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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
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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


http://dx.doi.org/10.1007/978-1-4471-6350-3_1

2 In Vitro Cell Culture Model of Calcification: Molecular Regulation of Myofibroblast 17

a
Days in culture

b

140 4
< 120 m 20 day
..g 100 - 32 day
[oR 80 A
[®)]
£ 60+
3 40
o) i
€
Z 20

0 - - .
Control DEX TB1 TB1+DEX
Treatments

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
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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.
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