocyte cell fate determination and marks
early chondrocytic differentiation of mesenchy-
mal progenitors [19]. This background outlines
the potential for lipids in the regulation of aortic
valve mineralization via the canonical Wnt path-
way and upregulation of Lrp5/.

In Vivo Experimental
Hypercholesterolemia Model

Forty-eight Watanabe Rabbits were fed a high cho-
lesterol diet for 6 months. Immunohistochemistry,
RTPCR, and light microscopy were performed
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to measure cell proliferation, extracellular matrix
production and mineralization of the aortic valve.

Light Microscopy of the Aortic Valves

The hematoxylin and eosin, Masson trichrome,
and EVG stained hypercholesterolemia aortic
valves as shown in Fig. 4.1 a2, b2, c2

Control

Hematoxylin
and eosin

Masson
trichrome

EVG

Cholesterol

demonstrate an increase in leaflet thickness that
begins at the base of the aortic valve leaflet and
extends along the valve leaflet from the attach-
ment to the aorta. There is a marked increase in
cellularity and collagen staining in the blue
Masson Trichrome and black staining elastin
fibers in the EVG stain throughout the leaflet
lesion. The aortic valve surface from control
animals appeared normal, thin, and intact, with

Chol + Atorv

¥

left, with the aorta on the right. Arrow points to aortic
valve in each figure. All frames 12.5x magnification. (a)
Hematoxylin and eosin stain. (b) Masson trichrome stain.
(¢) Elastin Van Geison stain

Fig. 4.1 Light microscopy of rabbit aortic valves and
aorta. Left column, control diet; middle column, choles-
terol diet; right column, cholesterol diet plus atorvastatin.
In each panel, the aortic valve leaflet is positioned on the
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a smooth endothelial cell layer covering the Proliferation Marker

entire surface and a thin collagen layer in the and Lrp5 Expression

spongiosa of the valve (Fig. 4.1 al, bl, cl).

Abnormal leaflet thicknesses did not develop Figure 4.2a demonstrates the alpha-actin stain-
when cholesterol-fed rabbits received atorvas- ing cells within the valve leaflet. The control aor-
tatin (Fig. 4.1 a3, b3, and c3). tic valve in Fig. 4.2 al shows that there are few

Control Chol (Low Mag)

Chol + Atorv

# -

a ¥
b
Cc
Chol+
Map kinase Cont Chol Atorv

Western blot p42/pss %

o-actin -« >

% of control

Cont Chol Chol+Atorv

Lrp5

B-catenin

Fig. 4.2 Proliferation marker and Lrp5/B-catenin protein  (a) a-actin immunostain. (b) PCNA immunostain. (c)
expression. Left column, control diet; middle column, cho-  p42/44 Western blot (1) and quantification (2). (d) Lrp5
lesterol diet; right column, cholesterol diet plus atorvas-  receptor immunostain. (e) -catenin immunostain

tatin. Arrow points to aortic valve in each figure.
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actin-positive cells within the control treated leaf-
lets. Figure 4.2 a2, a3 of cholesterol treated leaf-
lets show many actin-positive staining cells along
the growing surface of the valve leaflet. Figure 4.2
a4 demonstrates few positive staining cells along
the surface of the atorvastatin-treated valve leaflet.
Figure 4.2b shows the results of the PCNA stain,
which is a DNA polymerase upregulated during
celldivision. The control valve leaflet demonstrates
few PCNA-positive staining cells (Fig. 4.2 bl).
Figure 4.2 b2, b3 demonstrates positive staining
PCNA in the same area as the actin-positive stain-
ing cells of the leaflets from the cholesterol-fed
animals. Figure 4.2 b4 indicates that there are few
PCNA staining-positive cells in the atorvastatin-
treated valves. Figure 4.2c demonstrates the
Western blot for the p42/44 expression in the valve
leaflets from the different treatment arms, again
indicating that protein expression increased in the
cholesterol leaflets and decreased in the atorvas-
tatin-treated leaflets. Figure 4.2d demonstrates
the immunostain for the Lrp5 receptor. The Lrp5
receptor is present along the normal valve leaflet
(Fig. 4.2 d1). There was a marked increased in the
hypercholesterolemia valve leaflet (Fig. 4.2 d2,
d3). Again, the Lrp5 receptors colocalize with the
actin-positive cells along the proliferating edge
of the valve leaflet. Figure 4.2 d4 demonstrates a
decrease in the Lrp5 receptors in the valve leaflet.
Figure 4.2e demonstrates the immunohistochem-
istry for beta-catenin in the valve leaflet. beta-
catenin is a critical regulatory protein that, when
activated, translocates to the nucleus to activate
osteoblastogenesis. Beta-catenin is expressed in
low levels in the control aortic valve, as shown in
Fig. 4.2 el. The hypercholesterolemia aortic valve
leaflet has increased beta-catenin in the proliferat-
ing edge of the valve leaflet, as shown in Fig. 4.2
e2, e3. Atorvastatin decreased the beta-catenin
expression in the leaflet (Fig. 4.2 e4).

Establishment of the Bone-Like
Phenotype in the Calcified Aortic
Valves

Light microscopy evaluating the osteopontin
immunostain in the control aortic valves revealed
a low level of osteopontin protein expression
(Fig. 4.3 al). Osteopontin is a glycosylated

N.M. Rajamannan et al.

phosphoprotein that is important in mineraliza-
tion. In the hypercholesterolemia valves, the
osteopontin expression increased along the aortic
valve leaflet edge and also in the center of valve,
as shown in Fig. 4.3 a2, a3. The osteopontin pro-
tein expression was significantly decreased with
the atorvastatin treatment, as shown in Fig. 4.3 a4.
Osteopontin protein levels were measured in the
valve leaflets as indicated in the Western blot data
(Fig. 4.3 b1). The Western blot confirms that osteo-
pontin protein concentration increased in the cho-
lesterol-treated aortic valves and decreased in the
atorvastatin-treated aortic valves. Micro-computed
tomography of the aortic valves revealed the depth
and extent of calcification in each nodule on the
valve, as shown in Fig. 4.3c. Figure 4.3 c1 shows a
typical 2-dimensional reconstructed slice of a con-
trol aortic valve, and Fig. 4.3 c2 shows a slice of
a hypercholesterolemia aortic valve. The images
indicate that mineral level is greatest at the outer
edge of each nodule and decreases toward the cen-
ter of the mineralized lesion, similar to what is seen
in skeletal bone formation. Figure 4.3 c3 demon-
strates a marked reduction in the amount of cal-
cification present by microcomputed tomography.

Finally, we injected intravenous calcein to
determine localization of in vivo new bone forma-
tion. Figure 4.3d shows the in vivo calcein label
incorporation into the proliferating valve myofi-
broblast cells. In the control group, there was little
calcein label in the valve leaflet (Fig. 4.3 d1). In
the hypercholesterolemia valves, calcein colocal-
ized to the proliferating valve leaflet edge, shown
in Fig. 4.3 d2. The localization of calcein in the
hypercholesterolemia aortic valves is parallel to
the localization of the proliferating, actin-positive
myofibroblast cells. There is a marked increase in
the calcein label in the valve leaflets. The aortic
valves in the atorvastatin-treated animals demon-
strated no incorporation of calcein (Fig. 4.3 d3).

Figure 4.4 demonstrates the Lrp5/Wnt signal-
ing pathway upregulated in the presence of bone
formation in calcifying aortic valves.

Summary

Chronic exposure to experimental cholesterol
diets over 6 months in the natural occurring LDLR
null rabbit model demonstrates the development
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of early mineralization and calcification in the
aortic valve. This model after 2 months of choles-
terol diet develops the classis fatty streak lesion as
demonstrated in Chap. 3. The model after 3
months of cholesterol diet develops early calcifi-
cation in the rabbit aortic valve [20]. The 6 month
exposure was necessary to develop progressive
valve lesions, complex mineralization, and bone
formation as demonstrated by the calcein uptake
in the valve. Our conclusions from this 6 months
support the use of our rabbit model with a high
cholesterol diet to induce Lrp5 expression in asso-
ciation with early calcification in the aortic valves
of rabbits.
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Nalini M. Rajamannan, Jeff Park,
and Francesco Antonini-Canterin

Introduction

Degenerative myxomatous mitral valve disease
is the most common indication for surgical valve
repair in the US and Europe [1, 2]. Degenerative
myxomatous mitral valve disease is associated
with mitral valve prolapse and abnormal move-
ment of the leaflets into the left atrium during
systole due to inadequate chordal support (elonga-
tion or rupture) and excessive valvular tissue [3].
There is a spectrum of pathologic changes found
in the development of myxomatous mitral valve
disease, which range from a marked increase in
valve area and length to secondary ruptured chor-
dae. Microscopically, the valves are myxoma-
tous, with deposition of mucopolysaccahrides in
a thickened spongiosa layer encroaching on the
fibrosa layer [4]. Annular myxomatous changes
may lead to dilation and calcification of the annu-
lus. Previously, our laboratory has demonstrated
that human myxomat mitral valve disease is
associated with a chondrogenic phenotype [5].
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Idiopathic calcification of the mitral annulus
(MAC) is one of the most common cardiac
abnormalities demonstrated at autopsy and is
commonly associated with degenerative mitral
valve disease. Epidemiologic studies have iden-
tified traditional cardiovascular risk factors,
risk factors associated with the development of
MAC and mitral valve disease, which include
hypertension, hypercholesterolemia, smoking
and male gender, and similarly to calcific aortic
valve disease [6—34]. This lesion presents with
various clinical presentations, including pro-
lapse, retraction and redundancy of the leaflet.
Although there is a spectrum of presentation of
this valve lesion, over time it uniformly devel-
ops progressive regurgitation. An association
between mitral valve calcification and athero-
sclerosis has been described; nevertheless, few
experimental models have demonstrated these
changes. Experimentally, we tested this hypoth-
esis in an in vivo rabbit model of valvular heart
disease, similar to previous studies examining
the hypercholesterolemic aortic valve [35-37].
In a previous study, 2 months of experimental
hypercholesterolemia, the mitral valve has an
active cellular biology similar to the hypercho-
lesterolemia aortic valve [37, 38]. This chapter
outlines a model, which identifies whether a
model of chronic experimental hypercholes-
terolemia would induce mitral regurgitation
as defined by Transesophageal color Doppler
echocardiography after 6 months, and whether
Atorvastatin would alleviate the regurgitation in
this animal model.
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Low-density lipoprotein receptors (LDLR)
are critical in the uptake, processing, and cellular
metabolism of cholesterol. The LDL receptor-
related protein 5 (LRPS5), a receptor involved in
canonical Wnt signaling, has been identified as
an important receptor in the activation of skeletal
bone formation and also implicated in choles-
terol metabolism [39, 40]. In this current study,
we studied the Watanabe rabbit, which harbors
a naturally occurring genetic LDLR mutation,
in order to determine the effect of experimental
hypercholesterolemia with and without atorvas-
tatin induces chondrogenesis in the mitral valve.

In Vivo Experimental
Hypercholesterolemia Model

Watanabe Rabbits were fed a high cholesterol
diet for 6 months. All the rabbits underwent trans-
esophageal echocardiograms (TEE) using the
Siemens AccuNav probe. Immunohistochemistry
was performed.

Gross Photography
of the Mitral Valves

Figure 5.1, shows the mitral valves from the
rabbits on the three diet regimens. The control
mitral valves in Fig. 5.1, Panel a, demonstrate
a clear glistening leaflet. The cholesterol diet
as shown in Fig. 5.1, Panel b, demonstrates the
atherosclerotic lesion along the atrial surface of
the mitral valve leaflet. There is a more advanced
lesion, which starts along the mitral annulus and
decreases in the amount of lesion toward the
leaflet attachment along the chordae tendinae.
Figure 5.1, Panel c, demonstrates attenuation in
the atherosclerotic lesion with the Atorvastatin.

Transesophageal Echocardiography

Figure 5.2 demonstrates the color doppler for
the Transesophageal echo (TEE) of mitral valves
from the rabbits on the three diet regimens.

Fig. 5.1 Demonstrates the gross anatomy of the mitral
valves from the rabbits on the three diet treatments. Left
column, control diet; middle column, cholesterol diet;
right column, cholesterol diet plus atorvastatin. (All
frames 12.5x magnification). Panel (a) Control mitral
valve. Panel (b) Cholesterol mitral valve. Panel (c)
Cholesterol + Atorvastatin [42]

The TEE in Fig. 5.2, Panel a, demonstrates no
evidence of regurgitation in the control diet.
The TEE from the cholesterol diet is shown in
Fig. 5.2, Panel b, which demonstrates multiple
large jets of regurgitation. Figure 5.2, Panel c,
demonstrates no evidence of regurgitation by
color flow doppler evaluation.
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Transesophogeal echo

Control

Fig. 5.2 Demonstrates the Transesophageal color flow
Doppler echo of the mitral valves from the rabbits on the
three diet treatments. Left column, control diet; middle
column, cholesterol diet; right column, cholesterol diet

Establishment of the Chondrocyte-
Like Phenotype in the Myxomatous
Hypercholesterolemia Mitral Valves

Figure 5.3, Panels a—c, demonstrates the prolif-
erating nuclear antigen staining cells, osteocal-
cin staining and the macrophage cells within the
hypercholesterolemia mitral valve leaflet. Each
hypercholesterolemia mitral valve was photo-
graphed at four different magnifications for each
of the specific stains to demonstrate the coalesc-
ing chondrocyte-like cells developing within the
atherosclerotic lesion. These cells express the
markers secondary to atherosclerosis in addi-
tion to the markers of osteogenesis. The coalesc-
ing cells within the hypercholesterolemia mitral
valve are consistent with the identification of
expanding hypertrophic chondrocytes [42].

Summary
The naturally occurring LDLR defect in Wata-

nabe rabbits provides a model system reflecting
the symptoms observed in patients (FH) who

Cholesterol

Chol+Atrov

plus atorvastatin [42]. Panel (a) Control mitral valve and
heart. Panel (b) Cholesterol mitral valve and heart. Panel
(¢) Cholesterol + Atorvastatin mitral valve and heart

have mutations in the LDLR [41]. In this study,
we demonstrate that atherosclerosis and markers
of cartilage formation are present in the choles-
terol mitral valve leaflets with associated valve
regurgitation. Treatment with atorvastatin also
resulted in decreased regurgitation and leaflet
thickening. The light microscopy demonstrates
that cartilage formation is indicated by coalesc-
ing hypertrophic chondrocytes. Cartilage is a
connective tissue, comprising an exquisite assem-
bly of functionally distinct cell populations that
are required to support the structural integrity in
endochondral bone formation. This chapter con-
firms the presence of severe mitral regurgitation
and cartilage formation associated with cellular
proliferation in the hypercholesterolemia mitral
valve. Together, this new observations in our in
vivo models supports the hypothesis that degen-
erative valvular mitral regurgitation is the result
of active cartilage formation in the mitral valve,
which may be mediated through a process involv-
ing chondrocyte differentiation. Furthermore,
statins inhibit this regurgitant process, likely by
repressing the expression of genes essential for
chondrocyte maturation.
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Osteocalcin

PCNA

RAM 11

Fig. 5.3 Demonstrates the high power magnification of
the hypercholesterolemic Mitral Valve demonstrating
hypertrophic chondrocytes in the cholesterol mitral valve.
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Introduction

Balloon aortic valvuloplasty (BAV) was intro-
duced in 1986 as an alternative non- surgi-
cal therapeutic option in elderly and high-risk
patients with aortic stenosis [1]. It generates
small to moderate increase in the effective aortic
valve area (AVA) and decline in the transvalvu-
lar pressure gradient (by average 50 %) which
results in early symptomatic improvements in the
majority of patients [2-5]. Nonetheless, clinical
data demonstrates restenosis rates of the aortic
valve occurring up to 83 % observed at 6 months
and is almost universal within 1 year after the
procedure [3, 6, 7]. Restenosis promptly revokes
the improvement in symptoms and quality of life,
which is so much valued especially in the elderly
population with multiple comorbidities and
limited life expectancy. The initial enthusiasm
about BAV led to its more liberal use in high-risk
patients but registry data indicated that it does not
alter the natural history of aortic stenosis [8].
The advent of transcatheter aortic valve
replacement (TAVR) in recent years is the main
factor for the resurrection of a contemporary
BAV [9]. Consequently, a decrease in the compli-
cation rates and improved outcomes with con-
temporary BAV has been demonstrated [10-12].
Although recent data from the medical treatment
group in the PARTNERS trial, in which 83 % of
the patients underwent BAV, showed lower event
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rates in those who underwent BAV compared to
those who did not, the outcomes in this group in
general are unchanged [7]. Approximately
20-40 % of patients screened for TAVR, and
turned down for various reasons are still sub-
jected to BAV [13, 14]. Understanding the cellu-
lar events in an experimental model of aortic
valve disease after BAV may further optimize
this approach to provide translational experimen-
tal evidence towards this treatment modality in
this patient population.

Restenosis following BAV has been attributed
to elastic recoil and prolonged scaring of the
valve leaflets with evidence of fusion of split
commissures, myofibroblast cell proliferation
[15], valve thickening and ossification [16—19].
Similar biological mechanisms have been found
in coronary artery restenosis and the benefits of
drug eluting stents in this disease mechanism has
been critical in improving outcomes for this
patient population [20, 21].

Several studies have demonstrated that the
cellular mechanisms of calcific aortic valve dis-
ease in experimental rabbit model include: (1)
atherosclerosis, (2) cell proliferation, (3) extra-
cellular matrix production and (4) calcification
via osteogenic mechanisms [22-24]. This chap-
ter will demonstrate a parallel approach for cal-
cific aortic valve disease (CAVD) to coronary
stenosis by locally deliver drugs to inhibit the cel-
lular proliferation and extracellular matrix pro-
duction at valves with drug-eluting valvuloplasty
balloons, a paclitaxel-eluting balloon, which can
prevent restenosis in an experimental animal
model of CAVD [25].

In Vivo Rabbit Model
of Aortic Valve Disease

An experimental in vivo model of aortic valve
stenosis in rabbits was used, and standard echo,
cardiac cath imaging, MicroCT, and histology
was performed to measure the effect of the drug-
eluting balloo [15, 22-24, 29]. Baseline and post-
BAV aortic stenosis severity as assessed by the
invasive transvalvular gradient was similar in
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the groups (Table 6.1). One month after BAV,
reduction in the aortic valve area resulted in a
significant increase in the mean invasive pres-
sure gradient in the plain-balloon group (from
1.5+2.5 to 7.7+7.7 mmHg, p=0.02), and a
non- significant increase in the paclitaxel-bal-
loon group (from 1.5+2.2 to 3.6+3.7 mmHg,
p=0.15), as shown in Fig. 6.1, leading to a trend
for less mean gradient at follow-up in the latter
group (3.6+3.7 vs. 7.7+7.7 mmHg, p=0.08).
There was no difference in the primary end point
of the study since reduction in the gradient based
on the transvalvular gradients occurred in 64 %
of the plain and 50 % of the paclitaxel-balloon
treated animals. Baseline and post-BAV aortic
stenosis severity, as assessed by several echo-
cardiographic indices, were similar between the
groups. However, 1 month after BAV, the AVA
was significantly larger, while the SWL loss and
the aortic valve resistance were significantly
lower in the paclitaxel-BAV group (Table 6.1).
Indices of left ventricular systolic performance
such as fractional shortening (31.9+£4.7 vs.
37.3+7.0 %, p=0.02) and stroke volume (69+7
vs. 74+10 ml, p=0.14) appeared improved in the
paclitaxel-balloon compared to the plain-balloon
group at follow-up.

Immunohistochemistry
of the Coated Versus the Uncoated
Aortic Valve

Pathology of the animals revealed severe calci-
fied atherosclerosis of the aorta and large ves-
sels, and thickened aortic valves with variable
degree of calcification. Histology demonstrated a
marked decrease in collagen trichrome stain and
cell proliferation in the aortic valve leaflets in the
paclitaxel-balloon group compared to the plain-
balloon group as shown in Fig. 6.2, Panels a, b.
Panel ¢ on Fig. 6.2 demonstrates representative
samples from the MicroCT analysis. The pacli-
taxel treated balloon substantially decreased the
calcification response as compared to the uncoated
balloon. This led to significantly smaller leaf-
let thickness in the paclitaxel-balloon compared
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Table 6.1 Result
summary

Systolic BP

Baseline (mm Hg)
Systolic BP

Post-BAV (mm Hg)
Systolic BP
Follow-up (mm Hg)
Pressure gradient®
Baseline (mm Hg)
Pressure gradient®
Post-BAV (mm Hg)
Pressure gradient®
Follow-up (mm Hg)
Aortic valve area
Baseline (cm?)

Aortic valve area
Post-BAV (cm?)
Aortic valve area
Follow-up (cm?)

SWL

Baseline (%)

SWL

Post-BAV (%)

SWL

Follow-up (%)

Aortic valve resistance
Baseline (dynes/s/cm?)
Aortic valve resistance
Post-BAV (dynes/s/cm?®)
Aortic valve resistance
Follow-up (dynes/s/cm)

Paclitaxel-coated

Uncoated n=14 n=14 P value
75+13 74+10 0.81
86+10 89+10 0.97
80+13 93x11 0.004
5.7+4.6 7.0+7.6 0.59
1.5+25 1.5£2.2 0.97
7.7+7.7 3.6x17 0.08
0.63+0.15 0.61+0.23 0.42
0.62+0.16 0.59+0.18 0.57
0.55+0.22 0.91+0.59 0.04
6.9+5.4 8.0+£8.0 0.66
1.6+2.4 1.6+2.0 0.97
77+7.7 3.45+4.0 0.047
11037 130+139 0.67
49+64 49+56 0.99
177137 86+71 0.039

BP blood pressure, BAV balloon aortic valvuloplasty, SWL stroke work loss
“Transvalvular pressure gradient measured invasively

to the plain-balloon group (0.60+0.15 vs.
0.71+0.17 mm, p=0.03). A significant reduction
in the mean PCNA stain grade in the paclitaxel-
balloon group was observed (1.53+0.04 vs.
2.24+0.55, p=0.049).

Summary

This chapter provides a novel approach to drug
eluting balloon testing for aortic valve disease.
An established experimental in vivo model of
calcific aortic valve disease in rabbits to test the
hypothesis that local drug delivery at the aortic
valve tissues by means of a paclitaxel-eluting

valvuloplasty balloon can modify the cellular
events in aortic valve restenosis. The injury to
the experimental atherosclerotic aortic valve
caused by the balloon valvuloplasty initiates
the process of restenosis that was directly and
indirectly quantified and differences between
the drug-eluting and plain balloon groups were
measured. The results are all pointing towards
the direction that restenosis was less evident in
the valves dilated with the paclitaxel-eluting
balloon. There was reduced extracellular matrix
synthesis, cell proliferation and calcification in
the paclitaxel-balloon treated leaflets that cul-
minated in the following cellular and hemody-
namic findings: (1) decreased leaflet thickness,
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(2) larger AVA, (3) diminished SWL and (4)
decreased aortic valve resistance. These obser-
vations suggest that local paclitaxel delivery
attenuated the myofibroblast osteogenic differ-
entiation driving the restenosis process and typi-
cally seen following BAV with a plain balloon
[15, 23, 26-28, 30-33].

Paclitaxel is known to inhibit cell proliferation
and cell activation in the dynamic process of aor-
tic stenosis and restenosis such as macrophages,
smooth muscle cells, fibroblasts, endothelial cells
and T-lymphocytes [34-38]. Therefore, it is plau-
sible that by its actions pacifies the cellular and
molecular signaling processes that are account-
able for restenosis as a response to the injury
caused by valvuloplasty. The rabbits receiving
the uncoated balloon developed accelerated cal-
cification, and the rabbits receiving the paclitaxel
balloon demonstrated a decrease in cell prolifera-
tion and also diminished calcification as mea-
sured by MicroCT. This effect is a direct attribute
to the antiproliferative effects of the paclitaxel
therapy.

The cellular mechanisms of aortic valve calci-
fication and vascular calcification have been
extensively studied over the past decade. The cel-
lular mechanisms for this process have been
identified as differentiation of the mesenchymal

derived myofibroblast cell to an osteoblast like
phenotype [23]. This process has been replicated
in several studies in the field and continues to be
the target for medical therapy to slow the pro-
gression of this disease process [31-33]. The
inhibition of the differentiation process is a
potential mechanism for the diminished cell pro-
liferation and calcification in the aortic valves
from the coated treatment. The study was
designed to measure early markers of cellular
markers in the rabbit model to determine if the
delivery of the medication would have any effects
on the valve tissue.

This chapter demonstrates that the use of a
paclitaxel-eluting valvuloplasty balloon in an
animal model of CAVD is associated with less
evidence of restenosis as assessed by histology
findings and echocardiographic and invasive aor-
tic stenosis severity evaluations. Studies on pre-
vention of restenosis with  drug-eluting
valvuloplasty balloons in high-risk patients with
aortic stenosis not acceptable for surgical valve
replacement or TAVR are justified to elucidate
whether drug-eluting balloon valvuloplasty has
future clinical value, especially in patients who
are not candidates for surgery or TAVR due to
co-morbidities, peripheral vascular disease and/
or other significant illnesses.
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Uncoated balloon
Aortic valve

Masson
trichrome

PCNA

MicroCT

Fig. 6.2 Masson trichrome, proliferating cell nuclear
antigen and MicroCT of the aortic valves from the coated
versus uncoated balloon treatments. Panel (a) Masson
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Introduction

Calcific aortic stenosis is the most common
indication for surgical valve replacement in the
United States and Europe [1]. Currently, mechan-
ical versus bioprosthetic heart valves are the two
options for valve replacement. The choice of
valve depends on patient characteristics at the
time of surgery [2]. Bioprosthetic heart valves
have decreased risk of thrombosis, therefore
decreasing the need for anticoagulation. It is esti-
mated that 20-30 % of implanted bioprosthetic
heart valves will have some degree of hemody-
namic dysfunction at 10 years. For years, the
mechanisms of valve degeneration were thought
to be due to a passive process in which calcium
sticks to the valve directly from the circulation.
However, recent studies have demonstrated risk
factors for bioprosthetic valve calcification that
are similar to vascular atherosclerosis [3, 4].
Furthermore, recent pathologic studies [5] have
clearly shown that an inflammatory reaction
develops in these calcifying bioprosthesis, which
includes lipid deposits, inflammatory cell infiltra-
tion, and bone matrix proteins expression.

This chapter demonstrates the cellular mecha-
nisms that are responsible for bioprosthetic valve
calcification that involve stem cells, which
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migrate to the bioprosthesis and initiate
mesenchymal differentiation via upregulation of
Cbfal [6, 7]. Human valves explanted from
patients versus control bioprosthetic valves prior
to implantation were evaluated for calcification
and the prescience of mesenchymal cKit positive
stem cells.

Calcified Bioprosthetic Explanted
Aortic Valves from Humans and
Control Non-Explanted
Bioprosthetic Valves

Tissues were collected at the time of surgery.
For controls, bioprosthetic bovine pericardial
valves were tested. They were never implanted.
Immunostaining of the bioprosthetic valves from
the human study was performed to identify PCNA
(proliferating cell nuclear antigen), osteopontin,
and cKit marker to confirm cellular proliferation,
bone matrix protein expression and mesenchymal
stem cell marker. Figure 7.1, Panels al, a2, dem-
onstrates a control bioprosthetic pericardial valve
prior to implantation in a patient or the subcutane-
ous experimental model. This photo was taken of
the valve from the manufacturer prior to implant.
Panel al is the ventricular surface, and Panel a2
is the aortic surface. Figure 7.1, Panel b, demon-
strates the explanted bovine pericardial valve from
a patient. Panel bl is the ventricular surface, and
Panel b2 is the aortic surface. Calcified lesions
develop along both surfaces of the pericardial tis-
sue valve. This is different from native calcific
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a
Control
bioprosthetic
valve

b
Explanted
calcified
valve

(o]

MicroCT

Fig. 7.1 Control bioprosthetic valve versus explanted
bioprosthetic valve from humans. Panel (a) Control bio-
prosthetic valve. al Ventricular surface, a2 Aortic surface.

aortic valve disease, in which the lesion only
develops along the aortic surface of the valve leaf-
let [6, 8]. Figure 7.1, Panels cl, c2, demonstrates
mineralized tissue by MicroCT in the control
versus explanted pericardial valve leaflets. The
explanted valve develops a large burden of cal-
cification as indicated in the white areas of min-
eralization. The gray area is the non-mineralized
tissue. The blue area is the background.

Panel (b) Explanted calcified valve. b/ Ventricular sur-
face, b2 Aortic surface. Panel (¢) MicroCT of valves. c/
Control valve, c2. Calcified explanted valve

Immunostaining and RTPCR for the
Explanted Bioprosthetic Valves
from Humans

Figure 7.2 demonstrates the histology from the
explanted valves from the patients. Figure 7.2,
Panels al, a2, is the Masson Trichrome stain from
the control valve versus the explanted biopros-
thetic valve, demonstrating an atherosclerotic
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Fig.7.2 Light microscopy Control Explanted
of the control versus bioprosthetic bioprosthetic
explanted bioprosthetic valve valve
valves from humans. (All a
frames 20x magnification,
with a 100x magnification
in the right hand lower
corner). Panel (a) Masson Masson
trichrome stain. Panel trichrome
(b) cKit stain. Panel
(c) Proliferating cell
nuclear antigen stain.
Panel (d) Osteopontin stain
b
C-Kit
C
PCNA
d

OPN

type lesion along the surface of the explanted
valve. Figure 7.2, Panels bl, b2, is the cKit
immunohistochemistry for the control versus
the explanted valve, which demonstrates cKit
stain in the diseased valves. Figure 7.2, Panels
cl, c2, is the PCNA stain, which demonstrates
proliferating cells in the areas of PCNA posi-
tive stains. Finally, Fig. 7.2, Panels dl, d2, is
the osteopontin stain, which is expressed in a
low level in the control valve and is increased
significantly in the diseased valve. Figure 7.3

demonstrates the gene expression for the control
versus the explanted valves. As expected, there
is no evidence of RNA present in the control
pericardial valves that have not been implanted.
The diseased valves demonstrate an increase

in GAPDH(1139.71£550.07), cKit(1639.25
+2226.07), Cbfal(7030.19+9179.96), and
osteopontin(1549.01 +467.45) gene expression
(p<0.001). Figure 7.4 demonstrates the normal
prosthetic valve implanted in the aortic position
in the diagram of the heart.
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Fig.7.3 Semi-quantitative Control Explanted

RT-PCR in the control bioprosthetic bioprosthetic

versus explanted biopros- valve valve

thetic valves from humans.
RT-PCR using the total
RNA from the biopros-
thetic valves for cKit

(731 bp), Cbfa-1 (289 bp),
Osteopontin (OP) (102 bp),
and GAPDH (451 bp)

C-Kit

Cbfa1

OPN

GAPDH

Fig. 7.4 Bioprosthetic valves implanted in the aortic
position

Summary

The mechanism of bioprosthetic valve disease
occurs secondary to cKit mesenchymal expres-
sion, and increase in Cbfal expression in human
bioprosthetic porcine valves. It shows that cKit
positive stem cells can migrate to implanted
valves and induce Cbfal expression. Tanaka
et al., [9] have demonstrated in native aortic
valves in hypercholesterolemia mice that 10 %
of cells are bone marrow derived cells which
migrate to an atherosclerotic valve lesion. This
model provides a foundation for the mechanism
of a stem cell migrating to implanted biopros-
thetic valves which can then differentiate to a
bone forming cell, which is similar to that seen in
native valve calcification [6, 7, 10].

Recent epidemiological studies have revealed
that the risk factors for bioprosthetic valve
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calcification, namely male gender, smoking, and
elevated serum cholesterol, are similar to the risk
factors associated with vascular atherosclerosis
[5, 11-14]. The atherosclerotic calcified lesion in
the bioprosthetic valves explanted from patients
expressed the mesenchymal transcription factor
that is characteristic of osteoblast differentiation
(Cbfal) and osteopontin in association with the
mineralized tissue as demonstrated by MicroCT.
Sox9 is a critical transcription factor in the early
stage of mesenchymal cartilage differentiation in
the osteogenic gene program. Cbfa-1 has all the
attributes of a ‘master gene’ differentiation fac-
tor for the osteoblast lineage. During embryonic
development, Cbfa-1 expression precedes osteo-
blast differentiation and is restricted to mesen-
chymal cells destined to become osteoblasts [15,
16]. In addition to its critical role in osteoblast
commitment and differentiation, Cbfa-1 appears
to control the rate of bone formation by differen-
tiated osteoblasts [15]. Chapter 2 from this book
demonstrates that the mechanism for calcific aor-
tic stenosis present is a transformation of the aor-
tic valve myofibroblasts to osteoblast-like cells or
an invasion of osteoblast precursors [9], and this
osteoblast phenotype may play a critical role in
the subsequent process of valvular calcification
similar to that of vascular calcification [17-19].
In conclusion, this chapter demonstrates human
explanted bioprosthetic valves express cKit posi-
tive cells and have the potential to upregulate
Cbfal and osteopontin which may be a critical
in the mechanism of the progression of biopros-
thetic valve calcification. These changes coincide
with the changes found in the ex vivo explanted
valves from humans as compared to control
valves that have never been implanted.
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Introduction

The low-density protein-related receptor 5 and 6
(Lrp5 and Lrp6) genes were cloned in 1998 based
on their homology with the low-density lipopro-
tein receptor (LDLR) [1-4]. Mutations in either
LRPS5 or LRP6, proteins have caused a number of
disease processed in the field of bone [5, 6], and
have been associated with cardiovascular disease
[4, 7-9]. There are several experimental models
and clinical studies which demonstrate that cho-
lesterol induces calcification in the aortic valves
[10-13].

The LDL-Density-Pressure theory [14] com-
bines the structure, function analysis of these co-
receptors with the results from the genetic studies
to provide a unique hypothesis for the role of
these receptors in the heart. This chapter provides
the genetic mouse evidence to demonstrate that
in the presence of experimental hypercholesterol-
emia, Lrp5/6 receptors, Runx2 genes are up-reg-
ulated in the presence of cholesterol and mediate
calcification by MicroCT analysis. ApoE~"/
Lrp5~ experimental hypercholesterolemia mouse
model, provides the foundation for the proof of
principle for the role of Lrp5 in valve calcifi-
cation.
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Histology and MicroCT

The proof of principle for the hypothesis tests if
Lrp5~/ApoE"~:Lrp57-/ApoE~~, mice develops
atherosclerosis in the cholesterol valve inducing
calcification via an increase in Lrp5/6 receptors.
Figure 8.1, demonstrates the characterization of
the aortic valve phenotype as defined by histol-
ogy and MicroCT. In Figure 8.1, Panels al, a2, b1,
and b2 is the histology and MicroCT scan for the
ApoE~~ aortic valve in the control and cholesterol
demonstrating atherosclerosis and calcification in
the cholesterol treated valves and no evidence of
atherosclerosis and calcification in the controls.
Figure 8.1, Panels cl, c¢2, d1, and d2 demonstrates
that there is no atherosclerosis or calcification in
the Lrp57~ mice by MicroCT (Data not shown)
MicroCT synchrotron scan. Figure 8.1, Panels
el, e2, fl, and f2 is the ApoE”~:Lrp5 histol-
ogy and MicroCT for the aortic valves from these
mice demonstrating a mild increase in calcifica-
tion in the cholesterol treated valves but to a lesser
degree than the ApoE~~ cholesterol treated valves
in Figure. 8.1 Panel a2. Table 8.1, demonstrates
the echocardiography, serum cholesterol and the
gene expression for the valves. Table 8.1 includes
the quantification of the gene expression for the
ApoE~~ valves and the ApoE”~:Lrp5~- valves the
Lrp5~~ for Lrp5, Lrp6 and Runx2. The echocar-
diography demonstrated mild but not statistically
significant increases in flow across the cholesterol
treated valves. The MicroCT demonstrates calci-
fication in the ApoE~" to a greater extent than the
ApoE"~:Lrp5~-.
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Discussion

The low density lipoprotein co-receptor Lrp5/6
is a member of the family of structurally closely
related cell surface low density lipoprotein
receptors that have diverse biological func-
tions in different organs, tissues and cell types
which are important in development and disease

ApoE-/-
tricuspid
masson
trichrome

ApoE-/-
tricuspid
microCT

Lrp5-/-
tricuspid
masson
trichrome

Fig. 8.1 Experimental hypercholesterolemia genetic
mouse model: control versus cholesterol diet. Panel (a, b)
ApoE~~ (a) Masson trichrome (b) MicroCT. Panel (c, d)

mechanisms. The most prominent role in this evo-
lutionary ancient family is cholesterol homeosta-
sis. The LRP5 pathway regulates bone formation
in different diseases of bone [5, 15]. The discov-
ery of the LRP5 receptor in the gain of function
[15] and loss of function [5] mutations in the
development of bone diseases, resulted in a num-
ber of studies which have shown that activation

Lrp57~ (¢) Masson trichrome (d) Synchrotron MicroCT.
Panel (e, f): ApoE”:Lrp57 (e) Masson trichrome
(f) MicroCT. Arrows point to areas of calcification
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Lrp5-/-
synchrotron

Lrp5-/- /ApoE-/-
tricuspid
masson
trichrome

Lrp5-/- / ApoE-/-
microCT

Fig.8.1 (continued)

of the canonical Wnt pathway is important in
osteoblastogenesis [7, 16—18]. Three studies to
date have confirmed the regulation of the LRP5/
Wnt pathway for cardiovascular calcification in
vivo and ex vivo [8, 9, 19]. Lrp5 has been shown
to have an effect on bone mass via the mecha-
nostat effect on regulating bone formation. The
findings in the human of the high bone mass gain
of function mutation [6], led to a series of dis-

coveries that Lrp5 regulates bone mass via the
mechanical force effect on the receptor [20-22],
Lrp6 also regulates bone but has been found to
have a low bone mass effect in patients in which
a putative partial loss-of-function mutation in
LRP6 was identified to early cardiovascular-
related death associated with increased plasma
LDL, triglycerides, hypertension, diabetes and
osteoporosis [23]. This chapter summarizes the
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Table 8.1 Quantification
of the echocardiography,
serum cholesterol levels
and the gene expression
for Lrp5, Lrp6 and Runx2
in the ApoE~- valves and
ApoE"~:Lrp57- valves:

ApoE~"~
A. Echocardiographic
Peak jet velocity
Ejection fraction (%)
B. Cholesterol serum level

Lrp5 and Runx2 is

C. G i
upregulated in the ApoE™~ ene expression

valves, Lrp6 and Runx2 is Lrp5
upregulated in the Runx2
ApoE"~:Lrp5™ valves, no Lrp6
Runx 2 or Lrp6 was present  Lrp5~/-

in the LrpS™ valves A. Echocardiographic

Peak jet velocity
Ejection fraction (%)
B. Cholesterol
C. Gene expression
Lrp5
Runx2
Lrp6
ApoE~"~ Lrp5™~
A. Echocardiographic
Peak jet velocity
Ejection fraction (%)
B. Cholesterol
C. Gene expression
Lrp5
Runx2
Lrp6

— not performed

N.M. Rajamannan

Control Cholesterol
1.6x0.1 1.7£0.2
59+7 55+8"
540+63.9 1,761£510.4"
0.34 2.38"

0.05 0.86"
1.5+0.082 1.6+0.141
56+8.29 49.0x4.08"
90.5+28.8 304.7+78.4"
0.11 0.14

0.43 0.90"

1.10 1.75*
1.8+£0.32 2.0+£0.40
50.1+9.57 42.5+1.24"
694.5+70.9 1,063.6+620.0
0.80 1.36"

0.97 1.13

"p<0.05 Cholesterol compared to control

role of genetic mice to demonstrate that experi-
mental cholesterol diets can upregulate Lrp5 and
Lrp6 with varying degrees of calcification. The
ApoE~~ demonstrated marked increase in the cal-
cification, which is consistent with the lipid and
pressure effect of Lrp5 on the aortic valves. The
Lrp5~~ had no calcification in the valves. The
Lrp5~ single gene KO demonstrates the role of
Lrp5 for calcification and the ApoE™- single gene
knockout to demonstrate the role cholesterol to
activate the Lrp5/6 receptors. The double knock-
out mice ApoE~~:Lrp5~~ were tested to show that
in the elevated lipids secondary to the lack of the
ApoE receptor as compared to the Lrp5”~ mice
caused some mild calcification via the upregula-
tion of the Lrp6 gene expression in the mice.
The right-sided valves in all of the specific
mice did not develop any calcification, which

further demonstrates the role of the higher pres-
sures in the left side of the heart to activate the
Lrp5/6 receptor in the valve. LRPS binds apoE-
containing lipoproteins in vitro, and is widely
expressed in many tissues including hepatocytes,
adrenal gland and pancreas [4]. The production
of mice lacking LRP5 revealed that LRP5 defi-
ciency led to increased plasma cholesterol levels
in mice fed a high-fat diet, secondary to decreased
hepatic clearance of chylomicron remnants and
also marked impaired glucose tolerance [7]. In
the LRP5 mice that were not fed the high choles-
terol diet, the mice did not develop high choles-
terol levels [24]. The investigators went on to
define the role of LRPS in the lipoprotein metab-
olism by developing a double knockout mouse
for ApoE:LRP5. They found that the double KO
mouse had approx 60 % higher cholesterol levels



8 Experimental Hypercholesterolemia in Genetic ApoE—/—/Lrp5—/— Mice: Proof of Principle 59

compared with the age matched apoE knockout
mice. High performance liquid chromatography
analysis of plasma lipoproteins revealed that no
difference in the apoproteins, but the cholesterol
levels in the very low density and low density
lipoprotein fractions, were markedly increased in
the apoE:Lrp5 double KO mice. There was three-
fold increase in the atherosclerosis indicating that
the LrpS mediates both apoE-dependent and
apoE-independent catabolism of lipoproteins. In
this current study, the serum cholesterol levels
demonstrated a marked increase in the choles-
terol in both of the ApoE~~ and the ApoE:Lrp5
double KO mice further confirming the associa-
tion of elevated cholesterol and the mineraliza-
tion process. In 1994, studies demonstrated that
the plasma cholesterol levels in the double KO
mice lacking both ApoE and LDLR, were not
significantly different from the levels in the ApoE
knockout mice [25]. This chapter sets the founda-
tion to confirm the hypothesis published in the
LDL-Density-Pressure theory [10] to indicate a
biologic-hemodynamic foundation for the mech-
anism of Lrp5/6 activation in the heart.
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Introduction

Calcific Aortic Valve Disease is the most com-
mon indication for surgical valve replacement.
For years this disease was thought to be a passive
degenerative phenomenon. However, the cellular
mechanisms involving this disease process are
emerging. There are two forms of calcific aortic
valve disease, tricuspid aortic valve disease and
bicuspid aortic valve disease. Bicuspid aortic
valve (BAV) is the most common congenital car-
diac anomaly, having a prevalence of 0.9-1.37 %
in the general population [1]. Bicuspid aortic
valve disease occurs more frequently in patients
who are undergoing surgical valve replacement.
Understanding of the cellular mechanisms of aor-
tic valve lesions will present future understand-
ing to target pathways to slow disease progression.
Currently, there are three fundamental cellular
mechanisms defined in the development of aortic
valve disease: (1) oxidative stress via traditional
cardiovascular risk factors [2—-10], (2) cellular
proliferation [11], and (3) osteoblastogenesis in
the end stage disease process [12, 13]. This chap-
ter will characterize the phenotype of the bicus-
pid aortic valve model.
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eNOS~'~ Mouse Model of Bicuspid
vs. Tricuspid Aortic Valve Disease

The eNOS null mouse model, provides the perfect
model to study the progression of tricuspid versus
bicuspid aortic valve disease. Lee et al., demon-
strated that bicuspid valves develop in 25 % of
this mouse population develop bicuspid aortic
valves, thus providing a natural model to compare
the bicuspid versus tricuspid phenotype.

eNOS~~ mice were treated with high choles-
terol diets to determine if the bicuspid would
progress faster than the tricuspid aortic valves.
MicroCT, Bone Tag injection, immunohisto-
chemistry and RTPCR were assessed in addition
to non-invasive imagine to determine the pro-
gression of the valve disease in the mice.

In Vivo Mouse Model of Calcific
Aortic Valve Disease

To understand if eNOS~~ mice with the BAV phe-
notype, develops accelerated stenosis earlier than
tricuspid aortic valves via the Lrp5 pathway acti-
vation, eNOS~~ mice were given a cholesterol diet
versus cholesterol and atorvastatin. The Visual
Sonics mouse echocardiography machine was
used to screen for the BAV phenotype. Echo-
cardiography hemodynamics was also performed
to determine the timing of stenosis in bicuspid
vs. tricuspid aortic valves eNOS™~ mice on differ-
ent diets. Figure 9.1 demonstrates the character-
ization of the eNOS phenotype as defined
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Fig. 9.1 Histology of the aortic valves from the eNOS™~
bicuspid mice. Panel (a) Masson trichrome stain of the
eNOS~- aortic valves on the control, al, Cholesterol a2,
and the Cholesterol+ Atorvastatin diets a3. Panel (b)
MicroCT of the of eNOS~~ aortic valves on the control b1,

by histology, and echocardiography. In Fig. 9.1,
Panel a is the histology for BAV, Fig. 9.1, Panel b
is the microCT for the eNOS™ mice hearts on the
different diets. The bicuspid valves developed tiny
areas of mineralization as indicated by the arrows.

Figure 9.2, demonstrates the characterization
of the eNOS phenotype as defined by Li-Cor near
infrared imaging and RTPCR of the bicuspid aor-
tic valves and the femurs of the eNOS null mice
on the different diets. In Fig. 9.2, Panel a is the
infrared imaging of the whole mouse 48 h after
injection with the bone tag. Imaging of the whole
mouse demonstrated the highest concentration of
the Bone Tag in the cholesterol diet mouse with
less in the Atorvastatin and minimal in the con-
trol mice as shown by the green fluorescence.
The red area in the image in the control mouse GI
tract is the chlorophyll in the chow diet, which is
part of the background that appears red with the
NIR imaging. The Bone Tag (Green dye) shows
up in the bones of the mice and any other areas of
the mouse that is undergoing incorporation of the
bone tag. Since the ribs and sternum, block the
heart and therefore, do not allow for optimal in
vivo imaging of the hearts. Individual organs

Cholesterol

N.M. Rajamannan

Cholesterol 52 and the Cholesterol+ Atorvastatin Diets
b3. Arrows in a2 and b2 demonstrate atherosclerosis and
calcification in the bicuspid leaflet. Arrows in a3 and b3
demonstrate no evidence of atherosclerosis in the valve
leaflet and minimal calcification in the leaflet

were dissected including the hearts and femurs
from the mice to image the tissues ex vivo.

The hearts in Fig. 9.2, Panel b1, injected with
the bone tag are in the top row. The control
(Carboxylate) probe injected hearts are in the
bottom row. The Pearl Imager then quantifies the
amount of Bone Tag uptake into areas of active
osteogenesis. The cholesterol hearts increased in
the amount of bone tag uptake as compared to the
control and Atorvastatin. The femurs in Fig. 9.2,
Panel c1, injected with the bone tag are in the top
row. The control probe injected femurs are in the
bottom row. The cholesterol femurs demonstrate
increase in active bone formation as compared to
the control and the atorvastatin.

Figure 9.2, Panels b2, c2, is the semi-
quantitative RTPCR from the BAV and femurs
respectively. In the BAV as shown in There was no
change in the TAV obtained from the eNOS~~ null
mice from the different diets in terms of histology,
RTCPR gene expression, and echocardiographic
data. The gene expression for the femurs as shown
in Fig. 9.2, Panel c2, demonstrated that Runx2,
Lrp5, and Wnt3a increased in the cholesterol
group and attenuation with atorvastatin.
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Fig. 9.2 Characterization of the Bicuspid Aortic valve
and femurs in eNOS null mice by licor infrared imaging.
Left column, control diet; middle column, cholesterol diet;
right column, cholesterol diet plus atorvastatin. In each
panel, the aortic valve leaflet is in the center. (All frames
20x magnification) *p<0.001 for control compared to
cholesterol, **p<0.001 for cholesterol compared to

Summary

This chapter demonstrates that in the presence of
oxidative stress environment and abnormal
mechanical forces the aortic valve develops a

Cholesterol

Chol+Atorv

63

Chol+Atorv

Chol+Atorv
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cholesterol + Atorvastatin. Panel (a) Infrared imaging of
the entire mouse on each diet. Panel (b/) Infrared imaging
of the bicuspid hearts, Panel (b2), RTPCR on the aortic
valves for Wnt3a, Lrp5, Cyclinl, OP, Runx2, GAPDH.
Panel (c/) Infrared imaging of the bicuspid hearts, Panel
(c2) RTPCR on the femurs for Wnt3a, Lrp5, Cyclinl, OP,
Runx2, GAPDH

mineralizing phenotype via the LrpS5/Wnt3a sig-
naling pathway. For years, CAVD was thought to
be due to a degenerative process but recent
Working Group by NHLBI, has concluded based
on the scientific progress in the field, that the
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Fig. 9.3 Demonstrates that in the presence of lipids acti-
vates Lrp5 and Wnt signaling in the aortic valve cell lay-
ers to form bone in the valve leaflet

biology is an active process [14]. The implica-
tions that this model demonstrates the risk factor
hypothesis for the development of aortic valve
disease, and the role of mechanical force is an
important mechanism of the Lrp5 receptor and
the accelerated progression of bicuspid aortic
valve disease over tricuspid aortic valve disease.
Figure 9.3, demonstrates the cellular signaling
important in the development of bicuspid aortic
valve disease.
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and Jordan D. Miller

The hallmarks of advanced calcific aortic valve
stenosis include massive accumulation of amor-
phous or bone-like calcium and the excessive
production and accrual of collagen and extracel-
lular matrix proteins. These histopathological
changes are frequently associated with increases
in valvular lipid deposition, inflammatory cell
infiltrate, pro-inflammatory cytokine elaboration,
and matrix metalloproteinase expression. In the
search for key mechanisms underlying the cal-
cification and fibrosis that drive progression of
valvular stenosis, animal models have played an
integral role. To date, mouse models of hypercho-
lesterolemia have been the predominant model of
choice [1-4].

The remainder of this chapter will provide
an overview of currently used mouse models of
disease, a brief review of methods for assessing
valve function in mice, molecular contributors
to valvular calcification that have been eluci-
dated from mouse models, and potential future
directions for research in the field.
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Mouse Models of Aortic
Valve Disease

The Value of Single Mutation Mice

Mice with a single genetic mutation that prevents
clearance of lipids from the circulation (e.g., low
density lipoprotein receptor deficient mice, 1d1r~"-,
or apolipoprotein E-deficient mice, apoE™") have
played major roles in advancing our understand-
ing of mechanisms that contribute to athero-
sclerosis in the vasculature [5, 6]. Over the past
decade, a number of investigators have examined
histopathological and functional changes that
occur with prolonged hypercholesterolemia in
1dlr”= and apoE~~ mice. Importantly, when fed
a high fat or high cholesterol diet, both of these
strains appear to develop significant valvular cal-
cification which appears to be due in part to acti-
vation of osteogenic signaling in valve interstitial
cells, which is also associated with significant
increases in valvular fibrosis [3, 4]. It is critical to
note, however, that the preponderance of studies
conducted to date have not reported the presence
of hemodynamically significant aortic valve ste-
nosis in these mouse strains (i.e., reductions in
valve area that are sufficient to elicit ventricular
hypertrophy and/or cardiac failure). Thus, these
models are likely to serve as useful platforms to
understand mechanisms that contribute to acti-
vation of osteogenic and a phenotype of aortic
valve sclerosis (i.e., stiffening of the valve with-
out reductions in valve area), but are not likely
to serve as a useful platform for screening of
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Fig. 10.1 Common methods used to measure aortic valve
function in mice (Adapted from Miller et al. [3]) Upper
panels (a—e) depict data derived from normal, healthy
mice, and lower panels (f—j) depict data from mice with
severe calcific aortic valve stenosis. In healthy mice, the
absence of aliasing (i.e., green) in the color Doppler signal
(Panel a) indicates that flow across the aortic valve is lami-
nar during systole. M-Mode imaging across the aortic valve
allows for assessment of cusp separation distance with high
spatial and temporal resolution (Panel b). Doppler velocim-
etry across the normal valve also suggests that valve func-
tion is relatively normal, as peak transvalvular velocity is
<1.5 m/s (Panel ¢). MRI imaging of the mouse aortic valve
allows for evaluation of aortic valve orifice area without
making assumptions regarding aortic valve orifice geome-
try (Panel d; arrows point to valve orifice). Similarly, direct

treatments aimed at ameliorating the functional
consequences of severe valvular calcification
evident in humans calcific aortic valve steno-
sis. As other chapters in this book cover infor-
mation gleaned from these models in detail, the
remainder of this chapter will focus primarily on
mouse models that aim to induce valvular steno-
sis through the combination of multiple genetic
mutations.

The Value of “Complex” Mouse
Models of Hyperlipidemia

In 2006, Weiss et al. identified a unique hypercho-
lesterolemic mouse model that developed hemo-
dynamically significant aortic valve stenosis [5].
Of particular interest was that these mice were
1dlr-deficient, but also had a hit-and-run mutation
in the apolipoprotein B100 gene that prevented
its splicing to apoB48. Approximately 30 % of
the 1dlr-deficient, apoB100-only mice (or 1dIr"/

measurements of transvalvular pressure using a Millar
catheter demonstrate a negligible systolic pressure gradient
across the aortic valve (pullback method from the ventricle
to the aorta, Panel e). Note that in CAVS mice, the irregular
shape of the aortic valve and turbulent/irregular flow pat-
tern result in significant aliasing in the color Doppler signal
(Panel f). Furthermore, reductions in cusp separation dis-
tance (arrows, Panel g) are associated with increases in
peak transvalvular velocity (Panel h) as long as left ven-
tricular function is maintained. Reductions in aortic valve
orifice area can be clearly visualized using MRI imaging in
mice with severe stenosis (Panel i). Note that non-invasive
measurements of the aortic valve are strongly associated
with increases in the systolic transvalvular pressure gradi-
ent measured directly using a Millar catheter (pullback
method from the ventricle to the aorta)

apoB %1% mice) developed hemodynamically-
significant aortic valve stenosis (as evaluated
by echocardiography and direct measurement
of transvalvular gradients), and this percentage
could be dramatically increased to >80 % by plac-
ing mice on a Western-type diet for 12 months [4,
5, 7]. Importantly, this model also captured many
of the osteogenic signaling pathways that were
activated in humans with severe CAVD. Thus,
this model provides a unique platform on which
to test therapeutic interventions aimed at slowing
the functional consequences of massive calcium
and extracellular matrix accumulation evident in
humans with end-stage CAVD.

Molecular Signaling Underlying
Calcification in Valve Disease

Importantly, both of the above-mentioned mouse
models of valve calcification provide model sys-
tems which allow for mechanistic interrogation
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Fig. 10.2 Role of TGFp signaling in calcific aortic valve
disease. Panel (a) depicts the canonical TGFp signaling
cascade. Key events include phosphorylation of smad2 or
smad3, resulting in nuclear translocation of the smad2/3-
smad4 complex, allowing for increased expression of
fibrogenic and osteogenic genes. Panel (b) depicts

of pathways that contribute to initiation and
progression of aortic valve calcification and
fibrosis. The ensuing sections will highlight
several of the key signaling cascades that have
been characterized in these mouse strains, key
considerations that must be taken into account
when evaluating changes in aortic valve function
in rodents over time, and briefly discuss future
areas of investigation.

Osteogenic Signaling

Bone Morphogenetic Protein (BMP)
Signaling

Numerous studies have shown that bone morpho-
genetic protein signaling is increased in humans
and animals with end-stage CAVD, including
increases in ligand elaboration, smad1/5/8 phos-
phorylation, and increased expression of BMP
target genes [8—13]. There are three lines of evi-
dence supporting a major role of BMP signaling in
valve calcification. First, increases in smad1/5/8

69
b
30 4 *
o T
c
8 201
o __
o))
2<
E <
g 10 4
E
0
CTRL HCHOL REV

changes in p-smad2 levels following reduction of lipid
levels with a genetic switch in ldIr-deficient, apoB100-
only mice with severe CAVD (Taken from Miller et al.
[7]). Note that p-smad?2 levels are significantly increased
in mice with severe CAVD, but are not reduced by lipid
lowering

phosphorolyation  precede calcification in
hyperlipidemic mice, suggesting that osteogenic
activation does not occur as a local epiphenome-
non/secondary to calcium deposition [7]. Second,
treatment of cells with inhibitors of BMP signal-
ing (e.g., Noggin) attenuates osteogenic differen-
tiation and mineralization in vitro [14]. Finally,
and perhaps most compellingly, smad6-deficient
mice develop significant valvular calcification,
suggesting that de-repression of BMP signaling
is sufficient to drive overt cardiovascular calcifi-
cation in vivo [15-17].

Wnt/B-Catenin Signaling

Whnt/p-Catenin signaling plays a major role in
osteogenic differentiation in orthotopic bone, and
emerging evidence suggests that this signaling
pathway is activated in humans and animals with
calcified aortic valves [18-24]. More specifically,
increases in Wnt ligands (e.g., Wnt3a) and conse-
quent nuclear localization of the B-catenin com-
plex drive osteogenic gene expression both in vitro
and in vivo. Interestingly, induction of canonical



70

T Osteogenic
genes

Fig. 10.3 Role of BMP signaling in calcific aortic valve
disease. Panel (a) depicts the canonical BMP signaling cas-
cade. Key events include phosphorylation of Smad1/5/8,
resulting in nuclear translocation of the Smadl/5/8-
Smad4 complex and subsequent expression of osteogenic
genes. Panel (b) depicts changes in p-Smad1/5/8 levels

Whnt/p-catenin signaling can occur through recep-
tor transactivation (i.e., receptor activation in the
absence of changes in Wnt ligand) by increases
in TGFp signaling, although it is unclear whether
this phenomenon occurs in vivo [25].

Transforming Growth Factor-f§

(TGF-p) Signaling

There are abundant data demonstrating activation
of canonical TGF-p signaling in humans and mice
with various stages of aortic valve calcification,
including increases in TGF-p1 ligand, smad2/3
phosphorylation, and smad? target gene activation
[4, 7, 26-28]. Treatment of cultured aortic valve
interstitial cells with exogenous TGF-B1 results in
calcified nodule formation, suggesting that activa-
tion of this pathway may be an independent driver
of calcification in the valve [27, 29]. Importantly,
this phenomenon can be inhibited by caspase inhi-
bition, suggesting that induction of apoptosis is a
key mechanism contributing to TGF-p1-induced
interstitial cell calcification [29]. Whether experi-
mentally reducing TGF-B1 levels in vivo slows
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following reduction of lipid levels with a genetic switch
in ldlr-deficient, apoB100-only mice with severe CAVD
(Taken from Miller et al. [7]). Note that p-Smad1/5/8 lev-
els are substantially increased in mice with severe CAVD,
and are dramatically decreased following reduction of
blood lipids

progression of CAVD in experimental models of
valve disease remains unclear.

Non-osteogenic Calcification

While the past two decades contain a large
amount of data suggesting that “active”, bone-
like processes can contribute to valve calci-
fication, the contribution of non-osteogenic
processes may have an equal or greater contri-
bution in some patient populations and/or animal
models [3, 30]. To date, two major processes may
contribute to non-osteogenic calcification in the
valve: those that relate to cell death, and those
that related to reductions in molecules that clear
ectopic calcium.

Valve Calcification Related

to Cell Death

Cell death may play a pivotal role in driving
“non-osteogenic” calcium accumulation through
increasing cellular debris and/or inorganic
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Fig.10.4 Role of Wnt/B-catenin signaling in calcific aor-
tic valve disease. Panel (a) depicts the canonical Wnt/f-
catenin signaling cascade. When the LRP5/6-frizzled
receptor complex is not activated by Wnt ligand, p-catenin
is targeted for proteasomal degradation by an Axin-
containing protein complex. The presence of Wnt ligand
results in disruption of the degradation complex, which
allows for nuclear translocation of B-catenin (CTTN),
functional interaction of p-catenin with other nuclear co-

phosphate levels in interstitial cell microenvi-
ronments in the aortic valve. Apoptosis, or pro-
grammed cell death, often occurs as a result of
caspase activation and—as noted above—can
drive cellular calcification in vitro [31-34]. In
contrast, necrosis involves cell death secondary
to factors external to the cell (e.g., secondary to
mechanical forces or immune-related mecha-
nisms [35]). The role of cellular necrosis in CAVD
in vivo and in vitro remains poorly understood.

Valve Calcification Related to

Reductions in Fetuin-A

Fetuin-A is a glycoprotein constitutively secreted
from the liver, and functionally serves to pre-
vent the accumulation of calcification at ectopic
sites [36—38]. The fact that the fetuin-A-deficient
mouse develops massive calcification in soft tis-
sues throughout the body suggests that “tonic”
clearance of calcium is an important protec-
tive mechanism against valvular calcification
[39]. Perhaps not surprisingly, apolipoprotein
E-deficient mice crossed with fetuin-A-deficient

factors (e.g., TCF/LEF), and subsequent induction of
osteogenic and fibrogenic gene expression. Panel (b)
depicts changes in p-catenin levels following reduction of
lipid levels with a genetic switch in ldlr-deficient,
apoB100-only mice with severe CAVD (Taken from
Miller et al. [7]). Note that the intensity and nuclear local-
ization of f-catenin is dramatically increased in mice with
severe CAVD, and is markedly decreased following
reduction of lipid levels

mice also have dramatic increases in intimal
plaque calcification [40]. Importantly, degrada-
tion of Fetuin-A by matrix metalloproteinases
also promotes calcium deposition [41], suggest-
ing that local injury and matrix remodeling may
be key permissive events allowing local calcium
accrual in the valve.

Methods for Imaging and
Evaluation of Aortic Valve Function

Multiple methods of cardiac imaging have been
developed over the years for the visualization and
assessment of cardiac function in experimental
animals. These include, echocardiography [4-6,
42, 43], micro CT [44], PET scan [45] and MRI
[4, 46, 47]. While each modality has its strengths
and limitations, echocardiography has emerged
as the most validated means of exploring cardiac
and valvular phenotypes in mice, thereby greatly
contributing to the understanding of cardiovascu-
lar diseases [3]. With the advent of increasingly
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Fig. 10.5 Potential mecha-
nisms contributing to
non-osteogenic calcification in
calcific aortic valve disease
(Adapted from Miller et al.
[3]). Necrotic or apoptotic
stimuli result in cell death via
fundamentally distinct
mechanisms, but both paths
are likely to induce cellular
aggregation and in increased
calcium and inorganic
phosphate in microenviron-
ments in the valvular
interstitial space. Fetuin-A is a
major protein responsible for
clearance of excess calcium at
ectopic sites of calcification.
Inactivation of Fetuin-A by
matrix metalloproteinases
(MMP), however, may enable
the accumulation of amor-
phous calcium (i.e., calcium
deposition that does not have
a bone-like ultrastructure) in
the aortic valve

Valve
interstitial cell

Cellular aggregation,
increased Ca/P

higher frequency probes, the anatomy of the
mouse heart and valves can be seen with remark-
able detail.

Echocardiographic evaluation of valvular
function in the mouse is particularly challeng-
ing because of its small size, rapid heart rate and
orientation. Furthermore, care must be taken to
control the heart rate (>500 beats/min), body
temperature (37 °C) and the level of anesthesia
to prevent cardiodepression and maintain normal
physiologic conditions [3]. The reduction in heart
rate in animal models may yield better temporal
and spatial resolution for improved image visu-
alization and measurement of valve movement,
but such conditions can also dramatically alter
the relationship between variables such as peak
transvalvular velocity and valve cusp separation
distance (see below). As such, cardiac function
should be accurately measured and compared
when comparing the effectiveness of a genetic or
pharmacological intervention [3]. The presence

Necrotic
stimuli
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Apoptotic
stimuli

Fetuin-A
inactivation

Calcium clearance
by Fetuin-A

Amorphous calcium
accumulation

and severity of LV hypertrophy and systolic
dysfunction can also be ascertained rapidly and
reproducibly in mice in longitudinal studies
[48-54], and can serve as a useful index of the
hemodynamic consequences of reductions in aor-
tic valve orifice area.

M-Mode, Two-Dimension,
and Doppler Echocardiography

M-Mode Echocardiography

Two-dimensional echocardiography is a pow-
erful technique for characterization of not only
aortic valve function but also its impact on left
ventricular structure and function in mice. The
greatest advantages of M-mode echocardiogra-
phy relate to the superior spatial and temporal
resolution available throughout the cardiac cycle
at high heart rates [3]. Images can be readily
obtained from parasternal and long axis views,
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and do not require coregistration with a Doppler
line of interpretation. Recent work from our
group and others suggest that aortic valve cusp
separation correlates well with invasive hemo-
dynamic measurements of aortic valve function
and peak transvalvular velocity when aortic valve
regurgitation is not evident [55], and facilitate
longitudinal studies of progression/regression of
aortic valve disease in mice [3, 4, 7]. Importantly,
the variance of valve orifice dimensions is
relatively low, achieving statistical power in
between-groups comparisons with manageable
sample sizes. Furthermore, M-mode derived ori-
fice dimensions and by extrapolated valve area,
are not appreciably affected by LV contraction or
the presence of valvular regurgitation [3, 5, 43].

Perhaps the greatest disadvantage of M-mode
echocardiographic techniques relates from the
reliance on a unidimensional measurement to
portray valve function [3]. In the presence of
eccentric valvular remodeling (e.g., partial or
complete cusp fusion), M-mode methods are
susceptible to both under- and over-estimation of
the severity of valve dysfunction [3]. Thus, con-
firmation with at least one additional parameter
of valvular function (e.g., Doppler velocity, two-
dimensional imaging, MRI, or direct catheteriza-
tion) is important to ensure accurate assessment
of valve function [3, 55].

Two-Dimensional Imaging
Two-dimensional imaging of the aortic valve in
the short axis and long-axis views allow for real-
time visualization of valvular motion as well as
echogenic characteristics of the valve [3-7, 55,
56]. Correlation of M-mode cusp separation
distance with two-dimensional images of the
aortic valve (e.g., visualization of valve orifice
area during systole) is important to confirm the
true phenotypic characteristics of the valve [3,
55]. Great technological advancements will be
required to apply three-dimensional echocar-
diography to the evaluation of valve structure
and function in mice.

Doppler Velocity
Continuous- and pulse-wave Doppler evaluation
of blood velocities are useful estimation of
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trans-valvular pressure gradients and valve areas
in mice, especially when combined with two-
dimensional or M-mode characterization of aor-
tic valve function [3]. Doppler echocardiography,
however, has several significant disadvantages.
First, there is a wide range in normal transvalu-
lar velocities reflecting inherent technical limita-
tion of Doppler echocardiography [43]. Second,
it is not always possible to register the line of
Doppler interrogation in a position that is parallel
to the direction of blood flow, which can result in
underestimation of valve gradients [3]. Third, the
region of interrogation needs to be small enough
to avoid contamination of velocity profiles by
adjacent tissue motion, but large enough to cap-
ture a “true” peak velocity within the lumen of
the vessel [3]. Finally, Doppler velocities can be
affected by factors other than effective orifice area,
such as changes in left ventricular contractility
[3]. Furthermore, valvular regurgitation can arti-
ficially increase transvalvular gradients second-
ary to a “hyperdynamic” cardiac phenotype (e.g.,
increased stroke volume/contractility) even in
the absence of aortic valve stenosis. Collectively,
Doppler velocity alone should not be used as
evidence of aortic valve stenosis in any species.

Magnetic Resonance Imaging

High-resolution cardiac magnetic resonance
imaging (CMR) has evolved into one of the
major non-invasive tools to study the cardiac and
valvular function in healthy and diseased mice
[3, 4]. CMR planimetry of the aortic valve orifice
area can be performed with high sensitivity and
specificity for the detection of aortic valve steno-
sis, and importantly, does not depend on acoustic
windows essential for high-quality echocardiog-
raphy [3, 4]. Furthermore, it provides additional
information regarding global and regional left
ventricular function, and can accurately define
left ventricular hypertrophy, an integral feature
of significant aortic stenosis [57].

The advantages of MRI are balanced by dis-
tinct disadvantages. While the availability of
high-resolution systems (e.g., >7 T) and sys-
tem programming expertise (for cardiac and
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respiratory gating in mice) limit the application
of this approach at many institutions perhaps the
greatest limitation of this approach relates to the
relatively long imaging times required for high-
quality imaging (>20 min per study) [58]. Thus,
CMR imaging requires deep sedation or general
anesthesia, which places mice with severe aortic
valve disease at a higher mortality risk due to car-
diodepression [58, 59].

Invasive Hemodynamic Techniques

In clinical studies of valvular and left ventricular
function, invasive hemodynamic techniques have
been used as a “gold standard” [60]. In mice,
microtransducer-tipped catheters provide high-
fidelity assessments, by virtue of sampling rates
on the order of 1,000 Hz. The small caliber, e.g.,
1.4Fr (Millar, Houston, TX), allows retrograde
introduction into the left ventricle via the carotid
artery [5, 61]. Advantages of invasive techniques
include precise ascertainment of transvalvular
gradients, and left ventricular systolic and dia-
stolic function [62]. As is the case in the clini-
cal setting, invasive hemodynamic techniques in
mice can serve as a validation standard for more
convenient noninvasive methods [5, 61].
Disadvantages of invasive methods include
blood loss (due to carotid arterial access), as well
as inducing substantial damage to aortic valve
endothelial and interstitial cells with the passage of
the catheter through the valve orifice (i.e., initiation
of a molecular “damage response”), thus render-
ing longitudinal studies very difficult and unlikely.
General anesthesia can result in cardiac depression,
especially in mice with severe aortic valve disease,
resulting in discordance of findings obtained by
invasive studies and those acquired by echocar-
diography in minimally sedated mice [5, 61].

Summary of Findings from Studies
of Aortic Valve Function in Mice

In adult C57BL/6 J mice, the systolic aortic
valve dimension is approximately 1.2 mm [5,
43]. Assuming that the orifice is roughly circular,
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anatomic estimates of normal adult aortic valve
area from various strains of mice are about 0.8—
1.3 mm?. Estimates of normal aortic valve area
are somewhat higher (~ 1.60 mm?) when Doppler
methods are used.

Normal peak systolic velocity of blood flow
across the aortic valve in mice is <1.8 m/s [6,
43, 61], predicting peak transvalvular gradients
of <10 mmHg, findings corroborated by inva-
sive hemodynamic studies [5, 61]. Reduction of
systolic aortic valve dimension by >50 %, corre-
sponding to reduction of valve area by >75 %, is
sufficient to induce hemodynamically important
transvalvular pressure gradients of >50 mmHg,
a finding that recapitulates seminal findings in
humans with aortic valve disease [5].

Potential Therapeutic Targets
in CAVD

Now that we have identified several key mecha-
nisms contributing to initiation and progression
of CAVD (i.e., osteogenic and non-osteogenic
calcification) as well as methods used to mea-
sure valve function (echocardiography, MRI,
and invasive techniques), we will now discuss
potential therapeutic interventions that have been
tested (or are currently being tested) in mouse
models of valve disease. Importantly, these inter-
ventions will be discussed largely in the context
of the pathobiological processes they are likely
to impact.

Reducing Blood Lipids

Hypercholesterolemia is a powerful activator
of osteogenic signaling in experimental animal
models of CAVD. Reducing blood lipids in mice
in early stages of valve disease results in attenu-
ation of osteogenic and fibrogenic signaling,
and importantly, halts progression of valvular
dysfunction. Reducing blood lipids in advanced
stages of valve disease can also reduce osteo-
genic signaling, but fails to reduce fibrogenic
signaling or reverse valvular dysfunction [4, 7,
63]. Importantly, this latter finding is consistent



10 Mouse Models of Calcific Aortic Valve Disease

with recent clinical trials in humans, where ini-
tiation of lipid lowering with statins in advanced
stages of CAVD failed to improve aortic valve
function [4, 7]. Future trials aimed at initiating
lipid lowering in earlier stages of valve disease,
specific patient subsets with severe hypercholes-
terolemia, or targeting specific lipoproteins (e.g.,
lipoprotein (a)) may demonstrate a more benefi-
cial therapeutic effect.

Reactive Oxygen Species

Reactive oxygen species are known to be upreg-
ulated in valves from humans with end-stage
CAVD as well as mice with early- and late-stage
CAVD [64, 65]. Recent work from Liberman
et al. suggested that reducing oxidative stress with
a-lipoic acid can attenuate valvular calcification
in rabbits [65]. Interestingly, treatment of rabbits
with tempol (a superoxide dismutase “mimetic”)
accelerated development of valve calcification,
suggesting that different reactive oxygen species
(e.g., superoxide versus hydrogen peroxide) can
differentially impact valve calcification and pro-
gression of aortic valve stenosis, making harness-
ing of antioxidant treatments challenging [65,
66]. Additional investigation in this area exam-
ining the effects of different sources of reactive
oxygen species as well as the effects of different
antioxidants (through both genetic and pharma-
cological means) is an exciting and important
area of research.

Hypertension and the Renin-
Angiotensin System

Overt hypertension is a risk factor for develop-
ment of CAVD, and is likely to exert its effects
on the aortic valve through a direct mechanical
effect on the valve (i.e., increased stress during
systole and diastole due to increased pressure)
[67-69]. Evidence for this effect comes from
Merryman and colleagues, who demonstrated
that aortic valve calcification can be acceler-
ated by mechanical strain placed aortic valve
interstitial cells [70].
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Hypertension due to hyperactivation of the
renin-angiotensin system, however, can exert
direct biological effects on the valve as well. More
specifically, angiotensin II—originating from cir-
culating levels or from local inflammatory cells
in the valve—can contribute to increases in oxi-
dative stress, inflammation, and endothelial dis-
ruption in experimental animal models [67-69].
Future investigation aimed at understanding the
effects of angiotensin-converting enzyme and/
or AT1 receptor blockade on valve function in
appropriate mouse models will lay key ground-
work for future trials in this area [71, 72].

Nitric Oxide Signaling

Nitric oxide bioavailability is known to play a
major protective effect in atherosclerosis [73-76],
but its role in the regulation of aortic valve calci-
fication is much more poorly understood. There
is a substantial amount of evidence suggesting
that nitric oxide signaling is reduced in CAVD,
due to a combination of reduced nitric oxide
synthase enzyme as well as increased “uncou-
pling” of nitric oxide synthases (i.e., generation
of superoxide instead of nitric oxide) [77-79].
Furthermore, inhibition of nitric oxide signaling
in vitro accelerates calcification of aortic valve
interstitial cells [23, 80]. As such, identifying key
cofactors and/or post-translational modifications
to nitric oxide synthase that improve its activity
is likely to lead to novel treatments that slow pro-
gression of valve calcification and dysfunction in
CAVD.

Inflammation

Valves from patients with end-stage CAVD have
massive infiltration of inflammatory cells, and
cellular inflammation co-localizes with increased
expression of osteogenic markers in animal
models of cardiovascular calcification [81-89].
Emerging evidence suggests that neutralization
of tumor necrosis factor alpha may attenuate vas-
cular calcification in hyperlipidemic mice, but it
will be essential to determine whether a similar
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phenomenon occurs in calcifying aortic valves,
as well as if such anti-inflammatory interventions
reduce valvular dysfunction in advanced stages
of CAVD [90-93].

Peroxisome Proliferator-Activator y
(PPARY) Activation

Recent work from several groups suggests that
long-term treatment with PPARYy activators such
as pioglitazone may attenuate aortic valve dys-
function in experimental animal models [94, 95].
The mechanism for this effect is likely twofold.
First, PPARy agonists are known to reduce inflam-
mation, which may indirectly reduce osteogenic
differentiation of aortic valve interstitial cells [56,
96]. Second, PPARY agonists promote the differ-
entiation of cells to an adipocyte-like phenotype
versus an osteoblast-like phenotype, which is
likely to directly prevent osteogenic differen-
tiation of interstitial cells [94, 95]. Importantly,
the latter effect also occurs in bone, suggesting
that low, anti-inflammatory doses of PPARy may
be the only viable clinical treatment given the
observation that many patients with CAVD also
have reduced bone mineral density and/or osteo-
porosis, and further inhibition of osteogenesis at
orthotopic sites of calcification would be likely to
increase fracture/fall risk [94].

Receptor Activator of NFkB Ligand
(RANKL) Signaling

Recent work suggests that chronic administration
of osteoprotegerin (which inhibits RANKL signal-
ing) can inhibit vascular and valvular calcification
in hypercholesterolemic mice [97, 98]. Importantly,
long-term osteoprotegerin treatment was devel-
oped for treatment of osteoporosis, suggesting that
RANKUL differentially impacts calcification at ecto-
pic and orthotopic sites of calcification [99, 100].

Altering Osteogenic Signaling

Recent observations suggest that lipid lower-
ing in advanced stages of valve disease reduces
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osteogenic signaling, reduces valvular calcium,
but does not reduce established aortic valve dys-
function [4, 7]. Importantly, reducing lipid lev-
els does not reduce TGF-f signaling or fibrosis
in the aortic valve, suggesting that excessive
extracellular matrix deposition (and perhaps
ECM cross-linking) may be a major contribu-
tor to valvular dysfunction in late stages of valve
disease, and importantly, is likely to be a major
biological factor to overcome should treatments
that regress calcification show clinical efficacy
[63, 101-103].

Summary

Collectively, mice harboring single or multiple
genetic mutations can be used as experimental
platforms to gain insight into the pathobiology of
calcific aortic valve disease, as well as pre-clinical
testing of pharmacological agents aimed at reduc-
ing osteogenic calcification, non-osteogenic cal-
cification, or fibrosis in the aortic valve. While
single mutation mice (e.g., apoE~") [6, 104] may
provide a platform that allows for characteriza-
tion of changes in ectopic osteogenesis, multiple
mutation mice (e.g., 1dlr’-/apoB!%1%) will likely
be required if overt valvular dysfunction/steno-
sis is a primary outcome variable [4, 7, 97]. By
carefully characterizing changes in valvular and
ventricular function using well-established, non-
invasive imaging techniques, we anticipate the
upcoming years will yield numerous insights and
novel pharmacological candidates for mitigation
of valve calcification and fibrosis in humans.
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Introduction

The Aortic Valve-Ascending Aorta
Complex

The bicuspid aortic valve (BAV) is the most com-
mon congenital valvular defect and is present in
2-3 % of the general population [29, 75, 87]. It
is characterized by the presence of two leaflets
of unequal size (resulting from the fusion of two
of the three leaflets) and a fibrous raphe at the
location of congenital fusion [13, 54]. The most
prevalent type-I morphology [80] features a rela-
tively normal non-coronary leaflet, three sinuses
and one raphe joining two underdeveloped coro-
nary leaflets [21, 89]. Besides those differences,
BAV leaflets exhibit the same typical tri-layered
structure as normal tricuspid aortic valve (TAV)
leaflets. The ventricularis faces the left ventricle
and consists of elastin fibers intertwined with
radially-oriented collagen fibers. The fibrosa
faces the aorta and also consists of elastin and
collagen fibers but oriented along the circumfer-
ential direction. Between those two layers, the
spongiosa, which consists essentially of glycos-
aminoglycan (GAG), is presumed to play the
role of a lubricating layer allowing the fibrosa
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and ventricularis to slide and deform relative to
each other. The valvular cell population consists
of endothelial cells (VECs) lining the outermost
layer of the ventricularis and fibrosa and inter-
stitial cells (VICs), which include fibroblasts,
myofibroblasts and smooth muscle cells (SMCs).
Downstream of the valve is the ascending aorta
(AA) that stems from the sinotubular junction
and extends to the aortic arch. The proximal AA
is a curved arterial segment consisting of three
layers. The intima lines the inner surface of the
lumen and consists of a monolayer of endothelial
cells (ECs). The media, which consists of SMCs
and connective tissue, regulates the contractility
of the vessel wall. Lastly, the adventitia lines the
outer surface of the artery and consists primarily
of connective tissue.

BAV Complications

Calcific Aortic Valve Disease

Despite its limited prevalence, the BAV malfor-
mation has emerged as the first indication for sur-
gical valve replacement and as a major risk factor
for calcific aortic valve disease (CAVD) [46, 76,
87]. This condition covers a spectrum of disease
from initial changes in the cell biology of the
valve leaflets, through early calcification, tissue
remodeling and aortic sclerosis, to outflow
obstruction and aortic stenosis [63, 67, 71]. The
later stages are characterized by fibrotic thicken-
ing of the leaflets and side-specific formation of
calcium nodules near the fibrosa [68]. Recent
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studies have evidenced the multi-faceted aspect
of CAVD, which involves actively regulated pro-
cesses including inflammation [63, 65, 68],
osteogenesis [50, 66, 73], apoptosis [15, 85] and
necrosis [36, 90]. Valvular inflammation, which
is the hallmark of the early stage of CAVD, has
been linked to the activation of the leaflet endo-
thelium via enhanced expression of cell adhesion
molecules [2, 25, 26, 55]. Elevated expressions of
pro-inflammatory cytokines such as bone mor-
phogenic proteins (BMPs) [35, 52] and trans-
forming growth factor-p1 (TGF-p1) [15, 34] have
also been observed in early calcific lesions, dem-
onstrating the key role played by paracrine sig-
naling in CAVD development. Downstream of
those events, the VICs switch from a quiescent
fibroblastic phenotype to an activated myofibro-
blastic phenotype expressing o-smooth muscle
actin (x-SMA) or to an osteoblastic phenotype
marked by runt-related transcription factor 2
(Runx2) [1, 48, 53, 86]. Those activated pheno-
types result in the progressive loss of valvular
homeostasis caused by the increased imbalance
between matrix metalloproteinases (MMPs) and
their tissue inhibitors (TIMPs) [22, 37], and the
upregulation of cathepsins [5, 27, 70]. The ulti-
mate end-point of the disease, which consists of
the formation of calcific lesions, is associated
with an upregulation of BMPs [47, 48, 51, 64].

Aortic Dilation

The BAV anatomy is also associated with a spec-
trum of secondary aortopathies, such as aortic
dilation and subsequent dissection [11, 33, 38,
49, 62]. Acute aortic dissection occurs five to ten
times more frequently and at an earlier age in BAV
patients than in TAV patients [18, 33, 74, 87].
The dilation and thinning of the AA downstream
of a BAV, which is the precursor event to dissec-
tion, is marked by structural wall abnormalities
including SMC apoptosis and depletion, elastic
fiber degeneration and abnormal ECM remodel-
ing [84], which localize primarily to the convex-
ity of the aortic wall [16, 17]. The degenerative
remodeling of the aortic wall has been associated
with the upregulation of the matrix metallopro-
teinases MMP-2 and MMP-9 [12, 20, 32, 57],
two proteolytic enzymes that degrade collagen,
elastin and fibronectin, and the downregulation
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of fibrillin-1 [20, 57], a fundamental protein
component of the aortic media that links elas-
tin to SMCs and is essential for the formation of
elastic fibers. Fibrillin-1 depletion causes the loss
of connectivity between SMCs and microfibrils,
which results in decreased tissue elasticity, SMC
apoptosis and MMP activation [20].

Hemodynamic Theory
of BAV Disease

Mechano-Potential Etiology
of BAV Disease

Valvular tissue interacts with its surrounding
mechanical environment to drive critical cell-
ECM processes [4, 39, 69]. As compared to
stretch and pressure which propagate throughout
the leaflet and stimulate both VECs and VICs,
fluid shear stress (FSS) is an interfacial stress
sensed primarily by VECs. Recent studies have
evidenced the existence of an intricate commu-
nication network between the two cell types in
the TAV, as illustrated by the change in valvular
matrix stiffness in response to humoral endo-
thelial stimulation [19], the modulation of val-
vular remodeling by FSS magnitude [69], and
the upregulation of pro-inflammatory cytokines
in the leaflet interstitium following endothe-
lial exposure to abnormal FSS [28, 82]. Those
observations suggest the ability of FSS to alter
VIC phenotype and the potential of the abnormal
BAV flow to trigger early CAVD pathogenesis.
Similarly, given the particular sensitivity of the
arterial wall to its surrounding hemodynam-
ics [40-42, 44, 45, 59, 60] and the capability
of hemodynamic stress alterations to mediate
vascular remodeling, the apparent correlation
between the asymmetric wall dilation and the
asymmetric flow patterns in BAV AAs [16, 17]
supports a hemodynamic etiology by which BAV
flow abnormalities and associated FSS could
trigger molecular pathways leading to the pro-
gressive weakening of the aortic wall [7, 10, 24].
The hemodynamic theory of BAV calcification
and aortopathy can be illustrated as an irrevers-
ible feedback loop in which the abnormal BAV
anatomy would subject the leaflets and the wall
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of the ascending aorta to local FSS alterations
(Fig. 11.1). Those alterations could be sensed
by the endothelial cells lining the leaflets and
the aortic wall and then transduced into different
biological responses that would lead ultimately
to the formation of calcific lesions on the leaflets
or to the progressive degeneration of the aortic
media. The resulting stiffening of the BAV leaf-
lets and dilation of the proximal AA would lead
in turn to further structural and hemodynamic
alterations, which would amplify the cycle.
While this etiology is supported by an increas-
ing number of studies, its rigorous assessment
requires the investigation of the potential cause-
and-effect relationships between the local hemo-
dynamics of BAV leaflets and the aortic wall and
the local biology.

Ex Vivo Assessment

The evidence of contrasted hemodynamic envi-
ronments on TAV and BAV leaflets and in TAV
and BAV AAs has provided a rationale for
mechanobiological studies investigating the
effects of both environments on tissue biology.
Historically, those studies have put more empha-
sis on the biological description of mechano-sen-
sitive processes in simplified biological models
(e.g., genes, cells) than on the implementation
of realistic mechanical stimuli due to the lim-
ited knowledge of the native valvular mechanical
environment and the challenge to replicate it on
intact tissue in the laboratory setting. Although
cell and gene studies have generated invaluable

data on the isolated response of each cell type
to various biochemical and mechanical factors,
they do not account for the higher-level response
resulting from the native cell-cell and cell-lECM
interactions. In light of the recommendations made
by the NIH working group on aortic stenosis [72],
the assessment of the hemodynamic theory of
BAV disease requires a thorough knowledge of
the hemodynamic abnormalities generated by
the BAV anatomy and the rigorous investigation
of the cause-and-effects relationships between
the local tissue hemodynamics and the local
biological response. Those requirements can
be satisfied through the implementation of an
integrative approach combining state-of-the-art
flow diagnostic techniques and innovative tissue
conditioning methods. Anchored between the in
vivo approach conducted in the native environ-
ment and the in vitro approach implemented in
the laboratory with a simplified biological model,
the ex vivo strategy, which maintains the native
tissue architecture and mechanical environment
in the laboratory, offers a higher level of fidelity
to native processes and generates data that can
be directly translated to the clinical disease. This
approach has been implemented to validate the
potential involvement of hemodynamic stresses
in the pathogenesis of BAV calcification and aor-
tic dilation. The overall strategy consists of: (1)
the development of realistic computational mod-
els and flow diagnostic techniques to character-
ize the degree of hemodynamic abnormality on
BAV leaflets and in BAV ascending aortas; (2) the
design of sophisticated bioreactors to replicate
those hemodynamic environments in the labora-
tory; and (3) the implementation of biological
techniques to assess the biological changes expe-
rienced by normal valvular or aortic tissue sub-
jected to native BAV hemodynamic abnormalities.

BAV Hemodynamics

Valvular Hemodynamic
Abnormalities

Global Valvular Flow Characteristics
Echocardiography initially revealed that the BAV
orifice presents an elliptical shape, an intrinsic
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Fig. 11.2 Experimental and computational characteriza-
tions of TAV and BAV flow: (a) peak-systolic flow veloc-
ity, (b) vorticity, (c¢) viscous shear stress and (d) Reynolds

degree of stenosis, an eccentric systolic jet and
abnormal downstream helical flow patterns [23,
56]. During the acceleration phase, the pressure
gradient imposed across the valve produces a for-
ward flow which contributes to the opening of the
leaflets. Regardless of the anatomy, the flow
downstream of the leaflets is divided into two
regions: (1) a jet originating from the valvular
orifice; and (2) a recirculation region marked by
the presence of vortices located between the leaf-
let fibrosa and the wall of the aortic sinus.

The emergence of a hemodynamic theory of
BAV calcification has motivated the investigation
of BAV hemodynamics at higher resolutions
using experimental and computational approaches
to understand the flow through the valve and its
contribution to the mechanisms of valvular heart
disease. Particle-image velocimetry has been
implemented to compare the flow, energy loss
and valvular performance through a TAV and a
BAV over a range of flow rates spanning the car-
diac cycle [79]. The TAV was based on a native
porcine valve while the type-I BAV anatomy was
generated by suturing the two coronary leaflets of
a porcine TAV. The measurements confirmed the
existence of the same two flow regions and valve
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stress fields measured using PIV, and (e) peak-systolic
flow velocity field computed using FSI modeling

orifice shapes as those previously described by
echocardiography. The analysis of the velocity
fields also demonstrated an average BAV jet
skewness of 4.4° over the range of flow rates
tested, which contrasted with the average 1.9°
skewness exhibited by the TAV jet. The higher
maximum jet velocity observed downstream of
the BAV (3.3 m/s) relative to the TAV (2.8 m/s) at
20 L/min suggested an intrinsic degree of steno-
sis in the BAV anatomy (Fig. 11.2a). High vortic-
ity levels were detected in the shear layers
extending from the tip of the leaflets, where the
flow separates (Fig. 11.2b). As compared to the
shear layers produced in the wake of the TAV,
which remained essentially symmetric and paral-
lel to the valve axis, the BAV shear layers exhib-
ited the same skewness as the jet, which resulted
in an asymmetric vorticity distribution character-
ized by high magnitude near the non-coronary
leaflet and low magnitude near the fused leaflet.
The particular skewness of the BAV jet was
shown to force the shear layer extending from the
non-coronary leaflet to roll up into the non-
coronary sinus, which could adversely affect the
closure of that leaflet during diastole. Regardless
of the valve anatomy, the maximum viscous shear
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stress was detected near the flow separation point
at the tip of the leaflets (Fig. 11.2¢). However, the
measurements indicated important differences in
shear stress magnitude with the TAV generating a
maximum in-plane viscous shear stress of 20 dyn/
cm? and the BAV 25 dyn/cm? immediately down-
stream of the leaflet tip. The BAV was also shown
to generate a higher degree of turbulence, as indi-
cated by the 62 % increase in maximum Reynolds
stress relative to the TAV (Fig. 11.2d). Despite its
intrinsic degree of stenosis marked by a 18 %
increase in maximum jet velocity and 7 %
decrease in effective orifice area (EOA) relative
to the TAV at the maximum flow rate, the BAV
was shown to generate only a 3 % increase in
energy loss (EL) relative to the TAV and its aver-
age energy loss index (ELI, 2.10 cm?%m?)
remained above the clinical threshold character-
izing severe aortic stenosis (1.35 cm*m?). This
experimental study demonstrated the dependence
of valvular hemodynamics on valvular anatomy
but suggested importantly the ability of the BAV
to function as a normal valve despite its intrinsic
degree of stenosis.

Hemodynamic differences between the TAV
and BAV have also been investigated computa-
tionally. In a recent study, fluid-structure interac-
tion (FSI) models were developed to characterize
the flow, leaflet dynamics and regional leaflet
FSS in idealized TAV and type-I BAV anatomies
[14]. The two-dimensional (2D) models captured
the flow characteristics observed experimentally.
The flow simulations indicated the existence of a
jet aligned along the centerline of the aorta in the
TAV and a jet slightly skewed toward the non-
coronary leaflet in the BAV (Fig. 11.2e).
Additionally, under a similar pressure gradient,
the predicted TAV orifice was wider than the
BAV orifice, regardless of the degree of BAV
asymmetry. The high spatial resolution offered
by the computational models permitted to char-
acterize features of the vorticity field not cap-
tured experimentally. At peak systole, the 2D
TAV geometry was shown to generate two sym-
metric vortices partially located in the aortic
sinus between the tip of the leaflets and the sino-
tubular junction. In contrast, the type-I BAV gen-
erated two asymmetric vortices, with the vortex

extending from the fused leaflet exhibiting a
larger circulation than that extending from the
non-coronary leaflet. In addition, the BAV gener-
ated a third vortex behind the fused leaflet. Those
important differences in vorticity dynamics may
explain the lower hemodynamic performance of
the BAV relative to the TAV.

Valvular FSS Characteristics

The regional FSS distribution on the surface of
the valve leaflets is an important indicator of how
blood flow interacts with the valve. The FSI mod-
els described above were used to quantify the local
FSS experienced on both sides of TAV and type-I
BAV leaflets in the base, belly and tip regions of
each leaflet (Fig. 11.3). The maximum FSS pre-
dicted near the tip of the TAV, non-coronary BAV
and fused BAV leaflets was 71, 56 and 71 dyn/
cm?, respectively. The inspection of the FSS vari-
ations predicted on the three leaflet types (i.e.,
TAV leaflets, fused and non-coronary BAV leaf-
lets) confirmed the existence of a mostly unidi-
rectional (i.e., positive) FSS on the ventricularis
and a bidirectional (i.e., alternatively positive and
negative) FSS on the fibrosa. The comparison of
the results obtained in the three regions (i.e., tip,
belly and base) of one particular leaflet also indi-
cated significant spatial variations in FSS mag-
nitude and pulsatility along the ventricularis and
fibrosa. In addition, the asymmetry of the BAV
anatomy resulted in a higher degree of FSS fluc-
tuations on the fibrosa of the non-coronary leaf-
let than on the fibrosa of the fused leaflet. Those
observations were supported by the quantitative
analysis of the local oscillatory shear index (OSI)
and temporal shear magnitude (TSM). Regardless
of the valve anatomy, the leaflet ventricularis was
shown to consistently experience a more pulsatile
FSS (leaflet-average OS1<0.08) than the fibrosa
(leaflet-average OSI>0.13). The TSM predic-
tions also evidenced strong differences in FSS
magnitude between the ventricularis and fibrosa
of each leaflet. Regardless of the leaflet anatomy,
the FSS magnitude predicted along the ventricu-
laris (leaflet-average TSM>6.70 dyn/cm?) was
consistently higher than that computed along the
fibrosa (leaflet-average TSM < 1.34 dyn/cm?). An
interesting characteristic was the strong site-specific
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nature of the fibrosa FSS. The OSI computed on
the TAV leaflet fibrosa decreased from the base
(OSI=0.19) to the tip (OSI=0.01) of the leaflets,
suggesting the attenuation of the oscillatory nature
of the waveform along this path. Conversely, the
calculation of the regional TSM indicated an
increase in FSS magnitude along the same path
(from 0.07 dyn/cm? at the base to 1.68 dyn/cm? at
the tip). A similar trend was observed along the
fibrosa of the non-coronary BAV leaflet. In con-
trast, the regional FSS experienced by the fused
BAV leaflet fibrosa was characterized by pulsa-
tility in the base and belly regions (OSI=0.21
and 0.01, respectively) and oscillation in the tip
region (OSI=0.38), moderate magnitude in the

base and belly regions (TSM =0.43 and 0.41 dyn/
cm?, respectively) and high magnitude in the tip
region (TSM=1.34 dyn/cm?). Those observations
confirmed the existence of complex cause-and-
effect relationships between anatomical leaflet
abnormalities and FSS abnormalities.

BAV Aorta Hemodynamic
Abnormalities

Global BAV Aorta Flow Characteristics

Phase contrast-magnetic resonance imaging
(PC-MRI) studies have demonstrated the exis-
tence of an abnormal right-handed helical flow in
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the AA of BAV patients characterized by higher
rotationality, systolic flow angle and FSS than in
TAV patients [6, 10]. Echocardiographic studies
have revealed higher peak systolic flow velocities
and FSS in the vicinity of the anterolateral region
of the AA (region most prone to dilation) in BAV
patients than in TAV patients [9]. In vitro flow
measurements using particle image velocimetry
(PIV) on tissue TAV and BAV models have con-
firmed those in vivo observations and have dem-
onstrated the existence of a skewed BAV systolic
jet and the generation of a strong vortex in the
non-coronary leaflet sinus [77, 79].

The flow in the BAV AA was recently quanti-
fied using FSI modeling [3]. A realistic three-
dimensional (3D) human AA anatomy extending
from the sinotubular junction to a portion of the
descending aorta and including the proximal seg-
ments of the braciocephalic, left common carotid
and left subclavian arteries was reconstructed
from computed tomography images. The aortic
wall was modeled as a linear elastic and isotropic
material, while blood was approximated as a
Newtonian fluid. The boundary conditions
imposed at the four outlets consisted of physio-
logic pressure waveforms, while the 3D pulsatile
TAV and type-1 BAV velocity profiles prescribed
at the inlet of the model were generated by
extrapolating the 2D velocity profiles predicted
by the previously described FSI valve models.
The model was used to predict the time-varying
flow velocity and streamline fields produced in
the two anatomies during an entire cardiac cycle.
The flow characteristics predicted in the TAV and
BAV AAs exhibited strong differences, which
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Fig. 11.4 Snapshots of the peak-systolic velocity and streamline fields in the TAV AA and BAV AA predicted by FSI

Right Left

were first observed at peak systole (Fig. 11.4) and
persisted throughout the deceleration phase.
Consistent with previous phase-contrast mag-
netic resonance imaging (PC-MRI) measure-
ments [30, 31], the flow in the TAV AA was
shown to follow a smooth trajectory essentially
parallel to the aortic wall, without any significant
secondary flow effects. In contrast, the eccentric-
ity of the BAV orifice jet gave rise to helical flow
structures that originated in the proximal section
of the AA and propagated downstream. The
model also predicted the existence of a systolic
retrograde flow near the BAV sinotubular junc-
tion, i.e., a phenomenon already reported in vivo
[6, 30].

BAV Aorta FSS Characteristics

The same FSI model was used to quantify the
FSS environments generated in the TAV AA and
type-I BAV AA (Fig. 11.5a). The analysis of the
spatial FSS distributions in the TAV AA and BAV
AA revealed the impact of the flow abnormali-
ties described above on the viscous force expe-
rienced by the aortic wall. While the TAV AA
and BAV AA regional FSS remained essentially
similar during the acceleration phase, the BAV
jet skewness exposed the proximal section of the
AA to higher FSS magnitudes than the TAV at
peak systole. In contrast, consistent with previous
PC-MRI flow measurements [8], the FSS envi-
ronments generated by the TAV and BAV in the
distal region of the AA were essentially similar.
The most substantial FSS differences were pre-
dicted during the deceleration phase, where the
decrease in flow momentum produced an overall
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decrease in FSS in the TAV AA, while the wide-
spread flow abnormalities in the BAV AA further
increased the high FSS levels predicted at peak
systole. The FSI model was also used to compare
the temporal variations of the longitudinal FSS
(i.e., FSS component acting in the direction of the
main flow) at the center of the TAV and BAV AA
wall convexity (Fig. 11.5b). The results suggested
the existence of a unidirectional FSS ranging
between 0.3 and 31.5 dyn/cm? on the BAV aortic
wall and a bidirectional FSS on the TAV aortic
wall ranging between —19.0 and +25.8 dyn/cm?
During the acceleration phase (0.12<7<0.20 s),
both waveforms were shown to be essentially
similar in direction and magnitude. At peak sys-
tole (r=0.20 s), the BAV AA convexity was sub-
jected to a higher longitudinal FSS (19.9 dyn/
cm?) than its TAV counterpart (15.0 dyn/cm?).
The deceleration phase (0.20<¢<0.44 s) was
associated with marked differences in FSS direc-
tionality and magnitude between the two anato-
mies. The longitudinal FSS in the convexity of

temporal variations of the longitudinal FSS predicted at
the center of the TAV AA and BAV AA convexity over
one cardiac cycle

the TAV AA decreased progressively, changed
sign during the deceleration phase (r=0.32 s) and
attained its minimum level (—19 dyn/cm?) at the
end of the deceleration phase. During the same
phase, the longitudinal FSS in the convexity of
the BAV AA remained positive and oscillated
around its peak-systolic level. Despite its lower
transvalvular flow rate, the BAV subjected the
AA convexity to much higher TSM and peak
FSS levels than the TAV (133 and 22 % increase,
respectively). The OSI predictions confirmed the
bidirectional and oscillatory nature of the longitu-
dinal FSS in the TAV AA convexity (OS[=0.42)
and the perfectly unidirectional and pulsatile FSS
(OSI=0.00) in the BAV AA convexity. Lastly, the
average longitudinal FSS predicted in the region
of impingement of the valvular jet on the AA
wall, which was 11.4 dyn/cm? in the BAV AA and
4.9 dyn/cm? in the TAV AA, agreed with previous
PC-MRI measurements suggesting FSS of the
order of 9+3 and 4 +3 dyn/cm?, respectively, over
the same regions [8]. Those computational results
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confirmed the intrinsic degree of hemodynamic
abnormality of the BAV AA and re-emphasized
the possibility of a flow mechanism of BAV sec-
ondary aortopathy.

Hemodynamic Mechanisms
of BAV Disease

Role of Hemodynamic Stresses
in Calcific BAV Disease

The acute effects of native BAV FSS abnormali-
ties on CAVD pathogenesis have been isolated
ex vivo [83]. Porcine aortic valve leaflets were
subjected to the native FSS predicted via FSI
modeling on the surface of TAV leaflets and
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(d) TIMP-2/MMP-2 ratio, (e) a-SMA and Runx2 expres-
sion, and (f) osteocalcin expression (NC non-coronary
leaflet, F fused leaflet, * p<0.05 vs. fresh control, #
p<0.05 vs. TAV FSS, + p<0.05 vs. NC-BAV FSS, N=3)

fused and non-coronary type-I BAV leaflets for
48 h in a double-sided shear stress bioreactor.
Immunostaining, immunoblotting and zymogra-
phy were performed to characterize endothelial
activation, pro-inflammatory paracrine signal-
ing, extracellular matrix remodeling and markers
involved in valvular interstitial cell activation and
osteogenesis (Fig. 11.6). The main contribution of
this study was the demonstration of the key role
played by BAV hemodynamic stress abnormali-
ties in the initiation and progression of CAVD.
While TAV and non-coronary BAV leaflet FSS
essentially maintained valvular homeostasis,
fused BAV leaflet FSS promoted fibrosa endo-
thelial activation, paracrine signaling (2.4-fold
and 3.7-fold increase in BMP-4 and TGF-f1,
respectively, relative to fresh controls), catabolic
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enzyme secretion (6.3-fold, 16.8-fold, 11.7-fold,
16.7-fold and 5.5-fold increase in MMP-2, MMP-
9, cathepsin L, cathepsin S and TIMP-2, respec-
tively) and activity (1.7-fold and 2.4-fold increase
in MMP-2 and MMP-9 activity, respectively), and
bone matrix synthesis (5-fold increase in osteocal-
cin). In contrast, BAV FSS did not significantly
affect a-SMA and Runx?2 expressions and TIMP/
MMP ratio. Another important finding was the
side-specific expression of cell-adhesion mol-
ecules on the fibrosa following leaflet exposure to
BAV FSS abnormalities. This result was consis-
tent with the previously established existence of
pro- and anti-inflammatory VEC phenotypes on
the leaflet fibrosa and ventricularis, respectively,
which contribute to the specific vulnerability of
the leaflet fibrosa to calcification [81]. In addition
to this side-specificity, the study indicated that
FSS-induced endothelial activation was leaflet-
specific in the BAV and occurred primarily on the
fused leaflet. The ex vivo results also provided
further insights into the role played by VECs and
VICs in FSS mechanotransduction. As compared
to stretch and pressure, which propagate through-
out the leaflet and stimulate both VECs and VICs,
FSS is an interfacial stress sensed primarily by
VEC:s. Interestingly, while BAV FSS abnormali-
ties were shown to upregulate cell-adhesion mole-
cule expression in VECs lining the leaflet fibrosa,
all other downstream effects (i.e., cytokine expres-
sion, ECM remodeling, osteogenesis) are VIC-
specific processes. This suggests that VECs are
able not only to sense FSS abnormalities but also
to transduce those signals deeper in the tissue by
altering VIC function. Although the mode of com-
munication between the two cell types remains
largely unknown, the increased BMP-4 and TGF-
B1 expressions detected in response to BAV FSS
abnormalities provided further evidence of the
involvement of paracrine signaling in VEC-VIC
communication and its role in the transduction of
FSS abnormalities into a pathological response.

Role of Hemodynamic Stresses
in BAV Ascending Aortic Dilation

Another ex vivo study isolated the contribution
of BAV hemodynamic abnormalities on AA
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remodeling by subjecting porcine aortic tissue
specimens to the local FSS environment pre-
dicted via FSI modeling downstream of the TAV
or a type-I BAV [3]. The biological response
was investigated via immunostaining, immu-
noblotting and zymography. The key contribu-
tion of this study was the demonstration of the
capability of BAV hemodynamics alone to trig-
ger vascular remodeling events involved in the
early stage of aortic dilation. In the absence of
any underlying congenital or biological wall
abnormality, the exposure of normal porcine
ascending aortic tissue to BAV AA FSS resulted
in significant increases in MMP-2 and MMP-9
expressions (1.3-fold and 1.9-fold, respectively;
p<0.05) relative to tissue conditioned under
TAV AA FSS (Fig. 11.7). Increased expression
of matrix-degrading proteins has already been
observed in dilated aortas [12, 32, 43, 57, 88]
and has been correlated with previous reports of
medial degeneration in BAV AAs [20, 61, 78]. In
addition, while MMP-2 activity was upregulated
under BAV AA FSS, MMP-9 activity remained
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essentially similar to that measured under TAV
AA FSS. Similar trends have been reported in
BAV AAs, which exhibited a two-fold increase
in MMP-2 activity but no change in MMP-9
activity relative to TAV AAs [20]. Those results
can be put in perspective of previous studies that
have evidenced the preferential expression of
matrix proteins and abnormal cytoskeletal rear-
rangement on the convexity of dilated BAV AAs,
which seem to correlate with the established
asymmetric stress distribution [16, 17, 58]. The
differential ECM protein expression measured in
the ex vivo study on the convexity of non-dilated
AAs in response to TAV and BAV flow and the
asymmetric ECM degradation observed on the
convexity and concavity of dilated BAV AAs
could stem from the same driving mechanism
involving the particular sensitivity of vascular tis-
sue to FSS magnitude and directional characteris-
tics. In addition, the implementation of an ex vivo
approach, which permitted to maintain the native
interplay between ECs, SMCs and the ECM, pro-
vided important insights into the involvement of
EC-SMC communication pathways in the trans-
duction of BAV hemodynamic abnormalities into
a pathological response. In fact, regardless of the
mechanical treatment, MMP expression was only
detected in the SMC-populated medial layer.
Given that FSS is an interfacial stress sensed pri-
marily by ECs, this result suggested that FSS dis-
turbances generated by the BAV may act directly
on the lipid bilayer of the AA wall and activate
structures capable of transducing those mechani-
cal abnormalities into downstream biochemical
signals altering SMC function.

Conclusion

Those studies provide compelling support to
the hemodynamic theory of BAV disease and
suggest the unique capability of BAV hemody-
namic stress abnormalities to trigger early
CAVD pathogenesis and aortic medial degen-
eration in the absence of any underlying genetic
defect. Experimental and computational flow
diagnostic techniques have provided new
insights into the impact of valvular anatomical
defects on the hemodynamic stresses experi-
enced by the leaflet and the ascending aortic
wall. The implementation of sophisticated bio-

reactors capable of exposing normal tissue to
those native hemodynamic abnormalities in the
laboratory setting have demonstrated the sensi-
tivity of valvular and vascular tissue to FSS
abnormalities and suggested a direct correla-
tion between the local degree of FSS abnormal-
ity and the severity of the pathological response.
Mechanobiological studies harnessing the
power of computational flow models, tissue
culture systems and biological assays may pro-
vide a new way to elucidate the pathogenesis of
BAV disease, slow down the progression of
BAYV complications by manipulating mechano-
sensitive molecules and use hemodynamic
stresses as predictors of BAV disease progres-
sion in patient-specific anatomies.
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Patrick S. Connell, Varun K. Krishnamurthy,
and K. Jane Grande-Allen

Introduction and Chapter Overview

Understanding the biomechanics of mitral
valves (MVs) has significance for both surgi-
cal treatment and regenerative medicine. The
biomechanics and mechanobiology of MVs is
influenced by their complex anatomy, together
with their extracellular matrix (ECM) composi-
tion and organization. Valve cells are mechano-
responsive, both to the hemodynamically active
environment which the valve tissue is constantly
exposed, as well as the altered hemodynamics of
valve disease. This chapter will discuss the vari-
ous tissue and cell level culture techniques and
biomechanical approaches to date for examining
MYV biomechanics and mechanobiology, as well
as directions for future studies.

Anatomy, Composition and
Environment Impact Biomechanics

MVs are complex biomechanical gates that facili-
tate unidirectional blood flow from the left atrium
to left ventricle; this action is performed about
three billion times in an average human lifespan.
Anatomically, the MV consists of two unequally
sized primary leaflets (anterior, posterior) and
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numerous chordae tendineae [17, 51]. The upper
ends of the chordae tendineae attach either under-
neath the leaflet (basal, strut) or at the leaflet free
edge (marginal), and the lower ends insert in the
papillary muscles. Normal MV mechanical func-
tion involves coordinated motion of the leaflets
and chordae as guided by blood flow, ventricu-
lar and atrial pressures, and contraction of the
ventricle, papillary muscles, and annulus (leaflet
attachment region). Other surrounding anatomic
structures such as the aortic valve, the coronary
sinus, and the circumflex coronary artery are also
crucial for determining regional biomechanical
loading.

Similar to aortic valves, normal MV leaflets
have three well-defined tissue layers: ventricu-
laris/fibrosa, spongiosa and atrialis [55]. The
fibrosa comprises densely packed and microscop-
ically crimped collagen fibers arranged parallel
to the free edge of the leaflet; this layer confers
durability to the valve. The centrally located
spongiosa is rich in chondroitin sulfate proteo-
glycans that provide a compressible ECM as they
have a cushioning and shear absorbing function.
The atrialis contains lamellar collagen and elas-
tin sheets, which contribute to leaflet recoil dur-
ing unloading [57]. Valve interstitial cells (VICs)
are the predominant cell type in MVs, and are
fibroblast-like, phenotypically plastic, and highly
mechanosensitive [43]. Valve endothelial cells
(VECs) form a blood-contacting layer surround-
ing the interior MV tissue.

The complex heterogeneity in terms of
anatomy, valve cell phenotypes, and ECM
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composition is associated with valve biomechan-
ical behavior that is viscoelastic (anisotropic, non
linear) with regional variations (free edge, belly,
annulus) affecting the multi-scale function of the
MYV during normal and diseased states. These
aspects will be dealt with in this chapter.

In Vitro Cell Culture and Substrate
Manipulation

For the last few decades, the general paradigm
for culturing heart valve cells in vitro has been
to grow them in two-dimensional (2D) mono-
layers atop static substrates such as polystyrene,
with few exceptions. Porcine valves, the widely
used model of human valve disease, were used as
early as the 1980s, when Johnson et al. success-
fully cultured porcine VICs and VECs in M199
media with serum supplementation [31]. While
this study established the distinct VIC pheno-
types in culture, these conditions did not include
external mechanical stimulation and hence did
not recapitulate in vivo loading conditions. A
basic organ culture protocol was subsequently
developed by Lester and colleagues to assess the
wound healing capacity of VICs in porcine MV
tissue. In that work, a wounding device was set
up to exert the required tension (perpendicular to
the direction of blood flow) on a segment of valve
tissue secured with needles. After the wound was
generated, scanning and transmission electron
microscopy together with histology revealed VIC
migration, multilayering, and orientation parallel
to the wound edge, which suggested their involve-
ment in tissue repair [38]. While it is unclear if
the applied tension was comparable to the altered
physiologic loading during MV disease, this and
other similar organ culture studies do offer mech-
anistic insights into MV tissue repair and regen-
eration after mechanical fatigue [36-38]. Taken
together, these early studies established the feasi-
bility of performing mechanistic and mechanical
studies on mitral VICs in basic 2D cultures.
Recently, it has been established that cells
often exhibit unnatural behavior when they are
removed from their native three dimensional
(3D) tissue environment and confined to a
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monolayer. Hence, there is increasing interest
in identifying both natural and synthetic matri-
ces for 3D valve cell culture [63]. Among these,
hydrogels prepared from either polyethylene
glycol diacrylate (PEGDA) and/or alginate have
been used successfully as scaffolds for 3D cul-
ture [5, 23]. Recent studies have investigated
the development multi-layered hydrogel scaf-
folds designed to mimic the heterogeneity of
the native valve, either through layering of col-
lagen or PEGDA gels with different mechanical
behavior [65] or heterogeneous 3D printing of
synthetic scaffolds [23]. In the case of layering
distinct collagen layers, two identical fibrous
collagen scaffolds were decellularized and dried
within a silicone mold prepared from native por-
cine valves. Subsequently, spongiosa scaffolds
were prepared by decellurization of pulmonary
arteries and treatment with elastase. These spon-
giosa scaffolds were then inserted between the
fibrous collagen scaffolds and fused in place
with a protein/aldehyde scaffold bio-adhesive.
The final product was then repopulated with
cells, mounted in a heart valve bioreactor, and
subjected to cyclic mechanical stimulation
in cell culture conditions. Micromechanical
horizontal shearing of the completed scaffolds
showed increased shearing between layers of
the layered scaffold, although at lower angles
than found in native valves. The layered colla-
gen scaffolds supported in vitro cell repopula-
tion, and bioreactor testing of the valves showed
good leaflet opening and coaptation when closed
[65]. In a different study, Tseng et al. employed a
sandwich fabrication strategy to prepare a valve-
inspired three-layered PEGDA-based scaffold
in which the outer layers had stiffer material
behavior and the inner layer had softer material
behavior [64].

In the case of 3D printing of synthetic scaf-
folds, a PEGDA hydrogel supplemented with
alginate has been printed using an extrusion/
photocrosslinking method. A range of ratios of
polymer to photoinitiator were used to achieve
heterogeneous mechanical properties through-
out the scaffold, with a resulting tenfold range
in elastic modulus across the printed valve
[23]. The 3D printed valves also demonstrated
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good cell viability after scaffold population. In
comparing these two methods of obtaining scaf-
fold heterogeneity, the 3D printed valves have
some distinct assets over the layered collagen
valves. For one, printing allows for control of
mechanical properties on a much smaller scale
than does layering, due to the micro-scale reso-
lution of 3D printers. Printing the scaffolds is
also a faster process (about 45 min to print), and
is more consistently reproducible. A comparison
of the shearing properties of a 3D printed valve
compared to those of the layered collagen valve
would be valuable in order to understand further
the differences between these two methods. It
will also be interesting to observe the ongoing
development of the 3D printer technology to
determine whether the resolution of the printing
approaches the scale of the ECM components.
When considering how the valve cells behave in
all of these 3D hydrogel methods as a whole, in
contrast to how they behave in a 2D culture, the
cells differentiated, proliferated, and migrated
through the 3D scaffold gels and responded to
added growth factors. Overall, these culture sys-
tems show promise for developing tissue engi-
neered heart valves.

Mechanical factors impact various cell types,
including valve cells, in fundamentally differ-
ent ways, and can trigger specific changes simi-
lar to those stimulated by soluble ligands. The
mechanically-dependent morphology and cyto-
skeletal structure of fibroblasts, endothelial cells,
and neutrophils have been documented for cells
cultured on surfaces with stiffness ranging from
2 t0 55,000 Pa, and that have been laminated with
fibronectin or collagen as adhesive ligand [69].
VICs are mechanosensitive, and their synthesis
of ECM not only determines the material behav-
ior of the valve but also provides an adhesive sub-
strate for VICs. However, the interrelationship
between substrate stiffness and VIC phenotype
and synthetic properties has only been recently
elucidated. Stephens et al. recently showed
that the age-specific and valve-region-specific
responses of VICs to different substrate stiff-
nesses link VIC phenotype to the leaflet regional
matrix in which the VICs reside. In that work,
stiffness values of the PEGDA hydrogels were

varied by using different pre-polymerization
weight ratios of PEG. Hydrogels of elastic mod-
ulus 34.5 and 323.3 kPa (5 and 15 % PEG w/v)
were used as substrates for VICs from the mitral
valve anterior and posterior leaflets from 6-week,
6-month, and 6-year-old pigs. This study demon-
strated a range of cell activity for all three param-
eters considered, thus providing further rationale
for investigating the role of substrate stiffness in
VIC-driven remodeling of the ECM within dis-
eased and tissue engineered valves [59].

Mitral VIC Contractility

VICs are contractile and believed to factor into
mitral leaflet force generation [25], but the exact
mechanisms for VICs in mitral leaflet force gen-
eration are only now being understood [60]. A
study by Stephens et al. examined the effect of
actin-mediated VIC force generation coupled to
collagen via o, integrins for force generation in
the mitral leaflet. Freshly excised porcine mitral
leaflets were sutured to a strain-load device
custom-built for use on a confocal microscope
stage, which allowed for strain manipulation of
the tissue (Fig. 12.1). High-magnification fluo-
rescence and second harmonic generation-based
imaging of the tissue revealed VIC cytoplasm
tightly conforming to the collagen orientation,
with actin aligned so that the VIC cytoplasmic
processes appeared to wrap around the collagen
fibers. Their results suggested that VIC-collagen
coupling, mediated by o,p; integrins, is necessary
for KCl-induced force generation in the mitral
leaflet. This functional coupling between colla-
gen and VICs via a,f, integrins may play a role
for mitral valve function in vivo.

In addition, the finding that VICs express skel-
etal muscle cell markers such as myogenin and
non-muscle myosin further supports the notion
that valve cusps express the required machinery
for contractile responses [7, 11]. Indeed, the abil-
ity of VICs to form a network in vitro is dem-
onstrated by their ability to contract collagen
gels in an efficient and unique manner [8, 21].
Given that VICs show both contractile properties
(a smooth muscle cell-like characteristic) and
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Fig. 12.1 Custom-built strain-load device. (a) Diagram
illustrating strain-load device built to fit into a motorized
confocal microscope stage. Adjustable screw is shown at
left; this screw, coupled with a block (labeled “BL”) that
could freely slide in the cut-out channel, allowed manipu-
lation of strain on tissue as indicated by red arrow. The
chamber glass, which held the tissue sample in buffer,
does not appear on this diagram. The chamber glass was
held above objective by virtue of a small metal lip.
Placement of tissue sample within the set-up is indicated
by the beige rectangle and load cell is labeled. (b) Photo
illustrating custom-built strain-load device shown in the
schematic (a) set in place on confocal microscope stage.
Edges of strain load device are outlined in red, tissue sam-
ple and load cell are labeled. Microscope objectives are
located under the black stage (hidden from view) and
microscope eye piece is evident in foreground of photo.
Signal output from load cell is carried by silver cable to
electronics not pictured. (¢) Close-up photo of in situ
strain-load device. Note valve tissue sutured to plastic
mesh between green wire struts. Microscope objective can
be seen beneath cover glass. Tissue sample and load cell
are labeled. Inset: view of tissue sample from above
(microscope head piece removed) demonstrating tissue
sutured in place within the chamber. Microscope objective
can be seen below (Adapted from Stephens et al. [60].
Copyright permission obtained from Springer for
reprinting/reusing in book chapter)
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synthesize matrix components (a fibroblast-like
characteristic), VICs are well suited for studying
their contraction and remodeling of collagen gels.
The magnitude of this contraction was shown to
be inversely proportional to the number of cells
seeded into the gel, and it has been demonstrated
that the VICs initially generate force within the
collagen gels by spreading, elongating, and send-
ing out extension processes.

Mitral Valve Tissue Biomechanics

The complex microstructure of the MV leaflets
leads to a pronounced nonlinear anisotropic
mechanical behavior [18, 19, 33, 39, 44, 60].
Both the anterior and posterior leaflets have a
greater tensile elastic modulus and lower exten-
sibility in the circumferential direction compared
to the radial direction. Compared to the anterior
leaflet, the posterior leaflet generally has greater
extensibility and a lower elastic modulus, which
might be due to the larger number of chordal
attachments beneath the posterior leaflet, which
provide it with additional mechanical support
[44]. There is also a pronounced heterogeneity
of mechanical behavior throughout individual
leaflets [10, 56]; for example, the anterior leaflet
clear zone has a circumferential elastic modulus
that is 30-200 % higher than in the rough zone of
the same leaflet [33, 60]. Mitral valve leaflets also
show a rather unique combination of viscoelas-
tic characteristics, being remarkably independent
of strain rates [19], while exhibiting significant
stress relaxation [18, 60], but showing negligi-
ble creep ex vivo [18] and in vivo [56]. Finally,
the elastic modulus of the chordae tendinae is
roughly an order of magnitude stiffer than for the
mitral leaflets [16, 33].

An additional characteristic of the biomechan-
ics of heart valve tissues, recently introduced
by Stephens et al., was developed to assess the
acuteness of the transition region in the stress-
strain curve. This factor, the radius of transition
curvature (RTC), is a measure of pre-transition
and post-transition stiffness. In a study of the
MVs from pig hearts, an age-dependent increase
was observed for mitral valve tissue stiffness,
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stress relaxation, and RTC, which was consistent
with increases in collagen content, notably type
III collagen [61, 62]. Further, mitral valves were
stiffer than age-matched aortic valves in both
the circumferential and radial directions, possi-
bly due to the preponderance of the collagenous
fibrosa layer in the mitral valve leaflets. ECM
changes such as these may be traced to molecu-
lar events e.g., increased VIC activation in mitral
valves compared to aortic valves, at advanced
ages [62]. Regionally, the center of the MV ante-
rior leaflet demonstrated higher circumferential
stiffness, lower extensibility, and lower RTC
compared with free edge of the anterior leaflet.
In the radial direction, the MV strips had larger
RTC than did those oriented in the circumferen-
tial direction.

Similar to porcine valves, mitral valves from
mice have been reported to stiffen with age
as a result of increased collagen fraction and
alignment [15], as shown by continuous laser
optical imaging and meso-scale uniaxial tissue
stretching. In contrast, a micropipette aspiration
based mechanical testing approach showed that
aortic valve tissue from mice had compromised
mechanical stiffness (more pronounced in the
valve hinge region) at advanced ages due to a
decrease in collagen/GAG fractional ratio [32].
Interestingly, another micromechanical analysis
performed using atomic force microscopy indi-
cated stiffening of aortic valve tissue with age,
with focal collagen deposition in the leaflets
[58]. While fibrotic disease states may manifest
as different changes in ECM composition (more
collagen or more GAG) [67], this distinguishing
feature of age-induced, localized impairment of
ECM maintenance in valves — and any differ-
ences between old aortic and mitral valves in gen-
eral — has significant biomechanical implications
and warrants further study. In the future, it will
be important to consider a unified approach for
measuring tissue biomechanical properties in the
various heart valves of different animal models.
In sum, age-related regional differences impact
valve physiologic function, and information from
studies such as these are useful in the context of
tissue engineered valve design and understanding
the mechanisms of MV disease.

Diseased Valve Biomechanics

The biomechanics of the MV are dramatically
altered in disease conditions. Degenerative myx-
omatous mitral valve disease may lead to valve
incompetence due to dilatation of the mitral
annulus, an excess of valve tissue resulting in bil-
lowing floppy leaflets (usually more prominent in
the posterior leaflet), or most commonly rupture
of the chordae tendineae resulting in a flail leaflet
[13]. Mechanically, the myxomatous leaflets are
roughly one-third less stiff and twice as exten-
sible as normal leaflets [1]. The chordae tendi-
nae are even more mechanically compromised,
being about two-thirds less stiff and 75 % less
strong than normal chordae [2], thus enhancing
the potential for chordal rupture.

During valve disease, cell-mediated matrix
remodeling can lead to gross tissue biome-
chanical changes. For example, mitral valves
from Marfan mutant (C1039G/+ Fbnl) mice
demonstrated reduced tissue stiffness as early
as 4 months of age, which was attributed to
decreased connective tissue and elastin frac-
tions, and a lower collagen/GAG fractional ratio
[15]. Further, the analysis of the circularity and
fiber alignment index (expressed as a function
of stretch ratio) revealed decoupling of cellular
deformation and fiber alignment from the tis-
sue stretch in these Marfan mitral valves. This
decoupling suggests an impairment of local cell
sensitivity as well as abnormalities in integrin
binding and traction force generation due to the
Fbnl1 deficiency.

Non-sterile In Vitro System for MV
Function and Biomechanics

Non-sterile in vitro flow loop systems have gen-
erated a great deal of insight into the complex-
ity of valve function and disease. Such systems
have taken advantage of loosened restrictions
on the design requirements that are needed for
sterile culture by adding complex control of
valve geometry and analysis capabilities. As non-
sterile bioreactors are used for short-term studies
as opposed to extended culture durations, these
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Fig. 12.2 Schematic of Georgia Tech Left Heart
Simulator. This system, utilizing a compressed air pump,
left ventricular chamber with papillary muscle holders,
compliance chamber, variable resistance element, and
reservoir, allows for the manipulation of flow and pres-
sure values and valve geometry during a simulated car-

systems are not capable of in-depth investigation
of underlying biological aspects of valve func-
tion. Instead, such studies concentrate on the
mechanical and hemodynamic function of the
mitral valve. Accordingly, these systems attempt
to accurately reproduce the clinical environment
of valve tissues. This includes considerations
of pressure and flow waveforms throughout the
cardiac cycle mimicking those experienced by
natural valves, namely a low-pressure, high-vol-
ume filling diastole followed by a high-pressure
systole that requires the mitral valve to prevent
backflow under high stresses (when in non-
diseased conditions). The ability to reproduce
physiological heart rates and total flow volumes
as well as appropriate dynamic pressure rates at
the start and end of systole has also been consid-
ered. To accomplish these goals, these systems
consist of a series of controls and adjustable
elements including variable compliance, resis-
tance, and reservoir components of the flow loop
(Fig. 12.2). The flow and pressure inputs are then

diac cycle. Pressure transducers, flow probes, and imaging
modalities allow for quantification of flow, pressure and
valve movement throughout the cardiac cycle for better
understanding of valve function and physiology (Adapted
from Jimenez et al. [28]. Copyright permission obtained
from Springer for reprinting/reusing in book chapter)

verified through a series of flow probes and pres-
sure transducers placed throughout the system in
critical areas [28]. The majority of work using
these systems has been conducted or based on the
work of Dr. Ajit Yoganathan using the Georgia
Tech Left Heart Simulator.

In addition to generating an accurate repro-
duction of the hemodynamic environment, these
systems allow for the manipulation of mitral
valve geometry both in terms of annular size and
shape as well as papillary muscle positioning.
This control allows for investigation of the val-
vular geometry effects on valve function. In addi-
tion, the analysis tools used in conjunction with
these systems enhance the types of data available
to researchers. Such tools include visual or ultra-
sound tracking markers applied to valves to assess
the strains experienced by the chordal and leaflet
tissues throughout the cardiac cycle [26, 68]. In
addition, force transducers have been placed in
line with valve chordae to see how chordal forces
change, either throughout the cardiac cycle [27]
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or after altering valve geometry to mimic disease
conditions [28, 29].

Using these systems and their ability to
track and obtain high-resolution data resulting
from directed manipulations of valve geometry,
researchers can gain insight into valve function
with fidelity not achievable during clinical or
animal studies. Researchers have been able to
investigate fundamental aspects of mitral valve
function and mechanics, the importance of the
shape of the annulus and leaflets, and the role that
certain chordae perform in overall valve function
throughout the cardiac cycle [9, 26, 47, 48, 50].
In addition, these systems have enabled numer-
ous in-depth investigations of the mechanisms
of mitral regurgitation, a common, varied, and
clinically critical malfunctioning of the mitral
valve. The resulting data have provided critical
insight into what manipulations or malforma-
tions the valve can overcome without regurgita-
tion and conversely what manipulations result in
greater regurgitation volumes [22, 45, 46]. Such
studies have found that a flexible mitral annulus
increases forces on basal chordae and increased
mitral regurgitation in the setting of dilated car-
diomyopathy, that basal chordae are most sensi-
tive to papillary muscle displacement, and that a
saddle shape annulus more optimally balances
the forces on the chordae to allow for better valve
coaptation in the presence of papillary muscle
displacement. Expanding upon the clinical rel-
evance of such in vitro systems, multiple strate-
gies to repair the mitral valve have been tested,
validated or analyzed using these physiological
flow loops [6, 12, 24, 30, 49, 53].

The newest generation of non-sterile systems
has concentrated on expanding the range of imag-
ing capabilities that can be employed to monitor
valve function. By constructing these flow loops
using materials compatible with echocardiogra-
phy and magnetic resonance imaging technol-
ogy, detailed characterization and visualization
of tissue and fluid dynamics is possible within
these bioreactor systems [41, 52]. In addition,
by ensuring these systems are compatible with
clinically relevant imaging modalities, investiga-
tors can be more confident in their comparisons
to clinical findings in patients or in vivo models

of valve mechanics and disease. These findings
allow for in-depth analysis of the function of cer-
tain aspects of the mitral valve as well as deeper
understanding of clinical phenomenon with a
level of rigor only achievable in an in vitro system.
The precise control features found in the in vitro
systems can also be used to resolve controversies
that arise using clinical measurement tools, espe-
cially in cases in which the unique geometry or
complications of a given clinical situation casts
doubt upon the validity of measurements from
traditional imaging techniques such as Doppler
echocardiography or cardiac MRI [42, 52].

As these systems continue to progress in
complexity, imaging technologies used to ana-
lyze non-sterile flow loop systems have moved
beyond the capabilities available to clinical prac-
tice. Recent studies have shown that higher reso-
lution images can be obtained using flow loops
that are compatible with micro-computed tomog-
raphy (micro-CT) and digital particle image
velocimetry (DPIV) [54]. With sufficiently high
resolution, these in vitro flow loop models have
the potential to establish, refine, or validate in
situ models of valve function. In contrast to pre-
vious in vitro models, in which examining the
impact of alterations in valve geometry required
anatomic or mechanical changes that were large
in scale, the improved resolution in these recently
described systems could be used to assess the
impact of smaller changes that are more repre-
sentative of early disease progression [53, 54].
Examining the impact of such changes could
provide clinical insight regarding controversial
issues, such as the timing of intervention dur-
ing the progression of valve disease or alterna-
tive novel therapy options. Additionally, the high
fidelity of imaging of both tissue and flow that
can be obtained in such systems should also pro-
mote more in-depth fundamental studies of how
tissue and fluid mechanics impact overall valve
function.

Despite their versatility and recent innova-
tions, these non-sterile flow loops still have some
important limitations to overcome. Currently,
the main limitation is that no published loop
has accurately reproduced the dynamic annu-
lar movement that occurs in clinical valves. An
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innate limitation is that, since these loops are
non-sterile, it is difficult to study the impact of
biological and compositional changes on valve
mechanics and function due to the challenge
of obtaining fully intact diseased mitral valves
from patients or animal models. The develop-
ment of a source of diseased or disease-condi-
tioned valves (such as from specialized animal
models) that could be further investigated in
these non-sterile flow loop systems could pro-
vide new information about how disease con-
ditions affect the valve mechanics, function,
and resulting hemodynamics, including mitral
regurgitation.

Sterile Bioreactors: Models for
Mitral Valve Biomechanics and
Disease

Sterile bioreactor systems have a distinct advan-
tage over non-sterile systems in their ability
to incorporate and investigate the biological
response to mechanical stimuli. As researchers
look to gain insight into the factors that impact
valve remodeling and how this might affect valve
function and disease progression, design criteria
for their systems must incorporate the desired
balance between control of applied mechanical
stimulation and the faithful replication of physi-
ological function. Simpler bioreactor designs
can offer more control over the selected manipu-
lations being studied and greater ease in main-
taining sterility within the system. However,
simplicity can also lead to placing valve tissues
in non-physiological environments, which can
alter their typical, clinical response to mechani-
cal stimuli.

The most simplified 3D culture systems har-
vest cells from valves (usually the valvular inter-
stitial cells), place these cells in a known scaffold
such as collagen or a synthetic polymer and
stimulate these constructs using a stretch or flow
mechanism [66]. By using precise numbers of
cells within a well-defined substrate, researchers
are controlling the biochemical signals the cells
are receiving in addition to the mechanical stimu-
lation. This approach also permits investigation of
differences in extracellular matrix production as a
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result of varied experimental conditions without
concern over inconsistencies in starting composi-
tion or intrinsic biochemical stimuli, allowing for
higher fidelity studies [20]. By using simple flow
or uniaxial or biaxial stretch, such systems can
directly apply simple, measureable strain rates
to their constructs, making it possible to corre-
late strain rates/magnitudes and changes in cell
behavior. Using such a system, Gupta et al. found
that chordal and leaflet valvular interstitial cells
produce magnitudes of glycosaminoglycans in
comparable proportions to the concentrations of
glycosaminoglycans found in chordal and leaflet
MYV tissues. Waxman et al. determined that cyclic
strain induced fibroblastic phenotypes in canine
valvular interstitial cells. This simple design has
similarly been used on strips of mitral leaflet tis-
sue. These systems hold the same advantages as
the uniaxial stretch scaffold systems, only they
utilize the native tissue structure to provide the
cells their natural extracellular matrix environ-
ment throughout the study [34, 35].

The next stage of sterile bioreactor incor-
porates multiple stimuli into their design while
attempting to still balance relative simplicity
and small size. The native mitral valve not only
experiences tensile forces throughout the cardiac
cycle, but also compression, bending, and shear
forces due to flow. One example of such as sys-
tem is the rotating “splashing” bioreactor system
reported by Barzilla et al. [4]. In this system, a
portion of the mitral valve is suspended within a
chamber partially filled with media and then the
chamber is rotated so that the change in orienta-
tion results in the culture media splashing across
the valve, simulating some degree of tension,
compression and shear upon the valve segment
(although physiological flows and pressures are
not obtained). This type of system is able to apply
multiple types of stimuli to the valve simultane-
ously, and while it does not have the control of
the directly applied strain systems and does not
apply physiological loads, it still provides a plat-
form by which the effect of these different stimuli
on valve cell activation and valve compositional
remodeling can be explored [3]. Using such a
system, Barzilla et al. were able to reproduce
the serotonergic plaques formed atop valves as
a result of valve exposure to norfenfluramine,
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and were able to gain insight into the underlying
mechanism of this drug-induced valvulopathy.
The last category of sterile bioreactors is
physiological flow loops. This type of bioreac-
tor is a closed system that includes a mock left
ventricle with attached pump, tubing, a compli-
ance chamber, and a reservoir chamber to pro-
duce physiological or pseudo-physiological flow
and pressure acting upon an intact mitral valve.
These systems may closely resemble non-sterile
flow loop systems, but are often simplified with
fewer active mechanical parts in order to allow
for easy assembly of a fully closed, sterile system
with filtered air exchange. Although these sys-
tems may lack the resolution of control of pre-
viously discussed parameters such as strain rate,
they do provide the valves with simulated native
valve hemodynamics that allow for valve culture
over multiple week periods so that the biological
response to geometry and hemodynamic variations

Front
BC
Aorta/
pulmonary
artery

Fig. 12.3 Schematic of Miniature Tissue Culture System.
This system allows for the culture of a mouse left ventricle,
including intact mitral valve, with user controlled flow and
pressure using a cannulation system. In this system a ball
cannula (BC) is inserted through the pulmonary vein into the
left atrium (LA) and secured in place above the level of the
mitral valve. A cylinder cannula (CC) is then inserted through

can be explored [14]. These systems also lack the
full physiological response that would be pres-
ent in an animal model, but do provide benefits
in terms of reducing cost and allowing control of
geometric and hemodynamic parameters within
the system. Taken together, these systems would
allow for the direct cause and effect comparison
of very specific manipulations to be explored
with a high enough number of valves to obtain
high-powered studies of even subtle remodeling
responses.

A system closely related to the physiological
flow loops is the Miniature Tissue Culture System
described by Lieber et al. This unique design
takes advantage of flow loop principles and the
physiology of a full intact murine left ventricle
to allow for the culture of mitral valves in their
native ventricular environment (Fig. 12.3). Given
the genetic manipulation and viral targeting cur-
rently available throughout mouse lines, the use

Back

BC
Caval
vein

pulmonary

an opening cut into the apex of the left ventricle (LV) and
secured using cyanoacrylate. The pulmonary artery, aorta,
and left atrial appendage are ligated to prevent leakage. As a
result of this ligation, the right atria (RA) and right ventricle
(RV) are excluded from the flow of this system (Adapted
from Lieber et al. [40]. Copyright permission obtained from
Springer for reprinting/reusing in book chapter)



104

of this system to investigate murine hearts offers
tremendous potential to explore the genetic com-
ponents of heart and valve disease [40].

One disadvantage of these full, sterile, physi-
ological flow loop systems is that the require-
ments of sterile culture often make imaging the
active valve difficult or impossible, depend-
ing on the modality being used. Therefore, one
area for improvement of such systems would be
design advancements that would allow for the
same imaging protocols as used in the non-sterile
loops or for the ability to transfer valves (while
maintaining their accurate attachment character-
istics) into non-sterile systems that have state of
the art imaging capabilities. Using this tandem
approach, investigators could better characterize
the hemodynamic conditions being experienced
by the valve as well as measure the valve dynam-
ics throughout the simulated cardiac cycle.

Summary

Although the mechanobiology of the mitral valve
has not received as much attention as that of the
aortic valve, there is a growing effort to develop
in vitro tools to investigate the relationships
between the distinctive and varied ECM com-
position of the mitral valve, the interstitial cells
located throughout the MV, and their mechanical
environment. These studies utilize a wide range
of approaches employing native or synthetic
hydrogel platforms, native valve tissues, and/or
simple through complex bioreactor systems to
transmit adhesive or applied strains to the valve
cells. These systems and platforms can be used
in studies of biomechanics or mechanobiology
as a function of mechanical stimulation only, or
applied in combination with chemical stimuli
such as pharmacological agents or growth fac-
tors, and have provided great insight into the
biomechanics and mechanisms of MV function,
remodeling, and disease. In the future, it seems
likely that sterile bioreactor systems will be
designed with more hybrid functionality, such as
integration of imaging modules to monitor MV
function during culture, to take advantage of the
versatility offered by non-sterile bioreactors for
the MV. Further characterization of the MV of
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common animal models, and their comparison
with human valves, will allow the development
of a wealth of in vitro models for MV disease.
These approaches will also be valuable in devel-
oping future culture and scaffold systems for the
purpose of generating tissue engineered mitral
valves. All of these potential research directions
will be essential in the future as we strive to elu-
cidate the critical steps in the development of
mitral valve disease as targets for new treatment
strategies.
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Introduction

The aberrant mineralization of soft tissues (i.e.,
ectopic calcification) recently has been asso-
ciated with various chronic and degenerative
conditions in humans. Cardiovascular tissue,
particularly vasculature and valves, are among
the peripheral tissues affected by the patho-
logical deposition of calcium phosphate in con-
nective tissue [1]. Although whether ectopic
calcification originates from the same causes in
different soft tissues is still unclear, the mineral-
ization process seems to be triggered by chronic
inflammatory conditions. This relationship has
been especially demonstrated in the cardiovas-
cular system, where macrophage infiltration and
subsequent release of proteolytic enzymes and
cytokines precedes the transformation of vascular
smooth muscle cells and valve interstitial cells
(VICs) into osteoblast-like cells. Over the last
two decades, cardiovascular calcification has
gradually gained the attention of more research
groups with the acknowledgement that calcifi-
cation constitutes an independent risk factor for
cardiovascular morbidity and mortality [2-7].
Moreover, the prevalence of arterial calcifica-
tion and calcific aortic valve disease (CAVD)
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is expected to increase, due to aging worldwide
population. An estimated 2.1 million patients in
Europe and 3.5 million patients in North America
will suffer from severe CAVD by 2025 and 2050,
respectively [8]. Therefore, a better understand-
ing of the mechanisms underlying the initiation
of CAVD will lead to the development of novel
diagnostic and therapeutic methods to improve
patients’ quality of life.

Common epidemiological risk factors such as
age, hypercholesterolemia, metabolic syndrome,
chronic renal disease, and diabetes mellitus have
been identified for atherosclerosis and CAVD
[5, 9, 10]. Nevertheless, different molecular
mechanisms may participate in arterial and aor-
tic valve calcification, as suggested by the lack
of benefit of statin therapy on the reduction of
valve calcification [11, 12]. Indeed, we now rec-
ognize that aortic valve calcification represents a
late stage of a progressive disease that alters the
anatomy and functionality of the aortic valve [13,
14]. In a healthy valve, a layer of endothelium
encloses three distinguishable layers of connec-
tive tissue: fibrosa, spongiosa, and ventricularis.
Heart valve disease begins with microstructural
changes involving a degenerative remodeling of
the fibrosa layer. This stage of the disease, char-
acterized by a mild thickening of the valve with-
out overt changes on blood outflow from the left
ventricle, is known as aortic sclerosis. A subset
of patients develops aortic stenosis, character-
ized by the presence of macroscopically calcific
lesions and limited motion of the valve leaflets.
Stiffening of the aortic valve results in major
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hemodynamic changes and remodeling of the left
ventricle that can lead to fatal myocardial infarc-
tion in these patients [14].

Currently, the only available treatment options
for aortic stenosis are surgical or transcatheter
valve replacements [15]. But these interventions
are intended for the end stage of the disease, and
generally result in a poor prognosis. Furthermore,
pharmacological therapies—including statins,
mineralocorticoid receptor antagonists, and
bisphosphonates—have not been effective in
clinical practice [12, 16-18]. Two interrelated
challenges thus need to be addressed by CAVD
investigators. First, we must identify molecular
targets to stop the progression of CAVD at differ-
ent stages of the disease; and second, we should
endeavor to generate new non-invasive methods of
diagnosis that allow the visualization and quanti-
fication of early events of CAVD. The technology
available in current clinical practice, such as intra-
vascular ultrasonography (IVUS), transthoracic
echocardiography (TTE), computed tomography
(CT), or magnetic resonance imaging (MRI), fails
to detect microcalcifications and to measure other
key cellular events that are crucial to detect before
valve damage is irreversible.

Molecular imaging, an emerging modality,
can be used to visualize molecular processes in
vivo [19, 20]. This approach has been extremely
useful in several biomedical areas, including car-
diovascular research. The design of fluorescent
probes to target specific molecules or to monitor
certain enzyme activity have helped researchers
to understand biological processes simultane-
ously in real time at cellular and molecular lev-
els. This chapter aims to provide a review of the
imaging studies that have been crucial to our
understanding of the early stages of CAVD, and
to give an overview of the most recent advance-
ments with potential to be translated to the clinic.

Imaging of Aortic Valve Disease

The notion that inflammation plays a funda-
mental role in the development of cardiovas-
cular calcification is quite recent [13, 14]. To a
large extent, studies using fluorescence-based
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imaging techniques support the paradigm that
an identifiable sequence of cellular events trig-
gers cardiovascular calcification [21-24]. The
most frequent imaging modalities used for this
purpose are fluorescence reflectance imaging
(FRI) and intravital confocal microscopy (IVM).
These platforms offer great versatility, as two or
more fluorochromes can be employed in the same
experiment to visualize two different biologi-
cal processes simultaneously. The macroscopic
resolution of FRI makes this platform ideal for
imaging entire organs, while IVM is more suit-
able for obtaining information at the microscopic
level. Both imaging systems have been used
complementarily with a variety of targeted and
activatable imaging agents. The targeted agents
consist of an affinity ligand (antibody or small
molecule) conjugated to a fluorochrome or mag-
netic compound [25-27]. The activatable agents
must be chemically modified, commonly by an
enzyme, in order to emit fluorescence. For in
vivo applications, the near-infrared region of the
light spectrum (600-900 nm) is preferred over
visible or infrared light. The use of near-infrared
fluorescence (NIRF) probes enables imaging
from deeper regions of the tissue, avoids pho-
ton absorption, and increases the signal-to-noise
ratio. Through the imaging of a battery of NIRF
agents, we have been able to monitor over time
the main cellular events leading to valve calcifi-
cation: (1) endothelial activation, (2) macrophage
infiltration, (3) extracellular matrix degradation,
and (4) osteogenic activity in the aortic valves of
hypercholesterolemic apolipoprotein E—deficient
(apoE™") mice [21-24].

Monitoring of Endothelial
Activation and Inflammation
In Vivo

In response to atherogenic factors, endothelial
cells express a variety of adhesion and chemo-
tactic molecules that initiate a local inflammatory
response [28-31]. Furthermore, the expression of
vascular cell adhesion molecule-1 (VCAM-1),
intercellular adhesion molecule-1 (ICAM-1), and
E-selectin increases in the valvular endothelium
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Fig. 13.1 Visualization of early events of aortic valve
calcification through molecular imaging. (a), Endothelial
cell activation occurs in the commissures of diseased aor-
tic valves. (Left) Ex vivo MRI showing the long-axis view
of the aortic arch and root. Dotted line depicts slice posi-
tion of short-axis view (middle). Dark areas in the middle
panel denotes where the nanoparticles were taken up by
endothelial cells. (Right) Color-coded signal intensities
of short-axis view show focused uptake of molecular
agent in commissures (arrows). (b), NIRF microscopy
with a protease-activatable agent for cathepsin activity
(left). Immunochemistry colocalized NIRF signals with

of diseased valves [31, 32]. Thus, adhesion mol-
ecules also may reflect an injury response of
valvular endothelial cells. In support of this pos-
sibility, we found by MRI and NIRF microscopy
that VCAM-1 is mainly distributed in the aortic
valve leaflet near the region known as the com-
missure [23] (Fig. 13.1). This region is where the

macrophages (Mac3) expressing cathepsin B. (¢), In
the aortic valve of atherogenic mice, the inflammatory
activity correlates with osteogenesis as visualized by ex
vivo IVM. (Left) Macrophage accumulation measured
by accumulation of magnetofluorescent nanoparticles.
(Middle) Bisphosphonate-imaging agent binds to nano-
molar concentrations of hydroxyapatite to detects osteo-
genic activity. Molecular imaging allow inflammatory and
osteogenic activities colocalized in the areas of highest
mechanical stress at the aortic valve attachment (arrows)
(Adapted from Aikawa et al. [21-23])

valve leaflet is attached to the aortic root, and is
subjected to the greatest amount of mechanical
stress during the cardiac cycle [33]. Interestingly,
endothelial activation reflected by the expression
of VCAM-1 has been found in an ex vivo model
that recreates shear stress of the bicuspid aortic
valve [34].
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Through the wuse of magnetofluorescent
nanoparticles, it was possible to determine that
macrophages accumulate in regions of the leaf-
let that present endothelial cell activation [22,
23]. The NIREF signal from the nanoparticles was
mainly located in the thickened regions of the
valve containing abundant Mac3 immunoreactive
cells. This finding suggested that macrophages
are involved in the remodeling of the extracellu-
lar matrix (ECM) of the valve. Remarkably, the
presence of macrophages determines how rapidly
the aortic stenosis progresses [35]. Another con-
sequence of macrophage accumulation is that the
released cytokines, such as TGF-f, IL-1p, and
TNF-a, induce the activation of VICs into myo-
fibroblasts [36—38]. In our experiments, we have
noticed a close spatial relationship between these
cell types that needs further investigation. In
this context, a pathological interaction between
macrophages and VICs may lead to thickening
and dysfunction of the valve through an aberrant
remodeling of its architecture. A consideration
about the interpretation of imaging experiments
with polysaccharide-coated magnetic nanopar-
ticles should be noted: a recent study found that
valvular myofibroblasts also can uptake magne-
tonanoparticles, opening the possibility that to
some extent, other cell types could accumulate
these nanoparticles [39]. This finding is espe-
cially important considering that the immune
infiltrate in CAVD also includes lymphocytes,
plasma cells, and mast cells [40—43]. We there-
fore must generate cell-specific imaging agents
to achieve better insight into the functions of
different types of immune cells. Experiments
with new imaging agents will help to determine
if the timing and presence of a particular immune
cell type associate with the progression and
severity of calcification.

Extracellular Matrix Remodeling
Promotes Valve Calcification

The release of matrix-degrading proteinases has
been proposed as a mechanism to explain the patho-
biology of CAVD [44—46]. Valvular myofibroblasts
and macrophages synthesize matrix metallopro-
teinases (MMPs; e.g., collagenase-1/MMP-1,
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collagenase-3/MMP-13, gelatinase-A/MMP-2, and
gelatinase-B/MMP-9) and cysteine endoproteases
(cathepsins B, K, and S) [47-50]. Using hyper-
cholesterolemic ApoE”" mice, we have shown that
regions of the aortic valve enriched with valvular
myofibroblasts and macrophages displayed activ-
ity of cathpesins B and K, as well as MMP-2 and
MMP-9 [21, 23]. The implications of collagen and
elastin degradation are not only structural, but also
functional. ECM composition has been proposed
to modulate VIC calcification and proliferation
[51-53]. A reduction in the number of interaction
sites with ECM or by-products of ECM degrada-
tion may facilitate VIC transdifferentiation into an
osteoblastic-like phenotype. In agreement with this
notion, we found that cathepsin S activity acceler-
ates arterial and valvular calcification in mice with
atherosclerosis and chronic renal disease (CRD)
[21]. Using a protease-activatable imaging agent
specific for cathepsin S, we used intravital micros-
copy to detect increased activity of this elastase in
regions displaying ostegenic activity (Fig 13.1).
CRD-induced calcification was clearly diminished
in cathepsin S-deficient mice, even with a similar
macrophage accumulation in the valve leaflets. In
in vitro experiments with vascular smooth muscle
cells, elastin-derived peptides significantly induced
the expression of alkaline phosphatase. Taken
together, these findings suggest that elastin degra-
dation modulates the calcification potential of myo-
fibroblasts. In this regard, the elastin degradation
products—known as matrikines or elastokines—
regulate myofibroblastic migration, proliferation,
and production of bone-regulating proteins [53-55].
An additional repercussion of the enhanced proteo-
lytic activity can be the activation of proinflam-
matory precursors deposited in the ECM, which
enhances the inflammatory response [56, 57].

Visualization of Early Osteogenic
Activity Preceding Valve
Calcification

The possibility of detecting nanomolar con-
centrations of calcium hydroxyapatite crystals
through in vivo molecular imaging experiments
constitutes one of the greatest technical advance-
ments that have revolutionized our understanding
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of cardiovascular calcification. While conven-
tional histological techniques for calcium deposit
detection (e.g., Von Kossa and alizarin red stains)
are only useful for staining advanced calcific
lesions, a bisphosphonate-conjugated fluorescent
agent (Osteosense 680/750) allows the localiza-
tion of active sites of biomineralization in early
stages of the calcification process. With the aid
of multichannel NIRF microscopy, and the agent
either injected into or applied directly on to a tis-
sue section, we have associated osteogenic activ-
ity with precise proinflammatory events [21-23,
58]. In our in vivo and ex vivo experiments,
osteogenic activity is spatially correlated with
macrophage accumulation and proteolytic/elasto-
lytic activity (Fig. 13.1) [21-23]. Of note, NIRF
longitudinal studies in the same animals allowed
us to monitor dynamic changes in inflammation
and osteogenesis simultaneously in vivo. In the
second stage of calcification (propagation), these
two processes develop in close proximity, and
calcification typically appears in areas preceded
by macrophage accumulation [22]. Overall, these
findings suggest that inflammation precedes cal-
cification. NIRF imaging experiments have been
extensively validated through complementary
immunohistochemical analysis showing expres-
sion of osteopontin, osteocalcin, Runx2, and
Notchl by valvular myofibroblasts [23]. Our
results reveal that valve calcification is a highly
complex process triggered by inflammation,
leading to the expression of osteogenic markers
by valvular myofibroblasts. Moreover, these find-
ings provide new insights into the initiation of
early calcific lesions in aortic valves (Fig. 13.2).
The initial deposition of hydroxyapatite crystals
appears to be in the form of microcalcification.
These discrete regions of mineralization may
cause recurrent activation of an inflammatory
response that would enhance ECM degradation
and VIC differentiation. Crystal nucleation may
start on the surface or lumen of extracellular
vesicles released by myofibroblasts [22, 58—60].
The gradual aggregation of microcalcification
could result in the large spherical particles com-
posed of highly crystalline hydroxyapatite that
recently have been observed in human aortic
valves by electron scanning microscopy, even in
the absence of macroscopic lesions [61].

Molecular imaging methods offer the great
advantage for longitudinal studies to follow the
evolution of a biological process over time in the
same group of animals. This advantage has been
exploited to test the hypothesis that inflamma-
tion precedes the events of calcification. Carotid
arteries of ApoE~~ mice were imaged to quantify
macrophage accumulation and osteogenesis after
10 weeks of a high-cholesterol diet. The carotid
arteries showed clear signs of inflammation, but
barely any signs of osteogenesis [22]. In a sub-
group of these mice, the atherogenic diet was sup-
plemented with atorvastatin and a second imaging
session was performed in the same carotid artery
region after 10 more weeks. Statin treatment
prevented the progression of macrophage bur-
den and osteogenesis, supporting the hypothesis
that inflammation promotes osteogenic activity.
Similar strategies have been used to find thera-
peutic targets that block progression of inflam-
mation in the aortic valve [11, 12]. Recently, a
role of Notch ligand Delta-like 4 (DI14) has been
proposed in macrophage-mediated inflammation
underlying the pathogenesis of cardiometabolic
disorders [62]. By ex vivo mapping experiments
using FRI, aortic valve calcification was attenu-
ated after blockade of DIl4-Notch signaling with
an anti-DIll4 monoclonal antibody [63]. Future
work is necessary to understand the mechanisms
that promote accumulation of macrophages in the
valve leaflets, as well as the signaling pathways
involved in inducing the inflammatory response.

Epidemiological surveys have indicated an
association among osteoporosis, atherosclerosis,
CRD, and cardiovascular calcification [64—66].
In humans, arterial and aortic valve calcifica-
tion correlates with decreased bone mineral den-
sity (BMD). In atherogenic mice, a high-fat diet
induces osteoblastic apoptosis, which in turn
reduces bone formation [67]. Using 3D micro-
CT and optical molecular imaging, we found
that in atherosclerotic and CRD mice, the degree
of cardiovascular calcification relates inversely
to BMD. Most importantly, the bones of these
mice also showed signs of inflammatory activ-
ity, visualized as uptake of NIRF-conjugated iron
nanoparticles. No definitive explanation currently
exists for the seemingly disparate responses
of cardiac and bone tissue to inflammation.
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Fig 13.2 Major cellular events underlying calcific aortic
valve disease as revealed by molecular imaging. Chronic
inflammatory conditions lead to the activation of endothe-
lial cells denoted by an increased expression of adhesion
molecules, such as VCAM-1, which can be visualized by
NIRF/MRI imaging with magnetofluorescent nanoparti-
cles. The endothelium activation promotes the recruitment
of circulating monocytes, which eventually results in mac-
rophage accumulation in the valve interstitium. This pro-
cess has been analyzed with NIRF macrophage-targeted
nanoparticles (CLIO) and a radiolabeled glucose ana-
logue (18F-FDG). The inflammatory process is associated

Osteoporotic bones may release mineralization-
promoting signals into the circulation that even-
tually impact the cardiovascular system [68].
Alternatively, osteoporosis and calcification have
been proposed as tissue-specific responses to
chronic inflammation [69].

Perspectives for Valve Imaging
and Clinical Applications

Despite the enormous utility of IVM, FRI, and
other imaging modalities to our understanding of
the mechanisms underlying CAVD, these plat-
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with an extensive remodeling of the extracellular matrix
triggered by the release of proteolytic enzymes. Specific
probes for matrix metalloproteases and cathepsins have
been developed for NIRF applications. Overall the inflam-
matory environment stimulates the differentiation of
valvular myofibroblast into osteoblasts. These osteoblast-
like cells release active vesicles capable of nucleating
hydroxyapatite on their membranes. Microcalcifications
can be identified by a bisphosphonate-conjugated imaging
agent before macrospcopic lesions and valvular dysfunc-
tion are noted

forms present several disadvantages in their clini-
cal application. Most of these modalities involve
an invasive approach and have limited tissue pen-
etration [20]. Considering that the detection of
microcalcification formation represents an ideal
time point for effective intervention, we need
innovative imaging technologies with resolutions
capable of their identification. Some promising
recent efforts in this direction have combined the
widely used technology available in the clinic
with molecular imaging agents. Positron emis-
sion tomography (PET) combined with CT was
used to assess in humans the degree of inflam-
mation and calcification at different stages
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of aortic valve disease. A glucose analogue,
18F-Fluorodeoxyglucose (18F-FDG)—uptaken
by cells with high metabolic demands, such as
macrophages—was used to target inflammatory
activity [70, 71]. Sites of active mineralization
were identified with 18F-Sodium fluoride (18F-
NAF), which directly reacts with hydroxyapatite
crystals [72-75]. The results of this study indi-
cate that 18F-NAF allows the detection of regions
of microcalcification and consolidated calcific
lesions, thus representing a major advance for
CAVD diagnostics. The 18F-FDG signal was
observed in early stages of the disease, as would
be expected from an inflammation marker, but
it was also present in calcific regions. The lat-
ter may suggest that the incorporation of 18F-
FDG may not only reflect inflammatory activity,
as macrophages also exhibit increased glucose
uptake in response to hypoxia [76]. Thus, addi-
tional experiments are needed to validate the use
of glucose analogs as markers of inflammation in
CAVD [77].

A new technology, micro-optical coherence
tomography (LOCT), is one of the most promis-
ing approaches in terms of high resolution. This
new imaging system allows the visualization of
cellular and subcellular features with a resolution
of less than 1 pm [78]. The cytoarchitecture of the
atherosclerotic artery recently was studied using
this technique; remarkably, cholesterol crystals,
superficial calcium nodules, and microcalcifica-
tions were all visualized. Although conceived as
an invasive catheter for its clinical application,
ROCT has the potential for improving diagnosis
by providing real-time information obtainable
only with histological processes.

The advances over the past several years
regarding in vivo and ex vivo imaging techniques
have accelerated our understanding of cardiovas-
cular calcification. New efforts are oriented to
understand better the role of inflammation as an
inducer of calcification. Clinical practice soon will
benefit from the availability of imaging techniques
that will guide the decision of eliminating risk
factors from patients showing microcalcification.
The need for innovative techniques suitable for the
clinic will also aid in the evaluation of drugs with
therapeutic potential for aortic valve calcification.
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Introduction

Calcific aortic valve disease (CAVD) is the most
common heart valve disorders [1]. Despite inten-
sive research effort in the last decade or so no
medical therapy has emerged to treat patients
with CAVD [2]. Studies have underlined that
CAVD is characterized by lipid infiltration,
inflammation, calcification and extensive tis-
sue remodelling, which leads over the years to
a clinically significant stenosis [3]. It should be
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stressed that mineralization and fibrosis are two
major contributors to the development and pro-
gression of CAVD. Ectopic valve mineralization
involves two mechanisms. First, it is well docu-
mented by using in vitro system of cell culture
that valve interstitial cells (VICs), the main cel-
lular component of the aortic valve, undergo an
osteoblastic transition when exposed to a calci-
fying medium containing phosphate [4]. During
this phenotypic switch VICs express several
genes, which are involved in osteoblast develop-
ment such as Runx2, osteopontin, osteocalcin
and bone morphogenetic proteins (BMPs) [5]. It
is of interest to note that these osteogenic mark-
ers are present in specimen of CAVD retrieved
from patients undergoing aortic valve replace-
ments procedures [6]. Second, there is evidence
that production of phosphate (Pi), which is of
prime importance in controlling mineralization
of VICs, promotes apoptosis-mediated miner-
alization [7]. To this effect, in vitro inhibition
of apoptosis prevents phosphate-induced min-
eralization of VICs [8]. Also, in stenotic aortic
valves a high level of apoptotic cells is present
in the vicinity of calcific nodules. It should be
pointed out that osteoblastic transition and apop-
tosis-mediated mineralization are not mutually
exclusive and probably occur simultaneously in
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different proportions to promote the calcification
of the aortic valve. In this regard, studies have
highlighted that the stiffness of the substrate on
which VICs are grown may determine whether
cells will undergo either osteoblastic transition
or apoptosis. On this score, a stiffer support
largely drives apoptosis of VICs whereas a more
compliant matrix will promote mineralization
through the expression of bone-related factors
[9]. Hence, it could be speculated that during
the initial stages of aortic valve mineralization,
when the tissues are still relatively compli-
ant, that osteogenic transformation of VICs is
dominant, whereas when the process is more
advanced apoptosis-mediated mineralization
would possibly be major contributor to ectopic
valve mineralization.

It is worth to emphasize that both osteogenic
transition and apoptosis-mediated mineralization
relies largely on availability and production of Pi
in the cell environment. To this effect, Pi acts as
major modulator of gene expression and, in doing
so, contributes to a phenotypic switch of VICs
[10]. The ectonucleotidases are a group of mem-
brane bound enzymes, which modulates the
extracellular levels of nucleotides and nucleo-
sides and, in doing so, promote the production of
phosphate (Pi) and pyrophosphate (PPi), two
major molecules that control mineralization [11].
In addition, by changing the bioavailability of
nucleotides and nucleosides, the ectonucleotid-
ases exert a control over purinergic signaling
[12]. Recently, purinergic signaling has emerged
as an important driver of ectopic valve mineral-
ization [13]. Herein, we will review the role and
contribution of ectonucleotidases and purinergic
receptors in the development of calcific aortic
valve disease. The importance of this system in
CAVD will be discussed in light of novel thera-
peutic opportunities that it may offer.

Overview of Ectonucleotidases
and Purinergic Receptors

The ectonucleotidases are divided into four fami-
lies of genes, which encompass: ectonucleotide
pyrophosphatase/phosphodiesterases  (ENPPs),
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ectonucleoside triphosphate diphosphohydro-
lases (ENTPDs), 5'-nucleotidase (NTS5E), and
alkaline phosphatase (ALP). ENPPs include 7
members, which are involved in different biolog-
ical processes [14]. While ENPP1-3 have been
shown to play roles in different disorders, the role
of ENPP4-7 is less clear for the moment. ENPPs
are involved in the transformation of ATP into
AMP, which also liberate PPi. Also, often less
appreciated is the fact that under certain circum-
stances ENPP can hydrolyze ADP into AMP. It
is worth to highlight that ENPP2 is an exception
to this rule since it has a poor pyrophophatase/
phosphodiesterase activity and is instead a lyso-
phospholipase D, which catalyze the transforma-
tion of lysophospholipids into lysophosphatidic
acid (LPA) [15]. By allowing the formation of
PPi, ENPP1 is an important regulator of miner-
alization. ENTPDs 1-3 and 8 are located at the
cell membrane with the enzymatic site facing
the extracellular milieu, whereas ENTPD4-7 are
cytosolic proteins. ENTPDs catalyze the hydroly-
sis of ATP into ADP as well as the transformation
of ADP into AMP. ENTPDs have an important
control over vascular function, thrombosis and
inflammation [16]. NTSE is often co-expressed
in tissues where ENTPDs are present and exert
a control over the adenosine receptors. To this
effect, NT5E uses AMP as a substrate and pro-
duce adenosine [17]. ALP is a phosphatase that
can use a wide array of substrate and generate
therefore a large amount of Pi. By using PPi as a
substrate to generate Pi, ALP is also an important
regulator of ectopic mineralization [18].
Ectonucleotidases by using different nucleo-
tides and nucleotides as substrates exert a con-
trol over purinergic receptors. Hence, each tissue
owing to its specific expression of ectonucleotid-
ases may have different responses to nucleotides
and nucleosides. A layer of complexity in puri-
nergic signaling is added by the existence of 19
different genes encoding purinergic receptors. It
is worth to point out that the ectonucleotidase/
purinergic receptor ‘signature’ may change dur-
ing pathologic process with profound impact on
the pathophysiology. The purinergic receptors
include the adenosine-sensitive receptors (P1) as
well as the nucleotides and nucleosides-responsive
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receptors (P2). There are 4 adenosine receptors,
which signal through cAMP pathway [19]. A,
and A; receptors are G protein coupled receptors
(GPCR), which signals through G;j and thus lower
cAMP production. On the other hand, A,, and A,,
receptors are G, receptors and therefore increase
intracellular levels of cAMP. Adenosine receptors
control inflammation and participate in the regula-
tion of extracellular matrix synthesis. Therefore,
P1 receptors play a role in fibrotic disorders. P2
receptors are divided into two broad categories:
the ion channel receptors (P2X) and the G-protein-
coupled receptor (P2Y). Upon activation P2X
receptor promotes the opening of cation channels,
which results in changes of electrical potential
and the activation of a signaling cascade. Among
the different pathways, P2X receptors have been
shown to induce the activation of the protein
kinase A (PKA), protein kinase C (PKC), phos-
phoinositide 3-kinase (PI3K) and the extracellular-
signal-regulated kinase 1/2 (ERK1/2) pathways.
Currently, 7 different P2X receptor subunits have
been described (P2X_;) and their expression have
been documented in neuronal cells, T cells, mac-
rophages and endothelial cells [20]. On the other
hand, 8 different P2Y receptors have been cloned
P2Y 1246111213,14) and their expression has been
documented in several cell types including vas-
cular smooth muscle cells (VSMCs) and VICs.
P2Y receptors have been shown to signal through
phospholipase C (PLC), PKC, PI3K and ERK1/2,
which are incidentally pathways that have been
previously found implicated in the mineralization
of VSMCs/VICs [8]. P2X receptors are stimulated
by ATP, whereas P2Y receptors are stimulated by
ATP, ADP, UTP and UDP.

ENPP1: Friend or Foe in Ectopic
Valve Mineralization?

ENPP1 is a major contributor to the production of
PPi, which inhibits the nucleation of hydroxyapa-
tite of calcium (HAC). Hence, in mice a complete
knockdown of ENPP1 is associated with ectopic
mineralization of tendons and soft tissues [21]. In
humans, rare mutations of ENPP1, which greatly
affect enzyme function, are associated with
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generalized arterial calcification of infancy (GACI)
[22]. However, it is worth to point out that the lat-
ter phenotype is not constant since reports also
indicate that same mutations are associated with
hypophosphatemic rickets and absence of vascular
calcification [23]. The double deficient ENPP1ttw/
ttw ApoE~~ mice develop medial calcification but
have smaller atherosclerotic lesions when com-
pared to ApoE™ mice [24]. On the other hand,
heterozygote mice for the ttw allele (ENPP1ttw/+
ApoE~) do not develop medial calcification and
also have smaller atherosclerotic lesions com-
pared to ApoE”~ mice. The conclusions of this
study are twofold. First, these findings suggest
that ENPP1, by still an elusive mechanism, pro-
motes atherosclerosis. Second, considering that
the heterozygote ENPP1ttw/+ ApoE~~ mice did
not develop medial calcification compared to the
homozygote mice for the ttw allele (ENPP1ttw/
ttw ApoE™") it is likely that a minimal production
of PPi is required to prevent ectopic vascular min-
eralization. Noteworthy, isolated VSMCs from
ENPPIttw/ttw ApoE"~ and ENPP1ttw/+ ApoE~~
produced less osteopontin, a negative regulator of
mineralization. Hence, these findings highlight
that a minimal production of PPi is of foremost
importance in preventing ectopic mineralization.
In addition, considering that CAVD has to some
extent similarities with atherosclerosis it is possi-
ble that a dysregulation of ENPP1 in CAVD play
arole into the pathobiology.

We recently identified that expression of
ENPP1 is increased in stenotic aortic valve. In
addition, we documented that ENPP enzyme
activity correlated with the amount of calcium in
human specimen of CAVD, suggesting a rela-
tionship between mineralization and ENPP1 [8].
In vitro, overexpression of ENPP1 in isolated
VIC cultures increased mineralization. Similarly,
in isolated chondrocytes the transfection of a
vector encoding ENPP1 promoted mineraliza-
tion of cell cultures, suggesting that ENPPI is a
positive regulator of ectopic mineralization
when overexpressed [25]. The question that
arises is by which mechanism ENPP1 promotes
mineralization? Following a series of experi-
ments in isolated VICs we recently underlined
that by depleting ATP in the extracellular milieu



120

ENPP1 contributes to decrease purinergic sig-
naling through P2Y, receptor (P2Y2R), an
important negative regulator of mineralization in
VICs. Also, it is worth to emphasize that during
pathologic mineralization ALP is co-expressed
with ENPP1. Hence, it is likely that PPi that are
produced by ENPPI1 are transformed by ALP
into Pi, which increases the Pi/PPi ratio and
therefore promote mineralization. When taken
together, these findings suggest that ENPP1 has
U-shape relationship with ectopic mineraliza-
tion. Absence or very low level of ENPP1
expression is conducive to ectopic mineraliza-
tion by lowering the amount of extracellular PPi,
whereas a high level of ENPP1promotes calcifi-
cation by affecting purinergic signaling. Hence,
expression of ENPP1 must be tightly regulated
within a certain range in order to prevent ectopic
valve/vascular mineralization.

Is ENPP1 the Missing Link Between
Visceral Obesity/Type 2 Diabetes
and CAVD?

Patients with the metabolic syndrome (MetS) have
an increased prevalence of aortic valve calcifica-
tion [26]. In addition, we previously reported that
hemodynamic progression of stenosis is faster in
patients with the MetS [27, 28]. Of note, MetS
is characterized by the accumulation of ectopic
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visceral fat, insulin resistance/diabetes, hyperten-
sion and an atherogenic dyslipidemia [29]. In this
regard, patients with type 2 diabetes (T2D) have
an elevated proportion of small, dense low-density
lipoprotein (LDL), which is strongly associated
with the accumulation of oxidized-LDL within
the aortic valve, a powerful promoter of aortic
valve calcification [30]. However, it is worth to
underscore that the mechanism whereby insulin
resistance/T2D promotes CAVD is still poorly
understood. Coté et al. found that single nucleo-
tide polymorphisms (SNPs) in the gene encod-
ing ENPP1 are associated with CAVD [8]. More
specifically, two SNPs, namely rs1800949 and
157754586, previously associated with obesity and
diabetes respectively, were significantly associ-
ated with CAVD (Fig. 14.1) [31, 32]. Of interest,
ENPP1 is suspected to be of importance in promot-
ing insulin resistance. To this effect, the content of
ENPP1 is increased in skeletal muscle of patients
with diabetes [33]. In addition, overexpression of
ENPP1 in the liver and adipose tissue promotes
insulin resistance [34]. It has been shown that
ENPP1 reduces autophosphorylation of the insu-
lin receptor (IR). Studies have highlighted that
ENPP1 may interfere with IR by a direct physi-
cal interaction. However, whether enzyme activity
of ENPPI is necessary or not in order to interfere
with IR activation is controversial [35].

In vitro studies have underlined that insulin
is a negative regulator of phosphate-induced
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Fig. 14.1 ENPPlgene map on human chromosome 6.
SNPs located in the promoter, introns, and 3"UTR region
of the gene were associated with CAVD in a case-control

study. Three SNPs were significant following correction
for multiple testing: rs7754586, rs9402349 and rs1800949
(From Coté et al. [8])
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mineralization of VSMCs. Downstream signal-
ing of IR such as MAPK and Akt pathways may
lower mineralization of VSMCs [36]. We
reported that following treatment of VICs with
phosphate the levels of mRNA encoding Aktl
and phosphorylated Akt are reduced to a great
extent [7]. Although not yet examined in VICs it
is possible that insulin may have preventive effect

on the mineralization of the aortic valve through
Akt pathway. Hence, impediment to insulin sig-
naling, which can be promoted by the overex-
pression of ENPP1, may contribute to ectopic
valve mineralization (Fig. 14.2). However, fur-
ther work is necessary to examine the relation-
ship between insulin signaling and ENPP1 in the
context of aortic valve mineralization.
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Phosphate as a Signaling Molecule
in Valve Interstitial Cells

Extracellular Pi is generated from the hydroly-
sis of different nucleotides and nucleosides. As
indicated above, ALP can use PPi to generate Pi.
Hence, a build-up of Pi occurs when ectonucleo-
tidases are overexpressed and triggers ectopic
mineralization. In bone, evidence indicates that
extracellular Pi is produced owing to the secre-
tion of matrix vesicles (MVs), which contains a
high level of ALP and ENPP1 [37]. It is thought
that elevated content of Pi around MVs creates
a microenvironment conducive to precipitation
of calcium and formation of hydroxyapatite of
calcium, which is the predominant calcium-
phosphate crystal within CAVD. Of interest, a
recent study has found in CAVD the presence
of mineralized spheroid microparticles, which
are thought to coalesce into larger mineralized
structures [38]. Although the exact origin of
spheroid microparticles in CAVD has not been
identified, it is possible that these particles rep-
resent the early phase of mineralization, which
may derive from MVs and/or apoptotic cells.
Pi is also a potent intracellular signaling mol-
ecule in VICs and VSMC:s. In this regard, stud-
ies have documented that Pi is channeled within
the intracellular compartment by the Na*-Pi
co-transporter (Pitl/SLC20A1), which is over-
expressed in stenotic aortic valves. El Husseini
et al. recently identified that Pitl/SLC20AI1 is
an important regulator of VICs mineralization
[7]. In this regard, it was found that intracellu-
lar channeling of Pi by Pit1/SLC20A1 promoted
the expression of osteogenic genes. Phosphate-
induced expression of osteopontin, osteonectin,
osteocalcin, ALP and Runx2 were abrogated
by phosphonoformic acid (PFA), an inhibitor of
Pit1/SLC20A1 (Fig. 14.3). Moreover, the intra-
cellular transport of Pi reduced the level of Akt
and promoted apoptosis-mediated mineralization
of VIC cultures. Phosphate-treated VICs exhib-
ited a loss of mitochondrial membrane potential
(A¥m) and expressed activated caspase 3. The
apoptosis-mediated mineralization induced by
phosphate was prevented by cyclosporin A, an
inhibitor of mitochondrial permeability transition
pore. Taken together, these findings indicate that
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Fig. 14.3 Inhibition of Pitl/SLC20A1 with phosphono-
formic acid (PFA) prevents the mRNA expression levels
of osteoblastic genes to rise following treatment of VIC
cultures with phosphate (From El Husseini et al. [7])

phosphate-induced mineralization relies, at least
in part, on mitochondrial-dependent apoptosis.
Of note, the transfection of VICs with a vector
encoding Akt-1 prevented Pi-induced mineral-
ization of VICs. Of interest, in human stenotic
aortic valves the level of Akt-1 is greatly reduced
compared to control non-mineralized valves. It
is likely that in VICs Akt prevents phosphate-
induced mineralization by anti-apoptotic mecha-
nism. These findings highlight the importance of
Pi as a signaling molecule in promoting miner-
alization of VICs. However, it should be pointed
out that so far the molecular process by which
intracellular channeling of Pi promotes osteo-
genic transition and lower the expression of
Akt-1 is still an unresolved issue.

P2Y2 Receptor and Survival of
Valve Interstitial Cells

P2Y2R is a G-protein coupled receptor (GPCR)
and therefore has 7 transmembrane domains as
well as an extracellular N-terminal and an intra-
cellular C-terminal portion. P2Y2R is coupled to
G, and activates phospholipase C (PLC), which
produces inositol triphosphate (IP3) and diacylg-
lycerol (DAG). IP3 promotes liberation of intra-
cellular store of calcium from the endoplasmic
reticulum and thus allows signaling through the
activation of calcium/calmodulin kinase pathway.
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On the other hand, DAG activates protein kinase
C (PKC) [39]. It is worth to underline that P2Y2R
can also signal through different pathways includ-
ing MAPK and PI3K. ATP is secreted in the
extracellular environment using diverse mecha-
nisms such as connexin, pannexin and ATP-
binding cassette (ABC) transporters [40]. As
such, ATP is one important molecule used by cells
to deliver signals in an auto/paracrine manner. In
VICs, minute amount of ATP is liberated in the
extracellular environment, where it is sensed by
purinergic receptors. Among the different puri-
nergic receptors expressed by VICs we identified
that P2Y2R delivers survival signal to VICs
through PI3K/Akt pathway. In cell culture experi-
ments, the depletion of extracellular ATP by apy-
rase (a  patato-derived  ectonucleotidase)
exacerbated Pi-induced mineralization of VIC
cultures [8]. On the one hand, the addition of
ATPyS to the growth medium of VIC cultures
prevented mineralization of VICs. We also
observed that gene silencing of P2Y2R in VICs
greatly increased mineralization of cell cultures.
Hence, ATP is liberated by VICs in the extracel-
lular milieu and delivers survival signals to VICs.
Thus, it is worth to highlight that liberation of
ATP and the level of ectonucleotidases will mod-
ulate purinergic signaling through P2Y2R and
thus will determine the fate of VICs with regard to
the mineralizing phenotype.

5'nucleotidase (NT5E/CD73)
and Ectopic Mineralization

NTS5E by promoting the conversion of AMP into
adenosine is an important regulator of P1 signal-
ing. St-Hilaire et al. recently reported that loss-
of-function mutations of NTSE are associated
with rare familial cases of vascular calcifications,
which are restricted to the lower-extremity arter-
ies [41]. In this study, the mineralization of skin
fibroblast of affected individuals was rescued by
the addition of adenosine to the cell culture
medium. The authors concluded that P1 signal-
ing has anti-mineralizing properties by possibly
lowering the expression of ALP. However, this
study should be interpreted with caution as min-
eralization was not quantified by biochemical
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methods but documented solely by using alizarin
red staining. Recently, Cloyd et al. demonstrated
by using micro-Raman spectroscopy that alizarin
red staining provides false-positive staining in
cell culture experiments when using cells of
fibroblastic origin; formation of non-calcified
nodules may occur, which take up the alizarin red
dye [42]. Also, adenosine was used in cells
experiments, which is rapidly metabolized by
adenosine deaminase. The use of specific non-
hydrolysable P1 agonists may have provided
additional insights with regard to the role of ade-
nosine receptors in ectopic vascular mineraliza-
tion. In lung fibroblasts stimulation of A2,
receptor has been shown to increase inflamma-
tion and to promote fibrosis. On the other hand,
Al receptor is preventing inflammation of fibro-
blasts [43]. Hence, considering that A2 receptors
are coupled to G; and that A1 receptors are G; it
is likely that the pattern of expression of P1
receptors may drive their mineralizing response.
Receptors coupled to G, promote adenylate
cyclase activity and the production of cAMP,
whereas G; receptors have the opposite effect.
Noteworthy, we recently identified that stimula-
tion of the cAMP pathway is promoting the min-
eralization of VICs through the expression of
ectonucleotidases [44]. Although still unexplored
it is possible that specific pattern of P1 receptors
in different types of cells, including VICs, may
determine their fate upon exposition to mineral-
izing stimuli. The role of P1 receptors in CAVD
is still uninvestigated but certainly deserved fur-
ther attention.

Ectonucleotidases/Purinergic
Receptors as Potential Therapeutic
Targets

Works performed in the last several years have
contributed to identify that ectonucleotidases and
purinergic receptors are important modulators of
ectopic valve mineralization. On this score, it is
possible that inhibitors of ectonucleotidases may
provide benefit in preventing aortic valve miner-
alization. In a rat model, we recently documented
that administration of ARL67156 prevented the
development of CAVD [45]. ARL67156 is an
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ectonucleotidase inhibitor known to be relatively
not specific and poorly absorbed by the digestive
tract. Hence, development of potent and selective
inhibitors of ectonucleotidases would provide
crucial information and would spur translational
research in this field. However, the development
of isoform specific inhibitors that would not
affect purinergic receptors remains a challenging
objective. Recently novel oxadiazole derivatives
and diadenosine polyphosphate have been
described as selective inhibitors of ENPP [13].
We should also emphasize that development of
isoform specific inhibitors should be a priority.
For instance, inhibition of ENTPD1 may, at least
theoretically, worsen inflammation as this ecto-
nucleotidase has been shown to modulate inflam-
mation in different conditions.

Concluding Remarks

The ectonucleotidases/purinergic system is
emerging as an important regulator of aortic
valve mineralization. A high expression of ecto-
nucleotidase in CAVD promotes mineralization
by allowing a high production of Pi and decreas-
ing purinergic signaling through P2Y2R.
Co-expression during ectopic valve mineraliza-
tion of different ectonucleotidases, such as
ENPP1 and ALP, entrain the production of a high
level of Pi, which is then acting as a strong pro-
moter of mineralization. Pi is acting locally in
matrix vesicles and/or in apoptotic remnants and
promotes nucleation of hydroxyapatite of cal-
cium. In addition, Pi through Pit1/SLC20A1 pro-
motes the expression of several positive regulators
of mineralization such as the bone-related tran-
scription factor Runx2. Hence, Pi appears as a
central key player as a signaling molecule in
VICs and as a potent promoter of mineralization.
Understanding the complex interrelationships
between ectonucleotidases, Pi and purinergic sig-
naling is of foremost importance as it may hold
promise for further therapeutic development.
However, many unresolved issues remain to be
studied in order to fuel translational research in
this field. In this regard, the role of P1 receptors
in the mineralization of the aortic valve is still
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unknown. In addition, relationships between dif-
ferent ectonucleotidases expressed by VICs such
as ENPP1, NT5E and ALP and their impact on
the mineralizing process of VICs are still poorly
understood. The development of novel isoform
specific inhibitors of ectonucleotidases is still
lacking. Hence, future research on ectonucleotid-
ases and purinergic signaling will likely provide
further important insights with regard to aortic
valve mineralization and its pathobiology.

Summary Points

1. Ectonucleotidases by regulating Pi, PPi and
ATP levels are important regulators of ectopic
valve mineralization.

2. Purinergic signaling through P2Y2R prevents
mineralization of VICs by activating the
PI3K/Akt pathway.

3. Single nucleotide polymorphisms (SNPs) in
the ENPP1 gene are associated with CAVD.

4. Insulin resistance is promoted by ENPP1 and
may, at least in part, explain the frequent asso-
ciation of insulin resistance/diabetes with
CAVD.

5. Inhibition of ectonucleotidases in a rodent
model of CAVD prevents the development of
aortic valve mineralization.

6. Ectonucleotidases and/or P2Y2R are potential
novel therapeutic targets in CAVD.
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Introduction

Valvular heart disease is a significant cause of
cardiac morbidity and mortality. Fifteen years
ago, there was an epidemic of FenPhen induced
valvular heart disease due to overuse for weight
loss [1]. Patients developed clinical findings of
severe pulmonary hypertension, and left-sided
valve lesions similar to those of carcinoid heart
disease [1-4]. Previously, we have published
the in vitro, and ex vivo mechanism of cellular
proliferation secondary to serotonin induced
valve disease [5]. The distinctive carcinoid car-
diac lesions consist of deposits of fibrous tissue
devoid of elastic fibers on the ventricular aspect
of the tricuspid valve leaflets and on the arterial
aspect of the pulmonic valve cusps. A similar
lesion is found in FenPhen valve lesions except
on the left side of the heart [1]. Despite the
similar plaque formation on the endocardial
surface of the cardiac valves in FenPhen
patients, the cellular mechanism of this disease
is not well known. This chapter will define a
novel in vitro assay previously published [5],
to determine if FenPhen has a direct effect on
the valvular subendothelial cells through a

N.M. Rajamannan, MD

Division of Biochemistry and Molecular Biology,
Visiting Scientist, Mayo Clinic, 200 First St SW,
Rochester, MN 55905, USA

e-mail: rajamannan.nalini@mayo.edu

N.M. Rajamannan (ed.), Molecular Biology of Valvular Heart Disease,

mechanism of increase proliferation, which is
responsible for the plaque formation found on
these valves.

In Vitro Assay for Direct Drug
Effects in the Valvular
Subendothelial Myofibroblast
Cells and Light Microscopy

of Human Carcinoid Valves
Versus FenPhen Valves

As described in Chaps. 1 and 2, the isolation of
myofibroblast cells were assayed for cell prolifera-
tion by testing the different concentrations of sero-
tonin and FenPhen. Carcinoid valve and FenPhen
valve removed at the time of surgery were assessed
for histology and cell proliferation. An in vitro cell
assay was developed using cells isolated from por-
cine derived myofibroblast cells [6].

The assay tested the incorporation of a radio-
active label of thymidine to determine if active
cell proliferation would occur during the cell
cycle. Quantitative thymidine incorporation after
serotonin, Fen, Phen and FenPhen stimulation of
the in vitro subendothelial cells reveal a tenfold
increase in the amount DNA synthesis over nega-
tive control (Table 15.1).

Gross inspection of the carcinoid valves at the
time of valve replacement reveal a smooth
appearing endocardial surface. There is an asso-
ciated plaque-like lesion consisting of a thick-
ened subendothelial cell layer. These cells
compose the majority of the endocardial plaque
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Table 15.1 In vitro 2,000
determination of DNA
synthesis by thymidine < 1,800 +
incorporation secondary to 2
serotonin, Fen, Phen and g 1,600
FenPhen stimulation at =
10* M concentrations § 1,400 7
2 1,200
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o 600 -
=
o 400 -
)
© 200
0 .
p < 0.000001

Negative control
(serum free)

*

Positive control
(PDGF)

Fenfluramine-

phentermine

Fig. 15.1 Hematoxylin and Eosin staining, (a) normal
human valve, (b) carcinoid human valve, (¢) FenPhen
Valve Magnification 25x. Star indicates myofibroblast.

surface. Conversely, normal control valves
demonstrated a normal endothelial edge with no
visible evidence of endocardial plaque lesions.

Double arrow points to the thickness of the valve lesion.
Single arrow points to the surface of the valve.

The valve surface was intact. (Figure 15.1,
Hematoxylin and Eosin stain, Panel a, Control,
Panel b, Carcinoid and Panel ¢, FenPhen)
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Fig. 15.2 Quantitation of PCNA by digital image analysis, (a) normal human valve, (b) carcinoid human valve, (c)
FenPhen Valve, Magnification 50x

In Situ Detection
of Proliferation Ex Vivo

Quantitation of the number of PCNA positive
staining nuclei in the carcinoid valve demon-
strated a 35-fold increase in the number of posi-
tive nuclei as compared to the control and 23-fold
increase in the number of postive nuclei in
FenPhen valve as compared to the controls,
which corresponds to an upregulation of DNA
(Fig. 15.2).

Summary

Although the histopathology of FenPhen heart
disease has been well described as a plaque-like
lesion, which consists of proliferating subendo-
thelial cells similar to carcinoid heart disease,
the mechanism of this lesion is not well known.
The lesion is sometimes perceived as an infiltra-
tive process, despite the location of the plaque
superficially on the surface of the endocardium.
The actual plaque lesion is composed of smooth

muscle cells, myofibroblasts, and an overlying
layer of endothelial cells.

Serotonin is a known potent mitogen in the
cardiovascular system. Many studies have dem-
onstrated the mitogen effect of serotonin as a
direct proliferating agent in the cardiovascular
system [5]. Johnson et al. [7], developed an in
vitro valvular model and validated that these
cells produce matrix proteins and respond to
growth factors similarly to coronary artery
smooth muscle cells in vitro. This study
employed this same model to test the effect of
serotonin, Fen, Phen and FenPhen on DNA syn-
thesis and matrix production in cardiac valve
cells in vitro.

This chapter provides a foundation for the
hypothesis that in the presence of elevated sero-
tonin, and FenPhen there is marked increase in
cellular proliferation. This direct stimulation of
the valve stimulates plaque formation on the ven-
tricular surface of the atrioventricular valve and
vascular surface of the semilunar valves, which
is similar to the lesion found in carcinoid valve
disease, which is demonstrated in the Fig. 15.3.
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Fenfluaramine- Serotonin

phentermine

Cell proliferation

Carcinoid

Fenfluaramine - phentermine

Fig. 15.3 Role of Serotonin and FenPhen in right sided versus left sided valve lesions

4. Rothman RB, Ayestas MA, Dersch CM, Baumann
MH. Aminorex, fenfluramine, and chlorphentermine
are serotonin transporter substrates. Implications

In conclusion, this assay will helpful to deter-
mine if drugs for weight loss and/or have sero-

P . for primary pulmonary hypertension. Circulation.
tonin like receptor biology may be helpful for 1999:100:86975.

pre-clinical pharmaceutical testing prior to FDA 5 Rajamannan NM, Caplice N, Anthikad F, Sebo TJ,
approval [8]. Orszulak TA, Edwards WD, Tajik J, Schwartz RS.
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Introduction

Myxomatous mitral valve regurgitation is the
most common indication for surgical valve
repair in the world [1]. For years this disease was
thought to be a passive degenerative phenomenon.
Understanding of the cellular mechanisms of this
valve lesion will present improved understanding
of this disease and targeted therapy either surgi-
cal or medical. Diagnosing mitral regurgitation
(MR), and timing to surgical correction is one
of the most challenging in the clinical cardiol-
ogy. Chronic MR, due to increasing prevalence
of myxomatous disease and the increasing mean
age of population, is presenting as often as aor-
tic stenosis: Moderate or severe MR is found in
1.7 % of the general population and in up to0 9.3 %
of those over 75 years [1]. Echocardiography is
the main tool for MR evaluation. In the modern
times of mitral valve (MV) repair surgery, echo-
cardiography has become even more important
because the study has to diagnose not only the
MR diagnosis, but also the evaluation of the val-
vular lesions and the mechanisms of disease to
guide the election between the different therapeu-
tic options. This combination of aspects related
to the complexity of mitral regurgitation is the
primary driving force to develop an all encom-
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passing assessment of MR to allow the clinician
and surgeon to achieve the important clinical out-
comes. One of the key aspects for the elusiveness
of this disease, from the clinical perspective, is
the understanding of how the mitral valve devel-
ops myxomatous changes [2].

Until recently the etiology of valvular heart
disease has been thought to be a degenerative
process related to the progressive lengthening
of the mitral leaflet and the mitral chordae.
Recent descriptive studies have demonstrated
the critical features of mitral valve degenera-
tion, glycosaminglycan accumulation, proteo-
glycan expression, and abnormal collagen
expression [3]. Studies have demonstrated that
specific endochondral bone phenotypes are
present in calcifying valve specimens in human
specimens [4]. This molecular phenotype is the
foundation for the studies focused on deter-
mining how the cartilage of how the cartilagi-
nous phenotype is found in the heart and in the
future will play a key role in the development
of disease, and the timing of surgical correction
of regurgitation.

Currently, the treatment strategy for patients
with myxomatous mitral valve disease, is to
monitor the patients by echocardiography and
by symptoms. Once the patients develop severe
symptoms the current class I indication for
therapy is to repair the valve. There is a rapid
goal towards treating patients with severe mitral
regurgitation with early repair prior to the onset
of symptoms. However between continents the
approach towards patients who are asymptomatic
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is a difference between a Class IIA(In favor of
the early repair) [5] and Class 1IB(not strongly
in favor of early repair) [6] in the asymptomatic
patient population. These recommendations have
not changed with the recently published 2014
ACC/AHA guidelines [7]

Timing of Mitral Valve Repair

Since the publication of the guidelines, timing of
mitral valve repair in mitral regurgitation has been
the center of numerous studies. The most recent
is from the Mayo Clinic in which the hypothesis
centers around the treatment of patients with Flail
Leaflets causing mitral regurgitation. The Mitral
Regurgitation International Database (MIDA)
[8], which included 2097 consecutive patients
with flail mitral valve regurgitation (from 1980—
2004), demonstrate that there was no significant
difference in early mortality and new-onset heart
failure rates (0.9 % for early surgery vs 0.9 % for
medical management) between treatment strate-
gies at 3 months. In contrast, long-term survival
rates were higher for patients with early surgery
(86 % vs 69 % at 10 years, P<0.001), associated
with a 5-year reduction in mortality of 52.6 %
(P<0.001). Final conclusions, among registry
patients with mitral valve regurgitation due to
flail mitral leaflets, performance of early mitral
surgery compared with initial medical manage-
ment was associated with greater long-term sur-
vival and a lower risk of heart failure, with no
difference in new-onset atrial fibrillation.

Outcomes for Patients with Flail
Leaflet Versus Pure Myxomatous
Mitral Valve Disease

The timing of the surgical intervention has been
defined by the degree of mitral regurgitation and the
presence and absence of symptoms in patients. The
studies, the guidelines from Europe and America
all define the timing based on the degree of regur-
gitation and symptoms but not on specific mitral
valve pathology. The timing of intervention for
mitral valve regurgitation is an evolving and con-
troversial topic in the field of valvular medicine.

N.M. Rajamannan

There are two basic approaches in the literature
and outlined in the ACC/AHA/ESC [6, 9]. Early
surgery for asymptomatic patients with preserved
left ventricular function [10, 11], has been recom-
mended by tertiary referral centers and is a Class I1a
recommendation in the AHA/ACC guidelines [5].
Early surgery may prevent left ventricular dysfunc-
tion from the chronic volume overload secondary
to the mitral regurgitation. The ESC [6] guidelines
support a more conservative strategy of watchful
waiting based on careful monitoring of patients for
symptoms, left ventricular dimensions, and signs
of changes in clinical status. The Mayo Clinic
study found that >90 % of patients needed surgery
within 10 years [12]. The study from Vienna dem-
onstrated a much lower rate of surgical valve repair
at 8 years with >50 % of patients who did not meet
criteria for surgical valve repair. The patient popu-
lations are different and as well as the valve lesions
causing significant mitral regurgitation. In the
study from Vienna [13], watchful waiting for the
timing of mitral valve surgical repair, the authors
demonstrate an important finding of the long-term
outcomes of patients with pure myxomatous mitral
valve disease versus patients with flail ruptured
leaflet. This is also significant for the differences in
approach as outlined in Europe as compared to the
American Guidelines. The American (ACC/AHA)
[5] guidelines, approach the patient with referral
to a tertiary care center when the patient is asymp-
tomatic with preserved ejection fraction without
atrial fibrillation or pulmonary hypertension. The
European (ESC) [6] guidelines outline a conserva-
tive approach.

Hemodynamics in Patients
with Flail Leaflet Versus Pure
Myxomatous Mitral Valve Disease

Over the past three decades as the role of echo
has become the gold standard not only for the
color documentation of severe mitral regurgita-
tion, quantitative hemodynamics has become
critical for the measurement of severity of the
disease [12]. The role of cardiac catheterization
hemodynamics has played a lesser role in the
pathophysiology understanding of this disease.
To further understand the role of hemodynamics,
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a study from 1985 [14], 39 patients with symp-
tomatic severe (MR) were studied by cardiac
catheterization and two-dimensional echocar-
diography (2DE) prior to mitral valve replace-
ment. A flail mitral valve was found at surgery
in 23 patients (group 1); 16 patients had intact
chordae tendineae (chronic MR, group 2). No dif-
ference was found between groups 1 and 2 with
regard to hemodynamic findings. Left atrial vol-
umes in end systole (LAESV) and end diastole
(LAEDV) were determined by 2DE from apical
four- and two-chamber views with the use of a
biplane area-length method and a light pen sys-
tem. The LAESV and LAEDV measured 116+66
and 56 £48 ml, respectively, in group 1, as com-
pared with 185+101 and 105+62 ml in group
2 (p<0.025). Ten patients from group 1 with
LAESV <100 ml (group 1A) were compared to
the remaining 13 patients with LAESV>100 ml
(group 1B). Patients in group 1A had significantly
smaller left ventricular volume and higher mean
pulmonary wedge pressure, pulmonary artery,
and left ventricular end-diastolic pressure com-
pared to patients in groups 1B and 2 (p<0.05).
Thus, a subset group of patients with flail mitral
leaflets and smaller LAESV has hemodynamic
features of acute MR, whereas the remainder with
larger LAESV are indistinguishable from patients
with chronic MR. The results of this study com-
bined with the watchful waiting study, indicate
that hemodynamic pressures, left atrial size and
volume, and measurements of pulmonary pres-
sures may play a role in the understanding of the
natural history and also the controversy of timing
of surgical valve repair. Patients with acute MR
hemodynamics from ruptured chords are at higher
risk as defined by the Ling and confirmed by the
MIDA database which clearly indicate early repair
is necessary for improved long-term outcomes [8,
10]. The Vienna Study [13] for Watchful Waiting
demonstrates the differences in outcomes for the
different pathologies associated with this disease.

Pathologic Classification of
Myxomatous Mitral Valve Disease

Over the past decade scientific publications have
demonstrated that specific pathologic phenotype

is a spectrum of valve pathologies that encompass
the disease entity itself. The classification is a
based on the pathologic characterization of the
mitral valve. Heart valve “degeneration” is the
most common pathologic valve disease in the
U.S. and Europe. The spectrum of “degenerative”
valve lesions have traditionally been thought to be
due to a passive disease process developing rap-
idly within the valve leaflets. The most common
location of these diseased valves is the left side of
the heart. Myxomatous mitral valve lesions caus-
ing mitral regurgitation are believed to be caused
by progressive thickening due to activated myofi-
broblasts [15]. Recent evidence suggests that the
aortic valve develops calcification secondary to
an osteoblast differentiation pathway [16]. The
number of surgical valve replacements and surgi-
cal valve repairs are increasing in the U.S. due to
rapidly aging population.

The risk factors for the development of
mitral valve disease and aortic valve disease
have been defined in the past 10 years as tradi-
tional cardiovascular disease [17]. The human
correlation of cholesterol as a risk factor for
the development of mitral valve leaflet thick-
ening is first described in a patient case report
of Familial Hypercholesterolemia and mitral
valve disease as shown in Fig. 16.1 [19]. We
tested this hypothesis in an experimental model
of hypercholesterolemia. A 2 months choles-
terol diet was fed to rabbits which confirmed
the development of atherosclerosis and mitral
valve cellular proliferation in the leaflets as
shown in Fig. 16.2 [20].

Despite this increase in prevalence and inci-
dence of valvular heart disease, the signal-
ing pathways in human valve disease have not
been identified. Our laboratory and others have
recently demonstrated in experimental animal
models that bone matrix protein expression in
the aortic valve and vasculature are regulated by
the low-density lipoprotein receptor-related pro-
tein 5 (Lrp5) pathway in the presence of elevated
hypercholesterolemia [21-23]. The Lrp5, a co-
receptor of low-density lipoprotein receptor fam-
ily, has been discovered as an important receptor
in the activation of skeletal bone formation via
binding to the secreted glycoprotein Wnt and
activating beta-catenin to induce bone formation.
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Fig. 16.1 a-c Different magnifications of the athero-
sclerotic mitral valve leaflet, (a) 2X, (b) 10X, (¢) 20X
arrows point to areas of atherosclerosis along the atrial

Therefore, we hypothesized that the underlying
mechanism of “degenerative” valve disease is
caused by osteogenic differentiation secondary
to the activation of the Lrp5 receptors in human
diseased valve leaflets. To test this hypothesis
we studied diseased mitral valves, calcified tri-
cuspid, and bicuspid aortic valves to determine if
the Lrp5 signaling pathway is expressed in these
tissues.

Human Calcified Aortic Valves,
Degenerative Mitral Valves, and
Control Valves

Figure 16.3 demonstrates the immunohisto-
chemistry stains for the osteoblast signaling
markers: LrpS, Wnt3, and PCNA. Figure 16.3a
(panels al and a2) and 16.3b (panels bl and b2)
demonstrate a mild amount of Lrp5 and Wnt3
staining in the control valves and in the areas of

surface of the mitral valve leaflet. Mitral valve atheroscle-
rotic histology from case report of patient with Familial
Hypercholesterolemia [18]

hypertrophic chondrocytes in the mitral valves.
The Lrp5 and Wnt3 staining was increased in the
calcified aortic valves (Fig. 16.3a [panels a3 and
a4] and 16.3b [panels b3 and b4]). Figure 16.3c,
panels c3 and c4, demonstrates the presence
of an increase in PCNA protein expression as
compared with Fig. 16.3c, panels cl and c2,
which demonstrates a decrease in PCNA protein
staining.

Until recently the etiology of valvular heart dis-
ease has been thought to be a “degenerative” pro-
cess related to the passive accumulation of calcium
binding to the surface of the valve leaflet. Recent
descriptive studies have demonstrated the critical
features of aortic valve calcification, including
osteoblast expression, cell proliferation, and ath-
erosclerosis [24, 25] and mitral valve degeneration,
glycosaminglycan accumulation, proteoglycan
expression, and abnormal collagen expression.
These studies define the biochemical and histologic
characterization of these valve lesions.
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Control

o-actin

RAM-11

PCNA

Masson
Trichrome

Osteopontin

Fig. 16.2 (a—e) demonstrates the staining of the control,
versus cholesterol, versus cholesterol + Atorvastatin mitral
valves from the 2 month study protocol. (a) a-actin, (b)
RAML1, (¢) PCNA, (d) Masson Trichrome, (e) Osteopontin.

The most striking phenotypic abnormalities
are the formation of cartilaginous structures in
the degenerative mitral valves and bone forma-
tion in the calcified aortic valves. At the light
microscopy level, we were also able to identify
hypertrophic chrondrocytes in all of the diseased
mitral valves that we studied.

Cholesterol Chol + Atorv

Results of 2 months experimental hypercholesterolemia
treatment demonstrating atherosclerosis after 2 months and
attenuation with Atorvastatin [20]

Biochemistry and Pathology of the
Myxomatous Mitral Valve Chords

It is well know that myxomatous mitral valve
disease is accompanied by lengthening and/
or rupture of chordae tendineae. However, the
mechanisms and the mode of chordal rupture
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Degenerative
mitral valve

Control valve

Fig. 16.3 Immunohistochemistry of the human mitral
degenerative valves and calcified tricuspid and bicuspid
aortic valves for endochondral signaling markers low-
density lipoprotein receptor-related protein 5/Wnt and
proliferating cell nuclear antigen. Control valve, degener-
ative mitral valve (arrow points to hypertrophic chondro-
cytes), calcified aortic valves (arrow points to positive

remain controversial, and the pathologic anatomy
of the apparently healthy chordae has mostly
been overlooked. The investigators from Italy
[26] analyzed the structural aspects of both rup-
tured and intact chordae tendinae from patients
with abnormal chordal pathology. Structural and
ultrastructural microscopic analyses indicate that
both the extracellular matrix and the interstitial
cells are severely affected. Myxomatous chordae
show alterations in the synthesis and deposition
of collagen and elastin, disorganization of colla-
gen bundles and rupture of collagen fibers, accu-
mulation of proteoglycans and of cellular and
vesicular remnants, and cell transformation into
a myofibroblast phenotype. Structural disruption
makes the spongiosa and the dense collagenous
core separate and break. Degeneration of the
chordae is segmental, affecting both chordae that
are clearly abnormal, and chordae that appear
healthy on visual inspection. The authors con-
cluded that surgery corrects the damage, but the

Calcified
aortic valve

Calcified
bicuspid valvle

stain), and bicuspid aortic valve (arrow points to positive
stain) (magnification 25x). Insert within each photo is a
high-power magnification to demonstrate cellular staining
(magnification 40x). (a) lipoprotein receptor-related pro-
tein 5 stain. (b) Wnt 3 stain. (¢) Proliferating cell nuclear
antigen stain [4]

underlying causes of the myxomatous changes
are not corrected. Thus, progression of the dis-
ease and affectation of additional chordae may
be at the basis of the late complications and the
recurrent mitral regurgitation, which occurs sev-
eral years after surgery. The study investigators
concluded that the early surgical repair is neces-
sary for this patient population.

Application of the LDL-Density-
Pressure Theory

Figure 16.4, demonstrates an application of the
concepts outlined in this chapter. In the presence
of risk factors for left sided valve lesions, aor-
tic valves develop calcification and mitral valves
develop cartilage formation. The higher pressure
across the aortic valve induces the calcifica-
tion in the aortic valve and the lower pressure
across the mitral valve induces cartilage. Further
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Fig. 16.4 LDL-density-pressure theory [22]

studies are necessary to understand the role of
the Lrp5 receptor in inducing these different
valve lesions [22].

Summary

Mitral Valve Regurgitation is a complex disease
process, which requires expertise in imaging,
evaluation and symptom management to diag-
nose, follow and treat this patient population.
Current imaging modalities in echocardiogra-
phy have vastly improved our understanding of
the mechanisms of valve regurgitation, valve
pathology and the natural history of this disease.
Hemodynamic considerations for the different
pathologies associated with myxomatous mitral
valve disease will become increasingly more
important in defining the timing of surgery and
may help to further delineate the controversies
that are present in the literature.
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Introduction

With the decline incidence of rheumatic cardi-
tis, calcific aortic valve disease (CAVD) [1] has
become the most common indication for surgi-
cal valve replacement in the United States and
in Europe [2]. Numerous epidemiologic studies
identified risk factors for CAVD, which are simi-
lar to those of vascular atherosclerosis, including
smoking, male gender, body mass index, hyper-
tension, elevated lipid and inflammatory mark-
ers, metabolic syndrome and renal failure [3—19].
For years, this disease process was thought to be
due to a degenerative phenomenon by which cal-
cium attached to the surface of the aortic valve
leaflet. Understanding calcification, as the criti-
cal end-stage process which causes progression
to severe stenosis and leads to poor outcomes
[20], is becoming important in the results of
the randomized trials for treating aortic steno-
sis with medical therapy. To date, these trials,
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including SALTIRE, Simvastatin Ezetimibe in
Aortic Stenosis (SEAS), Aortic Stenosis Pro-
gression Observation: Measuring the Effects of
Rosuvastatin (ASTRONOMER), have all been
negative [21-23]. Over the past decade, data
from several studies have confirmed that all of
these traditional risk factors, including metabolic
syndrome [13] and renal failure [14], which are
important in the development of vascular athero-
sclerosis, and are also implicated in the develop-
ment of CAVD [3-19]. These findings provide
the foundation to study targeted strategies for
medical therapy, including for example, medica-
tions for hyperlipidemia, hypertension and diabe-
tes. There are a growing number of experimental
in vivo models of calcific AS, which demonstrate
primarily that lipids [24-30], diabetes [30] and
renal failure [31] are important in the develop-
ment of this disease. There is also increasing
evidence that these cells undergo specific dif-
ferentiation steps toward the development of this
bone phenotype as shown in in vitro studies [32-
34]. In addition, there are a growing number of
retrospective [35-38] and the large-scale prospec-
tive clinical trials [21-23] testing the hypothesis
that atherosclerotic CAVD may be targeted with
medical therapy. The only clinical trial to date,
Rosuvastatin Affecting Aortic Valve Endothelium
to Slow the Progression of Aortic Stenosis trial
(RAAVE) was a positive study, testing the hypoth-
esis that treating elevated LDL as compared to
normal LDL patients slows progression of CAVD
[39]. The retrospective studies published to date
are shown in Table 17.1 [35-38].
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Table 17.1 Application of the LDL-density-radius theory: calculations to demonstrate the significance of the hemody-
namic and biologic differences between aortic valve clinical trials versus vascular clinical trials

LDL (mg/dl) Aortic valve area (cm?)
Baseline  End of trial Change in  Baseline End of trial Change in AVA (%)
LDL (%)
SALTIRE
Control 133 137 3.00 1.02 0.86 18.60
Atorvastatin 80 mg 137 66 51.82 1.03 0.88 17.04
RAAVE
Control 119 118 0.84 1.24 1.11 11.70
Rosuvastatin 20 mg 160 94 41.25 1.22 1.16 5.10
SEAS
Control 139 131 5.75 1.269 1.128 11.11
Simvastatin 40 mg/ 140 63 55.00 1.292 1.175 9.06

ezetimide 10 mg

The pioneers in valve clinical trials designed
studies prior to the publication of many of the
experimental models. The trials were designed
with the traditional trial design for lipid lowering
using vascular and valvular end-points. The first
randomized prospective study testing the effects
of statins in CAVD and SALTIRE was published
in 2005 [40]. In this double-blind, placebo-
controlled trial, patients with calcific aortic ste-
nosis were randomly assigned to receive either
80 mg of atorvastatin daily or a matched placebo.
Aortic-valve stenosis and calcification were
assessed with the use of Doppler echocardiogra-
phy and helical computed tomography, respec-
tively. The primary end-points were change in
aortic-jet velocity and aortic-valve calcium score,
secondary end-points were traditional vascular
end-points. The SALTIRE investigators dem-
onstrated a trend in slowing of the progression
of the aortic valve stenosis but not a statistically
significant study for primary end-points. The
vascular end-points demonstrated statistically
significant improvement. The SALTIRE inves-
tigators concluded that intensive lipid-lowering
therapy does not halt the progression of calcific
aortic stenosis or induce its regression [40], and
the reason for this negative trial is the timing of
therapy [41].

The RAAVE trial [39] performed a prospec-
tive trial of AS with Rosuvastatin targeting serum
LDL slowed progression of echo hemodynamic
measurements, and improved inflammatory bio-

markers providing the first clinical evidence for
targeted therapy in patients with asymptomatic
AS. The study’s aim was to assess Rosuvastatin
on the hemodynamic progression and the
inflammatory markers of AS by treating LDL
in patients with aortic stenosis according to the
NCEP-ATPIII guidelines for 1 year. The clinical
characteristics of the RAAVE trial are shown in
Table 17.1. Prospective treatment of moderate
aortic stenosis with Rosuvastatin targeting serum
LDL did slow progression of echocardiographic
parameters of aortic stenosis, improved inflam-
matory biomarkers and improved vascular end-
points showing the first clinical evidence for
targeted therapy in asymptomatic moderate to
severe aortic stenosis [39].

The largest clinical trial was the SEAS trial
[22]. This trial is a randomized, double-blind
trial involving 1,873 patients with mild-to-mod-
erate, asymptomatic aortic stenosis. Again, simi-
lar to SALTIRE [21], there were fewer patients
with ischemic cardiovascular events in the
Simvastatin—Ezetimibe group (148 patients) than
in the placebo group (187 patients); the authors
noted that this is mainly because of the smaller
number of patients who underwent coronary
artery bypass grafting. Cancer occurred more fre-
quently in the Simvastatin—Ezetimibe group (105
vs. 70, p=0.01). The investigators concluded that
the medication did not reduce the composite out-
come of combined aortic-valve events in-patient
with aortic stenosis including echo progression
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and vascular end-points. ASTRONOMER [23],
the most recent trial, also demonstrated negative
randomized clinical results and included patients
with bicuspid aortic valve disease. This was a
randomized, double-blind, placebo-controlled
trial in asymptomatic patients with mild to mod-
erate AS and no clinical indications for choles-
terol lowering. The patients were randomized
to receive either placebo or Rosuvastatin 40 mg
daily. A total of 269 patients were randomized:
134 patients to Rosuvastatin 40 mg daily and
135 patients to placebo. Annual echocardio-
grams were performed to assess AS progression,
which was the primary outcome; the median
follow-up was 3.5 years. The peak AS gradi-
ent increased in patients receiving Rosuvastatin
from a baseline of 40.8 +11.1-57.8+£22.7 mmHg
at the end of follow-up and in patients with
placebo from 41.6+10.9 mmHg at baseline to
54.8+19.8 mmHg at the end of follow-up. The
annualized increase in the peak AS gradient was
6.3£6.9 mmHg in the Rosuvastatin group and
6.1+8.2 mmHg in the placebo group (P=0.83).
This chapter will demonstrate the calculations
from the RAAVE and SALTIRE trial to deter-
mine the potential role of medical therapy for
calcific aortic valve disease and design of the
clinical trials using the LDL-Density-Radius
Hypothesis [39].

The LDL-Density-Radius Theory is related
to two fundamental issues for these two simi-
lar but very different disease processes: first,
is the LDL effect and second is the difference
in the radius between the aortic valve and that of
the vessel. These differences must be taken into
account toward the final analysis of these trials
and for the future trial design for aortic valve
disease. From these basic studies and human
clinical trials, the lessons learned have evolved
into the LDL-Density-Radius theory for future
trial design of valvular heart disease, which takes
into account two axioms. The first axiom is the
LDL-density theory: Low-density lipoprotein is
a critical lipoprotein in the development of vas-
cular atherosclerosis and valvular sclerosis. The
LDL mechanism by which the disease develops
in the vascular lumen and the aortic valve leaflet
has two different biological directions. The vas-

cular lesion occludes the lumen inward along the
radial axis towards the center, as shown in Fig.
17.1, Panel a. The LDL affects the valvular leaf-
let to become thickened with decrease mobility.
The direction of this disease moves an upward
direction along the y-axis along the aortic sur-
face of the aortic valve. Over time, the leaflets
fuse which occludes the functional opening of
the aortic valve as shown in Fig. 17.1, Panel b.
A critical density of LDL that is required to
induce this disease initiates the direction of these
disease processes. Calculation of the percent
lowering of LDL density is important for reduc-
ing the biological effect of disease. Figure 17.1,
Panel c, demonstrates a formula to calculate the
percent reduction of the LDL density. The sec-
ond axiom is the radius theory of vascular versus
valvular disease: to determine the effect of the
treatment on the radius for the circumference for
this disease. The Bernoulli equation [42] was
modified [43] to calculate aortic valve areas by
echocardiography using the Doppler technique.
The modification of this equation for aortic
valve area includes the drop of the calculation
for the flow acceleration and the viscous friction
because the velocity profile in the center of the
lumen is usually flat. For this reason, the viscous
friction factor can be ignored in the clinical set-
ting of aortic valve disease. Figure 17.1, Panels
dl and d2, demonstrates the original Bernoulli
equation for flow through a pipe [43]. However,
the flow in the lumen of a vessel is not flat due
to smaller radius: therefore, the viscous friction
factor must be taken into account for therapy.
Figure 17.1, Panel e, is the calculation of resis-
tance of fluid through a pipe, and demonstrates
an inverse r [4] dependence of the resistance
to fluid flow, which therefore increases vis-
cosity by a factor of 16. Furthermore reduc-
tions of the LDL density will therefore have a
quicker effect in the reduction of the vascular
lesion depending on the direction of the lesion
as shown in Fig. 17.1, Panel a. If the normal
diameter of a coronary artery is 4.5 mm, and the
normal diameter of the left ventricular outflow
tract is 2.0 cm, the calculation of the change in
the diameter must take into account these dif-
ferences in radius and the time it will take to
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p= Mass density of the blood 1.06 x 103 kg/m3
V,= Velocity at location 1, V,= Veosity at location 2
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Fig. 17.1 The LDL-density-radius theory. Panel (a)
Vascular lumen and radial direction of disease. Panel (b)
Aortic valve leaflet and Y-axis direction of disease. Panel
(c) Axiom one: LDL-density theory. Panel (d/) Bernoulli

lower the LDL density to mathematically target
the biologic direction of the disease process.
Figure 17.1, Panel f, is the calculation for the
percent improvement for the aortic valve area.
To summarize mathematically and biologically,
the clinical trials for aortic valve stenosis need to
adopt the following two axioms for targeting the
disease biology in terms of the radial direction
of disease and the magnitude of the LDL density
that is necessary to activate the atherosclerotic

equation. Panel (d2) Modified continuity equation for aor-
tic valve area. Panel (e) Resistance for fluid flow. Panel (f)
Axiom two: radius theory

process. The importance of LDL lowering and
the magnitude of the radius are critical toward
treatment efficacy, as viscous resistance cannot
be deleted for the vascular radius as it can for
the aortic valve radius according to Bernoulli’s
original formula. SALTIRE and RAAVE are the
first two studies to evaluate the use of statins for
calcific aortic valve disease (CAVD). This chap-
ter applies the hypothesis of the LDL-Density-
Radius Theory.



17 Application of the LDL-Density-Radius Theory: The Aortic Valve

Clinical Application
of the Algorithm

Table 17.1 demonstrates an example of the
application of this formula from two of the tri-
als (SALTIRE and RAAVE investigators pro-
vided permission to use these data points for this
manuscript) [44]. The calculation of the percent
change in LDL and the percent change in AVA
indicate that the lower the percent change in
AVA represents the percent improvement needed
to demonstrate the potential to treat atheroscle-
rotic aortic valve disease responsive to medical
therapy.

Those patients who received statin therapy
had a greater degree of LDL cholesterol lower-
ing seen as the % change in LDL significantly
associated with a lower change for aortic valve
area demonstrating a slowing of progression
with statin therapy (R?=0.27 and p<0.001) as
shown in Fig. 17.2a. The percent change in the
LDL for the treated patients was 47 % and for
the not treated was 2 %. The percent change
in the AVA for the treated was 5 % and for the
not treated was 15 %. The results demonstrate
that if the diameter and the LDL lowering per-
cent change do have a significant effect in the
slope of the analysis. Figure 17.2b demonstrates
a similar analysis for the REVERSAL trial [45]
in which intensive lipid lowering therapy and the
use of high dose statins slow the progression of
vascular atherosclerosis as measured by intra-
vascular ultrasound. The results for both these
analyses depend on the point-slope equation of a
line. This equation was first published by Renee
Descartes in 1637 in the La Geometrie appendix
of a textbook entitled Discours de la méthode
pour bien conduire sa raison, et chercher la vérité
dans les sciences (English Translation: Discourse
on the Method of Rightly Conducting One’s
Reason and of Seeking Truth in the Sciences)
[45]. The geometric equation for a line demon-
strates that any two points on a nonvertical line
can be used to calculate a slope. The equation
of the line with a slope m passing through the
point (x1, y1) is given by y—yl =m(x—x1). The
comparison of the slopes for the analysis from
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the combined data points of SALTIRE-RAAVE
demonstrate that the negative slope similar to
that of REVERSAL [45] indicates slowing of
progression for both vascular atherosclerosis and
the atherosclerotic biology present in the aortic
valve.

Proposed Algorithm for the
Approach to Patients with Valvular
Heart Disease

This chapter demonstrates the cellular mecha-
nisms, risk factors, and hemodynamic analy-
sis from the perspective of the clinical trials in
calcific aortic stenosis. This chapter proposes an
approach for the future treatment of this patient
population. (1) Symptomatic severe aortic ste-
nosis is a class I indication for surgical valve
replacement as defined by Ross and Braunwald
and is outlined in the ACC/AHA and ESC current
guidelines. (2) Patients with elevated LDL levels,
then management of the lipids according to the
NCEP ATP III guidelines is appropriate for pri-
mary prevention of vascular disease and athero-
sclerotic mechanisms of valvular disease. (3) Risk
stratification of calcification by echo is impor-
tant for prognostic information for the patient
and treating physicians and can be performed
routinely in the echocardiographic follow-up of
aortic stenosis. (4) Management of other risk
factors for this disease process including, blood
sugar, weight loss, smoking cessation and risk
for metabolic syndrome. (5) Future genetic test-
ing for patients who do not have traditional ath-
erosclerotic risk factors, but have family history
of valvular heart disease may play a future role
in the clinical management of this complex dis-
ease and (6) role for exercise testing to unmask
latent symptoms in asymptomatic patients. In
summary, this approach suggests applying this
calculation, which includes biology and the con-
tinuity equation for calculation AVA by applying
this calculation, there may be a role for medical
therapy in this patient population. However, a full
large-scale prospective clinical trial is necessary
to prove this hypothesis in patients.
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