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Chapter 1

Introduction and Motivation

Aortic valve disease (AVD) is the third leading cause of cardiovascular
disease and is especially prevalent among the elderly [1]. Studies have shown
that AVD affects over 25% of people over 65 years of age, and currently, the only
effective long-term treatment for advanced AVD is replacement surgery, a high
risk procedure for elderly patients. For this reason, a non-invasive therapeutic to
stop the development of AVD would greatly benefit those most at risk for
developing severe AVD. Unfortunately, epidemiological studies have shown that
promising drug candidates have not proven successful at slowing or reversing
the end stages of AVD that necessitate valve replacement [2]. The lack of a
therapeutic treatment limits the clinical options available to patients, and this
often results in physicians opting to delay surgical intervention until aortic valve
(AV) replacement is absolutely necessary leading to diminished AV function in
the meantime. Thus, a novel therapy to prevent or slow the progression of AVD

at the earliest possible stages may greatly increase patient quality of life.

The development of a suitable therapeutic for AVD depends on the ability
to target the root cause of the disease, which ultimately manifests itself as a

biomechanical problem where thickening and stiffening of the AV leaflets



diminishes its ability to maintain directionality in blood flow from the left ventricle
to the aorta [3]. Thickened fibrotic, or sclerotic, AV leaflets may lose their ability
to fully open and close, leading to reduced ejection of the blood out of the
ventricle during when the heart pumps during systole and retrograde blood flow
back into the ventricle when the heart rests during diastole. Progression of AVD
is characterized by very stiff stenotic AV leaflets with bone-like calcific nodules
that develop within the leaflets [4]. In order to develop a strategy to prevent AVD,
a more thorough understanding of the cellular signaling and subsequent tissue
level changes involved in the progression of AVD is needed to elucidate relevant

therapeutic targets.

At the cellular level, AVD is believed to be caused by activation of AV
interstitial cells (AVICs) to a myofibroblast phenotype [5]. This phenotype is
characterized by increased expression of contractile, smooth muscle-like proteins
such as smooth muscle a-actin (aSMA) and SM22a, and increased expression of
these markers has been observed in excised AVD leaflets [6-8]. Once activated,
AVICs increase extracellular matrix (ECM) deposition, directly leading to the
decreased biomechanical compliance of the leaflets observed in AVD. The pro-
fibrotic cytokine transforming growth factor-B1 (TGF-B1) has been the most
extensively studied initiator of AVIC myofibroblast activation in vitro, and
increased levels of TGF-B1 have been observed in AV leaflets from patients with
AVD [9]. Additionally, mechanical strain has been observed to work in concert
with TGF-B1 to induce fibrotic collagen accumulation [10] and calcific nodule

formation [11] in ex vivo models of AVD. Unfortunately, due to the systemic



ubiquity of its signaling, TGF-B1 is not an ideal therapeutic target for the
treatment of AVD. Therefore, we are interested in identifying other, more specific

targets that interact with TGF-B1 signaling.

In addition to direct AV changes due to TGF-B1, serotonin (5-HT) and
certain serotonergic receptor agonists have been shown to lead to AVD
upstream of TGF-B1 through signaling at the serotonergic receptor 5-HT2s [12].
Interestingly, 5-HT,g has recently been shown to work in conjunction with
angiotensin 1l (Ang Il) type 1 receptor (AT4) to mediate changes in cardiac
fibroblasts that lead to ventricular hypertrophy [13]—pathology with ECM
accumulation similar to AVD. Antagonists to these receptors also demonstrate
anti-fibrotic effects in a variety of tissues [14-16]. Further, as evidence of the
therapeutic relevance of these receptors, AT4 receptor antagonists or blockers
(ARBs) have been successfully utilized in a clinical setting to inhibit excessive
TGF-B1 signaling observed in Marfan’s syndrome [17], and 5-HT,g antagonists
have been shown to mitigate fibrotic changes that lead to pulmonary
hypertension in a mouse model [15]. We believe that 5-HT,g and/or AT4 can be
targeted to effectively modulate AVIC myofibroblast activation and may provide

early time point druggable targets to prevent AVD progression.

The overall goal of the research presented in this dissertation is to
understand how both biochemical and mechanical factors alter the biological
state of the AVIC with an emphasis on elucidating the molecular mechanisms
that lead to pathological differentiation of AVICs that is observed in AVD. We are

also interested in how these mechanisms may be targeted therapeutically to treat



AVD. To do this, we must isolate the important signaling modalities and
outcomes that lead to AVIC activation and understand the interactions between
the various signaling pathways. This goal will be accomplished through the

following three specific aims:

1. Determine the role of TGF-B1-induced changes in AVIC phenotype that
lead to calcific nodule morphogenesis in a physiologically relevant,
dynamic culture system.

2. Elucidate the mechanism associated with 5-HT,g antagonist inhibition of
TGF-B1-induced activation of AVICs.

3. Assess the ability of AT4, a receptor similar to 5-HT,g, in modulating TGF-

B1-mediated changes in AVIC phenotype.

To begin, a detailed background on heart valve physiology and pathology
will be given, and a primer on the role of serotonergic signaling in heart valves
will be presented. Each specific aim will then be considered separately with each
section offering a focused introduction and set of research methods that were
used to complete the study. Finally, a discussion of the complete dissertation will
be presented to highlight the potential impact of the results. Also, to aid the
reader a table of reference has been provided to define uncommon abbreviations
and terms, protein functions, antagonist/inhibitor descriptions, and metrics that
will be used throughout the dissertation to assess AVIC signaling and

differentiation (Table 1.1).



Table 1.1. Vocabulary and Assay Metrics

Category| Term or Abbreviation Definition
AV Aortic valve - directs blood flow from left ventricle to aorta
AVD Aortic valve disease
» AVIC Aortic valve interstitial cell - specialized fibroblast-like cell that maintains aortic valve architecture
E
2
s AVEC Aortic valve endothelial cell - cells that line the surface of the aortic valve
i
o CAVD Calcific aortic valve disease - late stage of aortic valve disease characterized by bone-like calcific nodules
HVD Heart valve disease
Myofibroblast Contractile fibroblast phenotype characterized by expression of smooth-muscle proteins and implicated in aortic valve disease
3
g aSMA Smooth muscle a-actin - a marker of myofibroblast differentiation
g Alizarin Red Dye that stains calcium - used to identify calcific nodules
(3]
S
S Calcific nodule Bone-like calcium phosphate structures formed by aortic valve interstitial cells
g SM22a Common marker of smooth muscle cells and myofibroblasts
5-HT25 Serotonin 2B receptor - G protein-coupled receptor implicated in drug-induced valve disease
AIK5, TBRI Activin-like kinase 5, TGF-1 type 1 receptor - a serine-threonine kinase receptor
AT, Angiotensin type 1 receptor - G protein-coupled receptor with known cardiovascular function
cadherin-11 Intercellular adhesion protein that is expressed in myofibroblasts
Canonical Term used in cellular signaling to identify a common or traditional signaling pathway
Cas, pCas Protein that is a commonly phosphorylated by Src (pCas indicates phosphorylated Cas)

Erk1/2, pErk1/2

Common cell signaling protein in the MAP kinase family (pErk1/2 indicates phosphorylated Erk1/2)

GPCR

G protein-coupled receptor - a specialized cell surface receptor with 7 membrane-spanning regions

MEK1/2

Kinase responsible for phosphorylating Erk1/2

Non-canonical

Term used in cellular signaling to identify an uncommon or non-traditional signaling pathway

Cellular Signaling Proteins and Terms

p38, pp38

Common cell signaling protein in the MAP kinase family (pp38 indicates phosphorylated p38)

PAI-1

Plasminogen activator inhibitor-1 - a common transcriptional target of the canonical TGF-g1 Smad signaling pathway

Smad2/3, pSmad3

Cell signaling proteins and transcription factors that make up the canonical TGF-p1 signaling pathway (pSmad3 indicates phosphorylated Smad3

Inhibitors and Antagonists

Src, pSrc Tyrosine kinase protein involved in many cellular signaling pathways (pSrc indicates phosphorylated Src)
TGF-B1 Transforming growth factor-g1 - growth factor involved in many cellular signaling processes but implicated in fibrosis in a variety of tissues
TBRRII TGF-B1 type 2 receptor - receptor to which TGF-31 binds
SB204741 Selective antagonist of 5-HT 5
SB228357 Antagonist of 5-HT2s
SIS3 Specific inhibitor of Smad3 signaling

p38i, SB203580

Inhibitor of p38 phosphorylation

uo126

Inhibitor of MEK1/2 - Inhibits Erk1/2 phosphorylation

ZD7155

Selective antagonist of AT4




Chapter 2

Background — Heart Valve Physiology and Pathology

Text for Chapter 2 taken from:

Hutcheson, J.D., M.P. Nilo, and W.D. Merryman, Mechanobiology of Heart
Valves, in Mechanobiology Handbook, J. Nagatomi, Editor. 2011, CRC
Press: Boca Raton, FL.

Hutcheson, J.D., et al., Intracellular Ca(2+) accumulation is strain-
dependent and correlates with apoptosis in aortic valve fibroblasts. J
Biomech, 2012. 45(5): p. 888-94.

2.1. Mechanobiology and Biomechanics of Heart Valves

Heart Valve Function

The heart acts as a pump to ensure that blood is distributed appropriately
throughout the body. This is accomplished through a coordinated contraction of
the heart muscles causing the blood to be pumped through four cardiac
chambers. During the beginning of each cardiac cycle—a period known as
diastole—deoxygenated blood from the body fills the right atrium and newly
oxygenated blood from the lungs fills the left atrium. The flow of blood then
proceeds through the tricuspid valve from the right atrium into the right ventricle
or through the mitral valve from the left atrium into the left ventricle. Ventricular

contraction—or systole—is the main impetus for moving blood out of the heart.



The contraction of the ventricles forces blood from the right ventricle into the
pulmonary artery to be delivered to the lungs for oxygenation and delivery of
blood to the systemic circulation from the left ventricle through the aortic valve.
The cycle completes when blood returns to the heart during the next diastolic
period. Within the heart, the four valves maintain unidirectional flow of blood (Fig.
2.1) by the coordinated action of leaflets that open and close during each cardiac
cycle. In fact, the leaflets within each valve will open and close over 3 billion
times in an average lifetime [18]. Therefore, the leaflets must be able to
withstand dynamic, cyclic stresses while maintaining the structural integrity that is
crucial to their function. The interplay between the forces caused by the fluid
mechanics of blood flow and the biomechanical properties of the valve leaflets
make the tissues that form the heart valve leaflets interesting subjects in
mechanobiology. For introductory purposes, we will consider the two separate
types of heart valves—the atrioventricular valves and the semilunar valves—and

discuss the corresponding characteristics of each class.
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Fig 2.1. The general anatomy of the heart. All of the major components of the heart are depicted
including the locations of the four heart valves and the direction of blood flow (reprinted with
permissions from the National Heart, Lung, and Blood Institute, a part of the National Institutes of
Health and the U.S. Department of Health and Human Services).

The atrioventricular valves (i.e., the tricuspid valve and mitral valve on the
right and left side of the heart, respectively) remain open during ventricular
diastole to allow blood to move from the atria into the ventricles. As the ventricles
begin to contract during systole, the valve leaflets snap shut to prevent blood
from returning into the atria for the duration of systolic contraction. This continual
cycling between opening and closing of the atrioventricular valves is controlled by
both hemodynamic pressure and chordae tendineae that tether the valve leaflets
to papillary muscles within the ventricle walls. The structure of the two
atrioventricular valves is similar, with the main difference being the number of
leaflets. The mitral valve has two leaflets (Fig. 2.2); whereas, the tricuspid valve

has three leaflets. During diastole, the pressure in the atria is higher than that in



the ventricles due to the influx of blood into the heart. This pressure difference
causes the leaflets of the atrioventricular valves to extend outward into the
ventricles; however, as the ventricles contract, the pressure gradient is reversed,
causing the atrioventricular leaflets to be pushed back toward the atria. Tension
from the chordae tendineae ensure that the leaflets come together to make a
seal and do not prolapse—or protrude—back into the atria [19]. The interplay
between the various components of these valves is more complicated when
compared to the relatively simple semilunar valves directing blood flow out of the

ventricles.

Annulus

e Anterior Leaflet

Specimean Localion

Posterior Leaflet

Chordae Tendineae

Papillary Muscles

Fig 2.2. The anatomy of the mitral valve. All major portions of the tissue are shown. The dotted
square indicates a portion of the anterior leaflet utilized in many of the studies discussed
(reprinted with permissions from [20]).

The valves that direct blood flow from the heart to the body and lungs are
known as semilunar valves due to the crescent shape of the leaflets (Fig. 2.3A, a
view of the aortic valve from the perspective of the aorta). The pulmonary valve is

situated between the right ventricle and pulmonary artery, and the aortic valve



directs flow from the left ventricle to the aorta. These two valves differ from the
atrioventricular valves in that they lack chordae tendineae and rely solely on the
hemodynamic forces of blood flow to direct opening and closing of their leaflets.
Ventricular contraction during systole forces the leaflets of the semilunar valves
open. During diastole, the leaflets coapt to prevent blood from flowing back into
the ventricles. As we will discuss in much greater detail, the pressure of the blood
on the leaflets of the closed semilunar valves during diastole introduces a high
amount of stress on the tissues. This stress can lead to mechano-dependent
signal transduction of pathologic responses at the cellular level within the leaflets

that can greatly alter valve function.

Fig 2.3. The anatomy of the aortic valve. (a) The aortic valve leaflets are pushed into the aorta
during ventricular systole and coapt to form a seal during diastole. (b) A histological image of the
layers of the aorta is shown. The ventricularis (v) is composed of elastin fibers. The spongiosa (s)
provides a lubricating border between the ventricularis and the collagen-containing fibrosa (f)
(reprinted with permissions from [21]).

The diminished ability of the valve to regulate blood flow can result in
significantly altered cardiac function. Furthermore, heart valve disease (HVD) is
one of the leading causes of cardiovascular disease, especially among the
elderly. Studies have shown that HVD increases in prevalence from 0.7% in

people between 18 and 44 years of age to over 13% of people over 75 years of

10



age. Moreover, early symptoms of aortic valve disease have been detected in
29% of patients over 65 years of age. These symptoms are associated with a
50% increase in cardiovascular related morbidity and a similar increase in the
risk of myocardial infarction [22]. Currently, the only effective long-term treatment
for advanced HVD is replacement surgery, an invasive, high risk procedure for
elderly patients that requires substantial recovery time; therefore, understanding
of HVD etiology is an important step in developing new, less invasive

therapeutics or preventative strategies.

Global View of Heart Valve Mechanobiology

The importance of physiologic forces from normal cardiac function on
cellular function has been extensively studied in recent years. In fact, the
interrelationship between the mechanics and biological responses within the
heart valves is evident from observing the differences between the
biomechanical properties of the cells from the corresponding valves on each side
of the heart. The pressures involved with systemic body circulation on the left
side of the heart are dramatically higher than those of the pulmonary circulation
on the right side of the heart; therefore, these pressure differences are
transferred to the cells within the leaflets and produce dissimilarities that can be
observed within cellular populations between the valves. The difference in
mechanobiological response between the two sides was recently quantified by

correlating transvalvular pressures (TVP) to heart valve interstitial cell (VIC)

11



stiffness [23]. VICs are the main cellular component of the valve leaflets and are
thought to play a crucial role in maintaining the mechanical integrity of the valve
tissues by regulating extracellular matrix biosynthesis [7, 24]. Isolated VICs from
each of the four heart valves were analyzed for cellular stiffness using
micropipette aspiration [25-26]. VICs isolated from the right-side valves—i.e., the
tricuspid (TVIC) and pulmonary (PVIC) valves—displayed a significantly lower
effective stiffness than the mitral (MVIC) and aortic (AVIC) valve cells isolated
from the left-side valves (Fig. 2.4). Stiffness data correlated well with the level of
collagen synthesis by the VICs, indicating that the AVICs and MVICs are
responsible for producing more robust ECM proteins, which yields the higher

overall stiffness seen in the left-side valves.
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Fig 2.4. Comparison of interstitial cells from each side of the heart. The cells from the valves on
the left side of the heart (MVICs and AVICs) exhibit a significantly higher stiffness than the cells
from the valves on the right side of the heart (TVICs and PVICs) (reprinted with permissions from
[23]).

All of the heart valves rely on their structural properties for correct
function. This structural integrity is dictated by the material properties of the
tissues comprising the valves. As mentioned above, the constant changes in
TVP (due to contraction and relaxation of the cardiac chambers) place different
stresses (i.e. force/area) across the heart and on different parts of the valves
over the course of the cardiac cycle. The elevated pressures on the left-side of
the heart lead to an increased importance on cellular mechanotransduction and
also a heightened prevalence in disease for the aortic and mitral valves [27].

Therefore, for continued discussion, we will discuss the left-side valves only.

13



However, the reader should note that many of the valve properties mentioned
here are also applicable to the right-side heart valves. In the following sections,
we will review current understanding of how valves respond to demanding
physical forces present in the heart and how improper cellular response results in
altered tissue architecture, which leads to valve pathologies that are of clinical

relevance.

2.2. Physiology and Pathology of the Aortic Valve

Biomechanics and Structure of Aortic Valve

As shown in Fig. 2.1, the AV is situated between the left ventricle and the
aorta and functions to prevent regurgitation of blood into the left ventricle that has
been pumped to the aorta for distribution throughout the body. The AV
accomplishes this task using three adjacent leaflets that open during systole (Fig.
2.3A, left panel) and coapt (Fig. 2.3A, right panel) during diastole. Unlike the
mitral valve (MV), which has papillary muscles and tendineae to help control
movement of the leaflets, the AV relies solely on hemodynamic forces for
opening and closing. Therefore, the function of the AV is heavily reliant on the

mechanical properties of the leaflets [28].

Similar to the MV, each AV leaflet contains a layered ECM structure that is
composed almost exclusively of collagen, elastin, and glycosaminoglycans

(GAGs) [29]. These ECM components are organized into three distinct layers:

14



the ventricularis; the spongiosa; and the fibrosa (Fig. 2.3B). In the AV, the elastin
layer is located on the ventricular side of the leaflets, and the collagen-rich
fibrosa is on the aortic side. The spongiosa is situated between these two layers
and is composed mainly of GAGs that help direct collagen orientation during
opening and closing of the valve [30]. This structural alignment of the ECM within
the leaflets allows them to withstand repeated cardiac strains caused by pressure

of blood backflow during diastole.

To completely coapt during diastole and withstand the force of backflow,
the leaflet must expand extensively in the radial direction, and have an almost
immediate stress response at low strain levels in the circumferential direction
[31]. The collagen fibers, which provide the greatest amount of structural support,
align in the circumferential direction and this amounts to a cyclic, repeated strain
of 10-20% in the circumferential direction with each diastolic cycle [28]. As with
the MV during systole, the collagen in the AV quickly straightens during diastole,
conferring structural rigidity to the leaflets. Leaflet deformation and straightening
of the collagen causes the elastin of the ventricularis layer to stretch such that
the three leaflets meet to seal the valve [32-33]. Once the diastolic pressure
reaches 4 mm Hg, the collagen fibers completely align, and the valve closes
completely at 20 mm Hg. Few leaflet changes are observed from 4 mm Hg to the
peak diastolic pressure of 80 mm Hg [30]. During systolic opening of the valve,
the TVP difference drops to zero causing the elongated elastin to recoil, which

results in crimping of the collagen fibers and unloading of the AV leaflets.
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Cellular Mechanobiology of Aortic Valves

In other parts of the vascular system, endothelial cells have been
observed to play a crucial role in the transduction of mechanical signals such as
changes in shear stress [34]. Because these cells are the first to experience any
changes in outside forces that affect valve dynamics, they have received growing
attention in their potential roles in regulating valve homeostasis. VECs are
phenotypically distinct from other endothelia cells in the vasculature [35]. For
instance, when subjected to the shear stresses of fluid flow, valve endothelial
cells (VECs) align perpendicular to the flow [35]; whereas, endothelial cells from
the aorta align parallel to the flow [34, 36]. This indicates that the VECs may play
a distinct role in regulating the biomechanical properties of the valve through
specially evolved mechanisms. Furthermore, AVECs have been observed to
exhibit genotypic heterogeneity along the surface of each leaflet. Simmons et al.
found that 584 genes were differentially expressed between AVECs from the
aortic side and the ventricular side [37]. These genotypic differences may be
important in regulating the differing biomechanical properties on each side of the
valve, i.e., the collagen of the fibrosa and the elastin of the ventricularis, or
conversely, the gene expression of these cells may be influenced by the differing
shear stresses seen on each side of the leaflet. We will further discuss the

implications of the AVEC heterogeneity in the section on AV pathologies.

Some have suggested that AVECs may regulate valve properties through
complex paracrine signaling to the AVICs [37-41]. Butcher and Nerem showed

that AVECs can prevent activation of the AVICs when the two cell types are

16



grown in co-culture [38]. In this study, porcine AVICs were seeded into leaflet
model type | collagen hydrogels and subjected to 20 dynes/cm? of steady shear
for up to 96 hours. The presence of the shear stress resulted in AVIC
proliferation as well as an increase in aSMA and a decrease in GAGs—indicative
of myofibroblast activation. When AVECs were introduced onto the surface of
these gels in co-culture with the AVICs, these trends were completely reversed
and the AVICs exhibited a more quiescent fibroblastic phenotype. This suggests
that the AVECs may play a role in maintaining physiological homeostasis in the
AV, and a loss or dysfunction of these cells may play a role in the onset and/or

progression of AV disease.

Though the AVECs appear to play a crucial role in valve tissue
maintenance, the tissue structure and mechanical properties of the valve seem to
be regulated largely by the AVICs, the most abundant cell type in the AV. As
mentioned before, these cells exhibit a plastic phenotype that alternates between
a fibroblast-like state and a myofibroblast state depending on the needs of the
tissue. Within the AV leaflets, AVICs are aligned with the collagen fibers in the
circumferential direction, and studies have shown that they experience similar
levels of strain, indicating that macro, tissue level deformations (strains)
effectively transduce to the cellular level [42]. To continually respond to and
monitor tissue level changes, AVICs are spread throughout the leaflet where they
actively control and remodel the ECM to maintain its structural integrity. During
times of tissue remodeling, AVICs become activated from their quiescent

phenotype and gain smooth muscle cell characteristics [43-44]. This phenotypic

17



change results in increased cellular stiffness and contractility due to the formation
of aSMA fibers within the AVICs. Once activated these cells also produce an

excess of extracellular collagen that increases total tissue stiffness [45-46].

TGF-B1 signaling in AVD

The detailed cellular signaling pathways associated with AVIC
myofibroblast activation are poorly understood; however, TGF-1 activation and
receptor binding has been identified as a major contributor to myofibroblast
activation [10, 47-48] and was first studied in AVD as a potential mediator of AV
leaflet thickening from carcinoid heart disease [49]. TGF-B1 is a member of the
transforming growth factor superfamily of cytokines. In many tissues, TGF-B1 is
secreted from cells as part of a latent complex and stored in the ECM. Various
ECM cues such as mechanical strain [50], proteases [51], and pH changes [52]
can result in the activation of TGF-B1, which then binds to the type Il TGF-31
serine/threonine kinase receptor (TRRII). Ligand binding at TPRII leads to
recruitment and activation of the type | TBR, Alk5, which canonically elicits a wide
variety of cellular processes by signaling through a family of transcription factors
known as Smads [53]. For TGF-p1, specifically, phosphorylation of receptor
Smads 2 and 3 (Smad2/3) by Alk5 leads to their association with co-Smad4. This
Smad complex translocates to the nucleus and regulates transcription through
interaction with CAGA-rich Smad binding elements on gene promoter regions.
Plasminogen activator inhibitor-1 (PAI-1) is one example of a protein that can be

expressed by Smad2/3 phosphorylation and nuclear translocation across many
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cell types [54]. For this reason, plasmid constructs with the PAI-1 promoter
region linked to expression of a reporter gene (e.g., luciferase) are commonly
used to assay for canonical TGF-B1 signaling. Additionally, this canonical
signaling has been shown to lead to diverse biologic responses that are both cell-
type and environmental dependent.

Many studies have also focused on non-canonical signaling pathways to
explain the myriad of cellular responses induced by TGF-B1 ligand binding, and
p38 MAPK pathways have been identified as key mediators of cellular processes
such as cell migration and mesenchymal transformations [55-57], which are
characterized by upregulation of contractile elements similar to those identified in
myofibroblastic activation. Recent studies have shown that TGF-B1-induced
activation of p38 in epithelial cells is dependent upon phosphorylation of TBRII at
tyrosine residue 284 (Y284) by Src tyrosine kinase (Src) [58]. Phenylalanine
substitution at this residue (Y284F) of TPBRIl completely prevents p38
phosphorylation downstream of TGF-B1 ligand binding. Interestingly, activation of
p130-Cas, the major substrate of Src, has been shown to lead to inhibition of
Smad3 phosphorylation [59]. This indicates that Src phosphorylation may lead to
activation of non-canonical p38 signaling while simultaneously suppressing
canonical Smad3 signaling. The canonical and non-canonical TGF-1 signaling

pathways and interactions are summarized in Fig. 2.5.
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Fig. 2.5. TGF-B1 Signaling Pathways. (A) Canonically, TGF-31 ligand binding to TBRII leads to
recruitment and phosphorylation of TBRI (or Alk-5). This leads to phosphorylation and nuclear
translocation of Smad transcription factors. Non-canonical TGF-B1 signaling has also been
shown to be important in activating many cellular processes. One such pathway depends upon
Src phosphorylation of TBRIl and subsequent activation of p38. (B) Activated Src also leads to
phosphorylation of Cas, which has been shown to inhibit Smad activity.

Using porcine AV leaflets in a tension bioreactor, the effects of TGF-p1
and cyclic stretch on myofibroblast activation were studied in vitro [10]. The
measured outputs were aSMA, heat shock protein 47 (HSP47), type | collagen
C-terminal propeptide (CICP), and TGF-p1. CICP and HSP47 are both
surrogates for collagen biosynthesis [60-62]. The baseline control for this study
was tissue in static culture that was not treated with active TGF-f1 (Null).
Tissues receiving 15% stretch for two weeks (Tension) showed a significant
increase in myofibroblast activation and collagen synthesis over the Null group
and compared to day 0 controls (Fig. 2.6). This same trend was observed for
tissue samples in the treated daily with 0.5 ng/ml active TGF-1 for two weeks
(TGF). Most interestingly, the combination of these two treatments
(Tension+TGF) resulted in a very significant increase in myofibroblast activation

and matrix remodeling than either independent treatment. This suggests a
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synergism between TGF-B1 signaling and mechanical signal transduction.
Furthermore, the large increase in TGF-B1 within the tissues indicates a feed-
forward mechanism in which the AVICs respond to the combination of the two
stimuli by producing even more TGF-B1. In vivo, this result may translate into an
autocrine/paracrine signaling mechanism by which myofibroblasts produce TGF-
B1 to remain activated in times of pathologic strain and signal for the activation of
other AVICs to aid in tissue remodeling. In normal valves, the AVICs remain
active until repair is complete and AV homeostasis is restored [43]. As discussed
below, AV sclerosis may be a result of the over-activity of the AVICs resulting in

a loss in AV compliance.
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Fig 2.6. Effect of TGF-B1 and tension on AVICs. Both the presence of tension (Tension) and
TGF-B1 (TGF) individually significantly increase markers of myofibroblast activation (SMA), ECM
remodeling (Hsp47 and CICP), and the synthesis of native TGF-31 (TGF-B1) over the non-treated
controls (Null). A combined treatment of tension and TGF-B1 (Tension+TGF) showed a
synergistic increase in all of the measured outcomes over either of the individual treatments
(reprinted with permissions from [10]).

Early Effects of Strain on AVIC Homeostasis

Due to the synergistic effects of TGF-f1 and strain in altering AVIC
behavior [10-11], we were interested in studying the short-term effects of strain in
altering AVIC homeostasis. Changes in intracellular Ca?* have been shown to
play a significant role in the response of cultured myofibroblasts to mechanical
stimuli. Specifically, mechanically-induced changes in intracellular Ca®* lead to
short term cellular contraction, allowing the cell to resist externally applied strains

[63]. Previously, significant and sustained changes in AV leaflet mechanical
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properties due to AVIC contraction have been observed due to addition of 90 mM
KCI to the media, which results in a rapid Ca®" influx into the cells [33, 64]. In
vivo, AVICs are continuously subjected to a dynamic strain environment that has
been shown to influence AVIC behavior [10, 65-66]; therefore, we investigated
the role of strain-induced intracellular Ca®* changes in AVICs. We believe that
these changes may be important in normal AVIC function as well as disease
progression. Correspondingly, mechanical strain has been shown to influence
nodule formation in excised AV leaflets [11]. We assessed the role in intracellular
Ca*" accumulation in AVICs and the potential role of these changes in causing

AVIC apoptosis.

The data indicate that extent of strain applied to AVICs is positively
correlated with intracellular Ca?* concentration and apoptosis. In real-time Ca**
measurements, doubling the amount of strain applied to AVICs led to a
significant 44% increase in the rate of Ca?* accumulation over 5 min. The
application of cyclic strain for 3 h also leads to a significant increase in AVIC
intracellular Ca®* over non-strained AVICs with a trending increase with
increasing strain. Further, following the removal of strain, significantly more Ca**
was retained in AVICs that were initially subjected to the higher strain. We
believe that these accumulations may be important in directing AVIC behavior. A
loss in Ca®* homeostasis is known to lead to apoptosis in many cell types [67],
and apoptosis has been shown to play a role in dystrophic calcification processes
[11]. Indeed, our data indicate that AVIC apoptosis also increases with strain.

Other studies have identified active osteogenic differentiation of AVICs that leads
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to ossified nodules [68-69]. It is interesting to note that moderate increases in
intracellular Ca®* have been shown to be required for osteoblast activation in
bone remodeling [70], and strain could play a role in inducing this differentiation
in AVICs. Further, the data indicate that removal of Ca* is a biologically active
process that occurs at a constant efflux rate independent of the amount of strain
released and that higher strain leads to significantly more retention of intracellular
Ca®* over time in AVICs. Therefore, we speculate that increased strain could lead
to small but gradual accumulations of intracellular Ca®* and pathologic disruption

to AVIC homeostasis.

The influx of extracellular Ca®* could be due to either stretch-activated ion
channels [71] or non-specific openings in the plasma membrane due to strain
[72]. GdCls treated AVIC data indicate that strain-induced intracellular Ca**
accumulation occurs through stretch-activated channels in AVICs. One potential
important characteristic of these channels lies in their increased sensitivity to
small changes in strain [71, 73]. For the case in which Ca** diffusion is dictated
by the concentration gradient across non-specific pores in the plasma
membrane, the rate of accumulating intracellular Ca®is:

d[Ca2+]i
— = AporeNCa2+= (1)

where [Ca®"] is the concentration of intracellular Ca®*, Avore is the total area of all
open pores, and Ncaz+ is the molar flux of Ca?* through the open pores Apore

cannot be determined directly; however, if a constant flux is assumed for any
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given strain, the ratio of Ca®* accumulation rates between two different strains
should be proportional to the ratio of pore area for each strain. If an elliptical pore
is assumed,

_ T[dldz
Apore - 4 ’ (2)

where di and d; are the diameters of the elliptical axes. Therefore, the ratio of
two pore areas is equivalent to the ratio of the products of the diameters of each

ellipse, or

(Apore)g=20% _(dq1d3)e=20

(Apore)g=10%  (d1dp)e=10’ ©

where the subscripts outside the parentheses denote the strain magnitudes. A
change in uniaxial strain from 10% to 20% and a plasma membrane Poisson
ratio of 0.49 [71], results in an off axis strain of -4.9%. The strains in each axis
can then be used to relate change in the length of each axis for an applied
uniaxial strain from 10% to 20%. Substituting these relations into Equation 3
yields a 4.6% increase in total pore area, which would correspond to a 4.6%
increase in the rate of intracellular Ca** accumulation. However, the ratio of
slopes from the data gives a 44% increase in the rate of intracellular Ca*
accumulation from 10% to 20% strain. This indicates an increased sensitivity to
intracellular Ca®* accumulation at higher strains previously reported for
mechanosensitive ion channels [71, 73]. The probability of opening

mechanosensitive channels has been observed to have a sigmoidal dependence
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on strain, whereby a relatively small change in strain can lead to a higher number
of open channels and a large Ca?* influx [71]. This sensitivity could have
pathological consequences whereby small increases in AV strain lead to
significant increases in intracellular Ca®*. A graphic illustration of a proposed
Ca®" accumulation mechanism in AVICs is shown in Fig. 2.7. In this model,
heightened strain leads to increased Ca®" influx through an increased number of
opened channels. This Ca®* then accumulates over time as the rate of efflux from
AVICs is constant and cannot counteract the increased load, resulting in a loss of

AVIC homeostasis.
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Fig. 2.7. Proposed mechanism of ca® handling in AVICs. (A) The probability of opening (Pgpen) @
stretch activated channel is a sigmoidal function of strain. When no strain is applied (case a, x-
axis), no channels are open. When low strain is applied (case b), the Py, increases and some
channels open. When a larger strain is applied (case c), Poen increases dramatically and a large
number of channels open. (B) Physiologic strain during diastole therefore may open some
channels, causing a small influx of Ca®" into AVICs. This Ca®* is pumped back out of AVICs
during systole (cycle 1). Increased diastolic loading under pathologic conditions may lead to
greater strain on AVICs, more open channels, and a greater influx of Ca®" (cycle 2). Assuming a
constant efflux independent of strain, AVICs are not able to sufficiently remove the accumulated
intracellular Ca**, which leads to apoptosis after multiple cycles.
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The results of this study provide insight into AVIC responses to
mechanical strain and early mechanotransductive events that may contribute to
AV calcification. Studies are needed to clarify the molecular mechanisms
associated with both the strain-mediated intracellular Ca?* increase and the
active cellular-mediated decrease. Finally, identification of important pathways
and downstream consequences of increased intracellular Ca®* may reveal

therapeutic targets for AV disease.

Aortic Valve Pathologies and Current Research

AV disease can be classified as an inflammatory, congenital, or
degenerative disease [74]. Until the mid-1980s, inflammatory valve pathologies
such as those caused by rheumatic heart disease were much more common
than degenerative diseases; however, with the eradication of such diseases as
scarlet fever in the Western world, degenerative AV disease has become more
prevalent in the United States, but inflammatory valve disease remains a major
problem in developing countries [75]. Though a recent study has suggested that
pathogen infections may also play a role in modulating the activity of AVICs and
thus could lead to the development of AV disease, this is still an area of ongoing
research [76]. Therefore, for continued discussion we will mainly focus on better-

established AV pathologies with congenital and degenerative etiologies.

Congenital diseases are those of a genetic origin and are inherited at

birth. The most frequent congenital valvular defect is the bicuspid AV (with a
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prevalence of approximately 1%) [77]. This defect occurs due to the fusion of two
of the three AV leaflets, leaving the individual with two functional leaflets. Early in
life, this genetic malfunction does not cause problems in the majority of
individuals; however, adults with this malformation are at much greater risk of
developing degenerative valve pathologies [30]. The mechanisms through which
this defect results in valve dysfunction is still largely unknown. Current theories
associate the failing of the bicuspid valve to AV-mediated alterations of the aortic
wall. The changes in aortic stress may then be transferred to the AV leaflets,
which could exacerbate deleterious AV alterations—a theory explained in more
detail below. High levels of MMPs have been observed in the aortic walls of
patients with bicuspid AVs [78]. MMPs work by degrading ECM structural
components and, in these cases, cause dilatation of the aortic wall. One study
has also implicated changes in endothelial expression of nitric oxide in inducing
alterations of the aortic wall [79]. Nitric oxide signaling causes smooth muscle
cell relaxation, which also results in aortic dilatation. The link between the
bicuspid leaflets and these signaling mechanisms are unclear. Regardless of the
mechanism, however, the expanded aorta results in a higher volume of blood
being forced back onto the leaflets during diastole. Accordingly, this increased
pressure is transferred from the aorta to the cells within the AV leaflet, which

mediate tissue remodeling.

For many years, the prevailing view among many researchers and
clinicians was that AV degeneration was similar in nature to—if not identical to—

the progression of atherosclerosis [74]. More recently, this view has been the
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subject of some controversy in the field. Both diseases involve the same risk
factors and exhibit similar histological morphology; however, the AV leaflets lack
smooth muscle cells, which play a significant role in atherosclerosis. Also, recent
findings have shown that AV disease progression is more highly dependent on
the interplay between the mechanical factors and inflammatory cytokines than
the immunological processes that seem to mediate atherosclerosis. In fact,
Robicsek et al. have observed that changes in the mechanical compliance of the
aorta can lead to changes in AV function [74], similar to the observations in the
bicuspid AV studies. The reduced aortic compliance can lead to a significant
stress-overload on the AV leaflets, and thus result in increased matrix remodeling
in the absence of other internal or external cues. Furthermore, this hyper-
stressed diastolic state of the leaflets and resulting over-activity of the ECM
remodeling mechanisms leads to a loss in the biomechanical integrity and

functionality of the AV.

The most common degenerative AV pathology is known as AV sclerosis,
which is characterized by thickening and stiffening of the valve leaflets. Changes
in AV stiffness can lead to improper opening of the valve or insufficient
coaptation of the AV leaflets to prevent backflow from the aorta to the LV [80].
The progression of this degenerative disease seems to occur over the course of
years, and can lead to valve stenosis in the most serious cases. Stenosis occurs
when the leaflets become so rigid that they are unable to coapt during diastole,

resulting in partial occlusion of the valve. This pathology represents the most
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extreme case of AV degeneration and may be largely mediated by improper

activity of the AVICs [48, 81-83].

Again, under normal physiological conditions AVICs exhibit a fibroblastic
phenotype; however, the initiation of VHD has been found to be caused by the
activation of AVICs to a myofibroblast phenotype [7]. As discussed above, AVICs
can be activated in times of tissue development and repair. During these
physiological circumstances, activated myofibroblasts remodel the ECM and
return the tissue to homeostasis after which many of the myofibroblasts return to
a quiescent state. The characteristic thickening observed in AV sclerosis occurs
when these cells remain activated, creating an excess amount of collagen. This
over activation may occur due to a chronic physical change in the systemic
circulation such as the stress transduction caused by the lost aortic compliance
as observed by Robicsek et al. [74] (see above). The constant increased diastolic
pressure on the tissue is transferred to the AVICs within the leaflets. As
discussed before, this heightened mechanical stimulation may lead to AVIC
activation and release of important signaling cytokines such as TGF-$1. The
combination of a sustained pathological mechanical load and a constant increase
in the production of TGF-1 may lie at the root of the cellular cause of

degenerative AV disease [84].

VECs have also been shown to play a role in the etiology and progression
of valve disease. In diseased or injured vascular tissues, endothelial cells direct
the appropriate immune response by upregulating cell adhesion molecules

(CAMs) that mediate platelet attachment and activation as well as by secreting

30



cytokines that are recognized by specialized inflammatory cells [85-88]. Similarly,
AVECs have been observed to increase expression of CAMs (ICAM-1 and
VCAM-1) and secretion of inflammatory cytokines such as IL-8, IL-18 and IFN-y
in response to oscillatory, turbulent fluid flows and pathological mechanical
strains [39]. The exact mechanisms by which the AVECs may contribute to
pathogenesis in heart valves remain unclear; however, these cells may mediate
tissue changes through paracrine signaling to the AVICs within the valve. In
support of this theory, IL-13 has also been found in the cells within the valvular
interstitium and may be an important in modulating the overall disease

progression [81].

It is also important to note that the decreased leaflet compliance that is
associated with degenerative AV disease occurs due to an increase in type |
collagen and the formation of calcium deposits on the aortic side of the valve
leaflets [69, 89]. This is intuitive because the mechanical load placed on the
leaflets during diastole occurs due to a backflow in blood from the ascending
aorta; therefore, this stress would be transferred to the AVICs on the aortic side
of the valve. However, the AVECs may also play an important, though lesser
known, function in the degenerative effects. The spatial heterogeneity of these
cells may cause side-specific susceptibility to AV calcification [37]. The AVECs
directly adjacent to the fibrosa have been found to express much lower levels of
anti-calcification enzymes when compared to the AVECs on the ventricular side
of the leaflets [39]. This suggests that the AVECs may also play an important role

in sensing and responding to the various stresses on each side of the leaflets.
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Though the AVICs may be more directly involved in the tissue changes that are
observed in AV degeneration, signaling from the AVECs may direct AVIC

phenotype in vivo through the differential expression of signaling cytokines.

Concluding Remarks on AV Physiology

The heart is the most dynamic organ in the human body. It relies on a
coordinated action of chemical and electrical stimuli to produce the necessary
mechanical responses needed to provide blood to the outermost regions of the
body. Within the heart, the four valves work to direct blood flow and these heart
valves rely heavily on their biomechanical properties to ensure proper function;
therefore, the cells that compose these valves are extremely interesting case
studies in the field of mechanobiology. Recent studies have begun to connect the
effects of changes in the mechanical load on the valves to the biological
response of the cells within the tissues. Throughout this chapter, we have
focused on the important biomechanical features of the ECM of the valve tissues.
We have also highlighted how the mechanical forces placed on the valve tissues
can be transduced to the cellular level, which can lead to a feedback mechanism
by which the cells actively work to remodel the tissues. In all valves, VECs likely
play an important role in recruiting inflammatory cells to the surface of the leaflet
and translating shear stress on the tissue into signaling cytokines that can
modulate the activity of the VICs. The VICs themselves regulate tissue properties

through secretion of ECM components in response to changes in tissue strain
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and signaling cytokines (Fig. 2.8). Under normal conditions, these processes
would persist until valve remodeling is complete; whereupon, the valve would
return to its physiologic state. However, the over-activity of these signaling
mechanisms has been shown to affect a variety of HVDs. A better understanding
of this complex interplay between mechanical stimulation as the signaling
mechanisms utilized by the various cells that compose the valves may lead to the
development of less invasive therapies and preventative techniques for heart

valve disease.
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2.4, Treatments for HVD

Currently, the only viable long-term treatment option for HVD is valve
replacement surgery. Typically, the native diseased HV is either replaced by a
decellularized HV of bovine or porcine origin or supplanted by a mechanical HV.
While the techniques and resultant risks associated with HV replacement
procedures have dramatically improved, surgery still remains a poor option for

the two patient populations most affected by HVD: children and elderly.

In pediatric patients, the main concern is the integration of replacement
HVs within tissues that are rapidly growing and changing. Compounding the
problem in children, replacement HVs tend to wear quickly and typically need to
be replaced within 20 years [90]. To circumvent these problems, many surgeons
elect to perform the Ross procedure whereby the pulmonic HV is resected and
placed in the aortic position. The replacement HV is then placed in the position
formerly occupied by the pulmonic HV. The advantage of this procedure is that
the pulmonic HV is able to incorporate within native tissue in the aortic position,
and the replacement HV wears more slowly due to the lower pressures
associated with the pulmonic circulation. The major disadvantage of the Ross
procedure is that it requires two very invasive surgical procedures (i.e., resection
of both the aortic and pulmonic HVs), and often, the pulmonic HV is not able to
adapt to the increased pressure associated with systemic circulation. For these
reasons, the Ross procedure is rarely performed in elderly patients. Faced with
the problems associated with HV replacement, physicians often delay surgical

options until they are absolutely necessary; therefore, many patients would
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greatly benefit from an early treatment to delay or prevent the onset of HVD.
Elderly patients face a difficult recovery following open-chest surgery that, while
improving their cardiac function, their quality of life declines for a prolonged
period of time (up to a year). Thus, elderly patients would benefit greatly from a

pharmacological strategy against HVD.

The hopeful story in recent years has been that lipid-lowering drugs (i.e.,
statins) might prevent HVD [91-93], similarly to their promise against
atherosclerosis. In 2001, two retrospective studies indicated that statins may
inhibit the progression of aortic valve stenosis [94-95], and it was suggested that
large prospective studies be conducted. When these prospective studies were
finally completed, the efficacy of statins proved disappointing. In 2005, a small
double-blind, placebo controlled study showed no benefit of statins to reduce
HVD [96]. Moreover, a recent report of a large clinical study demonstrated, rather
conclusively, that statins do not reduce major cardiovascular outcomes, including
aortic valve replacement, in patients with aortic valve stenosis [97]. In light of
these findings, the enthusiasm for statin therapy as a potential preventive
treatment for HVD has been severely dampened. Thus, there is no
pharmacological strategy currently available or being developed (to our

knowledge) that has the potential to prevent or delay HVD progression.
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Chapter 3

Serotonergic Signaling and Heart Valve Disease

Text for Chapter 3 taken from:
Hutcheson, J.D., et al., Serotonin receptors and heart valve disease--it

was meant 2B. Pharmacol Ther, 2011. 132(2): p. 146-57.

3.1. Serotonin

Serotonin or 5-hydroxytryptamine (5-HT; Fig. 3.1) is enzymatically
transformed from the essential amino acid tryptophan following hydroxylation and
decarboxylation. Serotonin was discovered and isolated from serum 60 years
ago [98], and shortly after, the molecule was determined to originate from the
enterochromaffin (or Kulchitsky) cells that are found throughout the
gastrointestinal and bronchopulmonary system [99]. High concentrations of 5-HT
are found in blood platelets and enterochrommaffin cells of the gut; lesser
amounts are found around neurons located along the raphé nuclei of the
brainstem. The human brain has evolved a sophisticated arrangement of axons

stemming from the raphé nuclei to innervate nearly every brain region.
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Fig. 3.1. Molecular structure of serotonin.

5-HT is involved in a diverse array of physiologic and biologic processes.
In the brain, 5-HT has been found to affect mood, appetite, anxiety, aggression,
perception, pain, and cognition [100-102]. Systemically, 5-HT contributes to
vascular and non-vascular smooth muscle contraction and platelet aggregation.
Serotonin released from neurons is recaptured by an active reuptake pump
(serotonin transporter), and is then inactivated by monoamine oxidase and
converted to 5-hydroxyindoleacetic acid [103]. In vivo, the rate of urinary 5-
hydroxyindoleacetic acid output is commonly used as an index of 5-HT

metabolism.

3.2. Serotonin receptors

Signaling of 5-HT is mediated by receptors that are located on the cell
membrane of neurons and most other cells in the body [101-102]. There are six
subdivided into 14 unique subtypes. The 5-HT; receptor is unique among 5-HT

receptors in that it is a ligand gated ion channel [101, 104]. Heterotrimeric
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guanine nucleotide-binding protein G protein-coupled receptors (GPCRs) are
well characterized and have been described extensively [105-106]. Briefly,
GPCRs are transmembrane proteins consisting of seven membrane-spanning a-
helical segments with an extracellular N-terminus and an intracellular C-terminus.
The binding of 5-HT to one of its receptors is thought to elicit a conformational
change that activates associated heterotrimeric G proteins and recruits other
downstream signaling/scaffolding molecules, such as GPCR kinases and -
arrestins [107-108]. Upon activation by an agonist-occupied GPCR, G proteins
release guanosine diphosphate, which is constituitively bound to the a subunit of
the heterotrimer, and bind guanosine triphosphate (GTP). Binding of GTP to the
o subunit causes it to dissociate from the By subunits (which remain associated
to each other); free Ga then interacts with nearby, downstream effectors (e.g.,
adenylate cyclase for Gas/olf- and Gai/o/z-types or phospholipase C for Gaqg/11-
types), generating second messengers (e.g., cCAMP produced by adenylate
cyclase or inositol 1,4,5-trisphosphate and diacylglycerol produced by
phospholipase C) that modulate downstream effectors inside the cell (e.g.,
protein kinases A and C activated by cAMP and diacylglycerol) [see [109] for
review of 5-HT signaling pathways]

Because of the systemic presence of 5-HT and the multitude of receptor
types found throughout the body that can elicit a myriad of cellular responses,
drugs targeting 5-HT receptors are effective treatments for a variety of
conditions. Each 5-HT receptor subtype contains at least one important

therapeutic target. For instance, antimigraine medications (e.g., ergotamine,
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sumatriptan) activate 5-HT1g/p receptors. Clinically effective antipsychotics block
the activation of 5-HTa, 5-HT,c (Roth et al, 1992), 5-HTg[110], and 5-HT7 [110-
111] receptors [see [112] for review]. Acid reflux can be managed with drugs that
activate 5-HT,4 receptors [113], while drugs that block the activation of 5-HT4
receptors are used to treat cardiac arrhythmias [114]. Antagonism of 5-HTs
receptors has been postulated to enhance memory and learning in healthy
individuals [115]. There are many pharmaceuticals used to target the multitude of
serotonergic GPCRs; however the 5-HT, receptors are among the most
frequently targeted, highlighting their important role in physiological and

pathophysiological processes (see Roth in press for recent review).

5-HT, receptors

The 5-HT, family consists of three GPCRs: 5-HT2a, 5-HT2g, and 5-HTyc. 5-
HT induces an increase in inositol 1,4,5-trisphosphate (which leads to release of
intracellular calcium stores and diacylgycerol [116-118]. In addition to these
known signaling mechanisms, 5-HT, receptors also generate second messenger
signaling that leads to cell-type specific responses depending on the organ under
consideration. Some of the most notable effects of 5-HT, receptor-preferring
drugs involve the brain, and these activities are exploited therapeutically. Two
important, common examples are atypical antipsychotics and anorexigens.
These drugs—and/or their metabolites—display activity at 5-HT,a (viz: atypical
antipsychotics are inverse agonists) [119-120] and 5-HT,c receptors

(anorexigens and putative atypical antipsychotic drugs are agonists) [121]. 5-
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HT2a and 5-HT,c receptors are highly abundant in various human brain regions
with 5-HT,a being highly concentrated in cortical regions and 5-HT,c more
broadly distributed [122-123]. The 5-HT,g receptor subtype displays a lower
expression in the brain [116], and its role in the effects of psychoactive agents is
less. Nevertheless, recent genetic and pharmacologic studies have implicated 5-
HTog receptors in the biological activities of the recreational psychostimulant 3,4-
methylenedioxymethamphetamine (MDMA, ecstasy) [124-125] and the
anorexigen fenfluramine [126].

In fact, many clinically used agents, particularly antipsychotics and
anorexigens, display some activity at all three subtypes. One reason for low
selectivity among 5-HT, receptor-active compounds is the high degree of amino
acid sequence homology among the three subtypes [100, 127] with a structural
similarity of 45-50% between the receptors [128]. This homology is of significant
consequence as drugs intended for the 5-HT2a or 5-HT,¢c receptors located in the
brain may also bind to the 5-HT,g receptors expressed in the brain or in other

tissues.

5-HT 5 receptors

What is now called the 5-HT,g receptor (Fig. 3.2) was first recognized 50
years ago relating to the putative role of a specific 5-HT receptor subtype in the
contraction of the gastric fundus from rat stomach [129]. Although there was
controversy prior to the cloning of the 5-HT,s receptor whether the stomach
fundus receptor was pharmacologically distinct from the 5-HT,a and 5-HT,c

[130], this disappeared once all three were cloned and their tissue distribution
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illuminated. Since then, 5-HT,g receptors have been found to be present in both
rodent and human tissues, particularly in the cardiovascular system,
gastrointestinal tract, bone, and central nervous system [131-133]. Importantly,
the tissue distribution of 5-HT,g receptor protein in rodents and humans is similar,
as are their pharmacologies [134]; this observation facilitates the extrapolation of
physiological and pharmacological results from rodent studies of the 5-HT.s

receptor to humans.

Fig. 3.2. A three-dimensional homology model of the 5-HT2B receptor. The model is based on
the crystal structure of squid rhodopsin, which has a high degree of homology with the 5-HT2B
receptor. Shown are two TM3 residues and one TM6 residue known to interact with serotonin.

The complexity and variety of 5-HT,g receptor expression is paralleled by
its signal transduction. Activation of 5-HT,s has been found to stimulate
phospholipase C [135] and phospholipase A2 [136], both of which increase
intracellular calcium levels. Activation of 5-HT,g receptors in some cell types has

also been shown to stimulate nitric oxide synthase [137]. In fibroblasts and
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smooth muscle cells, the biological result of activating 5-HTg receptors is mitosis
([133, 138-140] and secretion of inflammatory cytokines and extracellular matrix
(ECM) components [13, 141]. As such, 5-HT,g receptors appear to play a crucial
role in allowing these cells to maintain the structural homeostasis of the tissues
comprising them (e.g., myocardium, heart valves, blood vessels). For example,
over-expression of 5-HT,g receptors in hearts of transgenic mice results in
cardiac hypertrophy and decreased ventricular function due to enhanced ECM
and remodeling [141-142]. Likewise, genetic deletion of 5-HT,g receptors was

shown to lead to ventricular dilation and incomplete cardiac development [138].

The molecular signaling pathways associated with these matrix
remodeling responses appears to involve typical mitogenic signal transduction as
well as coordination between the signaling of 5-HT,s receptors and various
growth factor and cytokine receptors [138-139, 143]. Specifically, 5-HT.g
activation in mouse fibroblasts was initially shown to lead to the p217- and
heterotrimeric G protein-dependent activation of mitogen activated protein kinase
(MAPK) [144]. Further studies in fibroblasts revealed that 5-HT,g activation also
leads to phosphorylation of the cytoplasmic tyrosine kinase Src [139]. Src
phosphorylation appears to enhance signaling of the platelet derived growth
factor and epidermal growth factor [139, 145]; Src inhibitors have been found to
negatively affect signaling at both these receptors [139, 146]. A more recent
study connected these 5-HT,g signaling pathways using pharmacological agents
to selectively inhibit key signal transduction proteins in cardiac fibroblasts [13].

Accordingly, 5-HT2s receptor-mediated Src activation was found to lead to an
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increase in matrix metaloproteinase activity, which leads to a release of heparin-
bound epidermal growth factor. In turn, epidermal growth factor signaling leads to
MAPK activation and subsequent upregulation of various cytokines. In addition,
Jaffré et al. [13] demonstrated that 5-HT,g receptors work in concert with the
angiontensin |l type 1 receptor (AT1) to mediate hypertrophic signaling in cardiac
fibroblasts. These results indicate that, in cardiac fibroblasts at least, the function
of both GPCRs is required for the activity of either one. Consequently, by

inhibiting one receptor the action of the other receptor is likewise inhibited.

Many of the cardiac-related studies into the molecular signaling pathways
of the 5-HT,g receptors have focused on the role of this receptor in ventricular
fibroblasts. In this review, we will highlight the role 5-HT,g receptors may play in
mediating changes in heart valves. Therefore, to make the connection between
these cardiac tissues, it is interesting to note that the signaling pathways
discussed previously seem to play a major role in both regulating and responding
to the biomechanical properties of tissue, which, as noted below, is crucial to the
appropriate function of heart valves. Thus, both AT, and 5-HT,s receptors
demonstrate a mechano-dependent upregulation and signaling activation during
ventricular pressure overload that results in an increase in tissue stress levels
[147-148]. Moreover, agonist signaling at these GPCRs has been shown to lead
to an increase in expression of the cytokine transforming growth factor-g1 (TGF-
B1) [12, 147], which has also been shown to exhibit mechano-responsive
signaling [50] and seems to be a key mediator in the tissue changes that lead to

heart valve disease [10, 48].
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Carcinoid syndrome

Carcinoid syndrome occurs as a result of the formation of neuroendocrine
tumors arising from oncogenic enterochromaffin cells. These cells are reservoirs
of 5-HT and normally deliver 5-HT to platelets for controlled systemic distribution;
however, when tumor-forming enterochromaffin cells metastasize to the liver, 5-
HT can more readily reach systemic circulation leading to the cardiac changes
associated with carcinoid heart disease (CHD). CHD was first noted 80 years
ago by the Dutch pathologist A.J. Scholte, who observed that a patient with a
carcinoid tumor also had thickened tricuspid valve leaflets [149]. Interestingly,
CHD differs from most forms of HVD in that it mostly affects right-side HVs (i.e.,
the pre-lung tricuspid and pulmonary valves). Elevated blood levels of 5-HT are
carried to the right side of the heart through the inferior vena cava, where it is
believed that interaction with 5-HT,z receptors on cells in the tricuspid and
pulmonic HVs leads to the extracellular matrix secretion and the thickening of the
HV leaflets that characterize HVD. As the blood continues into pulmonary
circulation, the 5-HT is inactivated by monoaminoxigenase in the lungs and,
therefore, does not induce HV changes when the blood returns to the left side of
the heart. For many years, the serotonergic receptor subtype responsible for
CHD was not known due to the fact that serotonin has a similar affinity for many
of its receptors, and several of the subtypes are expressed throughout the
cardiovascular system. The current hypotheses identifying 5-HTog receptor as the
major HV target came about only as a result of inadvertant targeting of the 5-

HT,g receptors with Fen-Phen.
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Fen-Phen

Among all the serotonergic drugs on the market, there may be none more
recognizable to the general public than fenfluramine, one of the components of
the ‘Fen-Phen’ anorexigen combination. This popular diet drug regimen
consisting of fenfluramine and phenteramine was shown to be better tolerated
than either alone in 1984 and the drug combination was subsequently and widely
prescribed [150]. However, a study published in late 1997 identified both right-
sided and left-sided HV defects in a number of patients who had been taking
Fen-Phen for an average of 12 months [151]. Soon thereafter, the drugs
(including other fenfluramine formulations) were voluntarily withdrawn from the
market based upon recommendations by the FDA. In a retrospective study, the
highest incidence of HVD development from Fen-Phen was found to be 25.2%

among patients treated for an average of 20 months [152].

Early histological analyses of diseased tissue from Fen-Phen patients
indicated a pathophysiology similar to that observed in carcinoid patients and
from tissues of subjects who had taken specific ergot-derived formulations. In this
regard, in the mid-1960s, researchers and physicians noticed a strong
connection between the ergot agents methysergide and ergotamine and the
development of fibrotic pathologies including HVD [153-155]. Some even went as
far as to note that the “similarities in chemical structure of serotonin,
methysergide, and ergotamine” may “suggest a common pathophysiologic

mechanism for ergot alkaloid-associated valve disease and carcinoid valve
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disease” [156]. Much like with CHD, however, the exact molecular cause of the

tissue changes that lead to HVD remained undetermined.

The Fen-Phen episodes sparked new interest in identifying the specific 5-
HT receptor subtype involved in drug-induced HVD. Due to the known mitogenic
roles of the 5-HT, subfamily, Fitzgerald et al. [133] examined the interaction of
fenfluramine, norfenfluramine (the main metabolite of fenfluramine), ergotamine,
and methysergide on human 5-HTza, 5-HT2g, and 5-HT,c receptors. The ergot-
derived compounds were found to possess high affinity for all three receptor
subtypes. In contrast, fenfluramine rotamers demonstrated weak affinities for the
5-HT, receptors; however, the norfenfluramine rotamers exhibited relatively high
affinity for both 5-HT2g and 5-HT,¢ receptors (Table 3.1) and slightly lower affinity
for 5-HT,a receptors. These results suggested that norfenfluramine, the main
metabolite of fenfluramine, was chiefly responsible for 5-HT, receptor activation,
and thus, the most likely candidate for causing Fen-Phen-mediated HVD.
Furthermore, norfenfluramine was found to be two orders of magnitude more
potent at 5-HT,s and 5-HT,c receptors compared with 5-HT,a receptors (Table
3.2), and 5-HTy¢ receptors, which are restricted to the central nervous system,
were found to be expressed at exceedingly low levels within HV tissues (Fig.
3.3). Simultaneously, Rothman et al. (2000) compared the in vitro pharmacology
of norfenfluramine with that of known inducers of HVD (5-HT, methysergide), as
well as with that of serotonergic drugs not associated with HVD (negative
controls), and found that the HVD-associated compounds were, unlike the

negative controls, potent 5-HT,g receptor agonists (see below). Taken together
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with the expression of 5-HT.g receptors in heart valve tissue [133] and the
mitogenic effect of 5-HT,g receptors in cardiac and other cell types [138-139],
these results pointed to the 5-HT,g receptor as the serotonergic target leading to

HVD.
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Fig. 3.3. 5-HT, receptor subtype expression in the aortic valve. 5-HT,5 and 5-HT,g receptors are
expressed in much greater numbers than 5-HT,c as shown by random primed cDNA (solid bars)
or oligo(dT) data (hatched bars). Reprinted with permissions from [133].

As noted above, the results of the Fitzgerald et al. study were supported in
a seminal report published simultaneously by Rothman et al. [157] in which the
affinities and potencies of 15 different molecules were tested at 11 different 5-HT
receptor subtypes: 5-HT1a, 5-HT1g, 5-HT1p, 5-HT1g, 5-HT2a, 5-HT25, 5-HT2c, 5-
HTsa, 5-HTs, and 5-HT7. In this study, all but the 5-HT,g receptor subtypes were
systematically ruled out based on pharmacological similarity with HVD-
associated molecules and pharmacological differences from negative control

molecules that were not suspected mediators of HVD (e.g., fluoxetine and its
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metabolite norfluoxetine). The 5-HT, receptor subtypes were the only receptors
to display relatively high affinity (Table 3.1) and high potency (Table 3.2) for both
the norfenfluramine rotamers and for the HVD-associted ergot-derived

compounds (Tables 3.1 and 3.2, italicized).

Table 3.1. Comparison of Receptor Subtype Affinity (K;in nM)

Receptor Subtype
Drug 5-HT2a 5-HTys 5-HTyc
5-HT’ 614* 4.0 12.2
(+)-Fenfluramine? 2470 2080 3920
(-)-Fenfluramine? 1430 1620 680
(+)-Norfenfluramine? 187 56 27
(-)-Norfenfluramine? 267 99 65
Cabergoline* 7.8 2.6 190
Pergolide®* 1.6 14 45
Ergotamine’ 9.0* 3.0 12.0
Methysergide'’ 15.0* 9.1 1.8
Methylergonovine' 12.6* 0.49 12.4
Phenteramine’ >10,000* >10,000 >10,000

*from rat 5-HT,a
111571 2[133]

% [140]*[158]

Similar to the Fitzgerald et al study, the data indicate both high affinity (Kj)
and potency (shown by phosphatidylinositol hydrolysis, Ka) at 5-HTog over 5-
HT2a for norfenfluramines and the known inducers of HVD. It is important to note
that in both the Fitzgerald et al. (2000) and Rothman et al. (2000) studies,
phenteramine did not exhibit high affinity agonism of 5-HT,g receptors (Table
3.1); correspondingly, formulations consisting of phenteramine alone (i.e., in the
absence of fenfluramine)—in use for decades prior to the Fen-Phen HVD

outbreak—have not been associated with the disease [157].
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Table 3.2. Comparison of Receptor Subtype Potency (K, or ECsq for phosphoinositide hydrolysis

in nM)
Receptor Subtype

Drug 5-HT2A 5-HT23 5-HT2c
5-HT' 66 2.4 0.6
(+)-Fenfluramine’ >10,000 379 362
(-)-Fenfluramine’ 5,279 1,248 360
(+)-Norfenfluramine® 3,100 24 190
(-)-Norfenfluramine? 26,600 292 727
Cabergoline® 7.76 2.57 2.40
Pergolide® 1.62 6.03 4.47
Ergotamine’ 16 9.8 B
Methysergide’ 3.5 150 2.9
Methylergonovine' 1.3 0.8 2.5
Lisuride® 8.13 0* 7.76

*Lisuride exhibits antagonist signaling at the 5-HT s receptor.’
'[157] ?[133]

3 Adapted from: [158]

Pergolide and Cabergoline

Following the Fen-Phen episode, a number of additional HVD-inducing
drugs have been identified. First among these were the non-specific dopamine
agonists pergolide and cabergoline, prescribed for Parkinson’s disease [159-
160]. The stories of pergolide and cabergoline are similar to that of fenfluramine.
The first preliminary account of potential pergolide-mediated HVD was reported
in 2002 [161]. Dopamine agonists had become popular anti-Parkinsonian
therapeutics, and many feared that these drugs would suffer the same fate as
fenfluramine. Around the same period of time, many drugs were beginning to be
profiled at 5-HT.s receptors including anti-Parkinsonian drugs, amphetamine
derivatives and other medications receptors [140, 158]. Of the large number of

drugs tested, pergolide, cabergoline, MDMA and its active N-demethylated
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metabolite 3,4-methylenedioxyamphetamine (MDA) were found to exhibit potent
agonist activity at 5-HT,g [140, 158]. It is interesting to note in this regard that
Newman-Tancredi and colleagues were solely interested in differentiating activity
of several Parkinsonian drugs at various serotonergic receptor subtypes and
suggested that 5-HTg activity might be associated with some sort of therapeutic
action of pergolide and cabergoline rather than a potentiator of side-effects. On
the other hand, Setola et al. predicted that pergolide and other drugs which were
5-HT2 agonists (including MDMA and MDA) would be associated with a high
incidence of HVD. Accordingly, the incidence of HVD from pergolide and
cabergoline has been found to be 23.4% and 28.6%, respectively [160]; no
significant increase in HVD incidence has been associated with any of the other
dopamine agonists. Further, three of the other drugs (lisuride, bromocripine, and
terguride) were found to be potent agonists at 5-HT,a receptors [158], but have
little to no activity at 5-HT.g receptors [162]. None of these drugs has been
subsequently reported to be associated with HVD. These findings lend further
credence to the theory that the 5-HT,g receptor is the molecular culprit for drug-
mediated HVD. Tables 3.1 and 3.2 contain partial compilation of the results from
these early studies and offer a representative view of the data that first indicated

agonist activity at 5-HT,g receptors leads to the development of HVD.

A search for others

Following the Fen-Phen and pergoline/cabergolide findings, many other

drugs have been tested for agonist activity at 5-HT,s. Specifically, the NIMH
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Psychoactive Drug Screening Progam has sought to screen large numbers of
FDA-approved drugs and drug-like compounds for agonist activity at 5-HTys
receptors in order to identify drugs/chemotypes with HVD liability [162-164]. The
most recent findings in this effort identified 27 5-HT,g receptor agonists among

2200 drugs and drug-like compounds (Table 3.3; [162]).

Table 3.3. Agonist efficacies and potencies at 5-HTog (Enax given as % of 5-HT, ECs, for calcium
flux in nM)’

Drug Emax ECso
5-HT 100.0 1.78
BW 723C86 92.9 1.41
DOI 88.2 1.45
Norfenfluramine 107.4 2.45
Cabergoline 98.5 398
Pergolide 88.5 741
Methylergonovine 49.5 21.4
Roprinirole 73 2570
Guanfacine 93 123
Oxymetazoline 70.9 45.7
Quinidine 55.9 186
Xylometazoline 55.7 240
Fenoldopam 92.5 77.6

' Adapted from: [162]

Of these, 14 had previously been identified as 5-HT,g receptor agonists,
including 7 known HVD-associated drugs (Table 3.3). Six of the compounds that
had not previously been identified as 5-HT,g receptor agonists are currently
approved medications (Table 3.3, italics), with five of these acting as potent
agonists: guanfacine, oxymetazoline, quinidine, xylometazoline, and fenoldopam.
Guanfacine and quinidine were noted to be of particular concern. Guanfacine is

often prescribed as an antihypertensive agent, and quinidine is used to treat
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arrhythmia. As such, both tend to be prescribed for sustained periods and could
potentially lead to valvular problems. The recent indication of guanfacine to treat
attention deficit hyperactivity disorder in pediatric patients is of particular concern
[162]. Of less concern (perhaps) are xylometazoline, oxymetazoline, and
fenoldopam, which are typically prescribed for relatively short time periods.
However, all of these compounds should be studied closely to ensure that there
is no link to HVD.

One of the identified agonists, ropinirole, was found to be much less
potent than the other compounds (active only at 1 uM) and therefore may not be
associated with inducing HVD. Indeed, ropinirole, which has been used for
several years to treat restless legs syndrome, has been considered ‘safe’ vis-a-
vis HVD. However, a very recent study documented a case of retroperitoneal
fibrosis in a patient using ropinirole [165]. Additionally, at least four other cases of
HVD have been reported in patients using ropinirole [165]. While these relatively
few reports may not indicate a statistically increased risk of HVD with ropinirole
use, these types of cases should be continuously monitored to ensure that no

causal link exists.

Learning from previous mistakes

Though unfortunate in terms of human and economic loss, the
fenfluramine case has led to some important insights. The first and most
impactful of these is that screening drugs for 5-HT,g receptor agonist activity is

the best in vitro method for identifying potential drug-inducing HVD candidates
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[140, 157, 163]. The case of MDMA supports this recommendation. In 2003, the
NIMH Psychoactive Drug Screening Program, in collaboration with Richard
Rothman’s group NIDA, profiled the serotonergic amphetamine derivative MDMA
to identify targets other than the monoamine plasmalemmal transporters. The
screening campaign revealed that MDMA and MDA were both moderately potent
5-HT2s receptor agonists, and that they stimulated the proliferation of primary
human VIC cultures in a 5-HT,s receptor-dependent manner [140]. These
findings led us to predict that MDMA use may be a risk factor for HVD. In 2007, a
clinical study reported an increased prevalence of HVD in MDMA users [166].
Thus, the aforementioned studies support the claim that in vitro screening of
drugs at 5-HT,g receptors can identify previously unknown drug-inducing HVD
candidates.

Another lesson that can be learned from the role of 5-HT,g receptors in
HVD is that 5-HT,g receptor antagonists may be potential prophylactics and/or
treatments. Indeed, if the activation of 5-HT2g receptors (on heart valve interstitial
cells and/or other cells) contributes to HVD, it is likely that blockade of 5-HT2z
receptors may antagonize the onset and/or progression of the disease [163].
Furthermore, there are a number of 5-HT,g receptor antagonists that are FDA-
approved medications (e.g., antidepressants, antipsychotics, antihistamines) with
established records of safety and tolerability [140, 157, 162-163]. Along these
lines, Droogmans and colleagues recently reported that the antihistamine
cyproheptadine—which is also a potent 5-HT.z receptor antagonist [167]—

mitigated pergolide-induced HVD in rats [168], as predicted by Roth (2007).
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Similar experiments using other 5-HT,g receptor antagonists, and analyses of
HVD prevalence among large numbers of patients taking medactions with 5-HT2g
receptor  antagonist activity (e.g., antihistamines, antidepressants,
antipsychotics), will be informative in terms of HVD prevention/treatment

strategies.

3.3. 5-HT .5 receptor as a novel treatment strategy

The development of a suitable therapeutic to prevent/retard HVD depends
on the ability to target the root cause of the disease, which ultimately manifests
itself as thickening and stiffening of HV leaflets, which diminishes the ability of
the HV to maintain directionality in blood flow. At a cellular level, HV stiffening is
believed to be caused by activation of VICs to a myofibroblast phenotype [7, 81,
169-170]. Once activated, these cells increase ECM deposition, which directly
leads to the decreased compliance of the leaflets observed in HVD. Additionally,
increased mechanical strain has been shown to exacerbate VIC activation [10-
11, 171-172]. In order to develop a strategy to prevent or treat HVD, a more
thorough understanding of the cellular signaling and subsequent tissue-level
changes involved in the progression of HVD is needed to elucidate the relevant
molecular targets. Given the large number of currently-approved medications that
exhibit antagonist/inverse agonist activity at 5-HT,g receptors [162], we believe

that the 5-HTg receptor is a tractable target to achieve these therapeutic goals.
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Given its negative history, the idea of targeting 5-HTg for therapeutic gain
may initially seem counter-intuitive; however, studies have begun to explore the
potential benefits of controlling 5-HT2g receptor signaling [15, 173-174]. Just as
agonists of the 5-HT,g receptor have been observed to lead to HVD, many of
these agonists have also been implicated in fibrotic responses and ECM
alterations that lead to other pathologies such as ventricular hypertrophy [13,
143] and pulmonary arterial fibrosis and hypertension [175]. Correspondingly,
genetic deletion of 5-HTg receptor expression in mice has been shown to lead to
incomplete cardiac development characterized by ventricular dilation and a lack
of tissue integrity [138, 176]. Taken together, these results indicate that 5-HT2z
receptors play a crucial role in the maintenance of ECM homeostasis in cardiac
tissues, and with a better understanding of the downstream effectors of these
receptors, the pathways may be able to be manipulated to therapeutically target
cardiac fibrotic diseases [177].

As an illustration of this, studies in pulmonary fibrosis have shown that 5-
HT.s receptor antagonists can effectively reduce fibrotic lesions in a mouse
model [15], and the selective 5-HTg receptor antagonist PRX-08066 has been
shown to increase ventricular ejection fraction and reduce hypertrophy and
vascular remodeling in a rat model of pulmonary arterial hypertension [173]. A 5-
HT.g receptor antagonist may be able to function similarly in preventing HVD by

blocking the fibrotic response of VICs to other, non-serotonergic stimuli.
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As mentioned previously, TGF-B1 is believed to be a key mediator of the
cellular changes that lead to HVD. Unfortunately, the ubiquity of TGF-31
signaling makes this molecule a poor therapeutic target. A more appropriate
therapeutic goal would be to interrupt TGF-B1 signaling through a separate
pathway that is more localized to HV tissues, and the 5-HT2s receptor signaling
pathway may be a promising candidate to achieve this goal. Evidence suggests
that the signaling pathway from 5-HT,g receptors may crosstalk with TGF-1
signaling pathways [12], which may be mediated in part by the tyrosine kinase
Src. Src is known to play an important role in both 5-HT,z and TGF-B1 receptor
signaling pathways and has been shown to be involved in the 5-HTg receptor-
dependent regulation of the platelet derived growth factor receptor [139, 178-
182]. Therefore, 5-HT,z receptor blockade has the potential to function in two
ways: 1) preventing proliferation and fibrotic ECM accumulation by VICs directly,
and 2) interacting with TGF-B1 signaling pathways to prevent VIC myofibroblastic
differentiation.

Additionally, AT, antagonists have been observed to inhibit TGF-31
signaling in Marfan’s syndrome [17, 183-184], and as such, the AT, antagonist
losartan has shown tremendous clinical promise in treating afflicted patients.
Given that AT and 5-HT2g receptors may be functionally linked in other cell types
[13], 5-HT2g receptor antagonists may work in a similar manner to mitigate TGF-
B1 signaling. Therefore, 5-HT,z receptors may provide a localized
pharmacological target to prevent the VIC-mediated fibrotic changes that

characterize HVD. As noted above, many 5-HT,s receptor antagonists are
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currently FDA-approved and used clinically to treat other diseases, with
acceptable tolerance. Furthermore, it is interesting to note that lisuride has been
shown to be an antagonist at 5-HT,g receptors [158] and was prescribed for
more than 30 years without a single known report of HVD [185]. While the
absence of documented cases does not necessarily lead to the conclusion that
lisuride prevented HVD in these patients, it does seem reasonable to believe that
given the large population of patients that received lisuride and its known
serotonergic activity, even background levels (i.e., not significantly higher than
the total population) would have been reported. In conclusion, we believe that
these types of molecules should be tested for efficacy in preventing or treating

HVD, as has been suggested [163].
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Chapter 4

Aim 1 — TGF-B1 Induces Pathologic Differentiation of AVICs

Text for Chapter 4 taken from:

Hutcheson, J.D., et al., Cadherin-11 regulates cell-cell tension necessary
for calcific nodule formation by valvular myofibroblasts. In preparation,

2012.

4.1. Introduction

The differentiation of quiescent fibroblasts to activated myofibroblasts
represents a normal physiological response to injury in vivo;, however,
persistence of the myofibroblast population contributes to a spectrum of fibrotic
disease [186-189]. Activated myofibroblasts are characterized by increased
contractility due to smooth muscle alpha-actin (aSMA), and in normal physiology,
these cells remodel the extracellular matrix (ECM) by secreting proteases for
matrix breakdown and de novo ECM components such as collagen [186-187].
Failure of the myofibroblasts to apoptose or return to quiescence in pathological
cases causes impairment of organ systems due to elevated contractions and
accumulation of ECM components. One disease in which the myofibroblast is

thought to play a crucial role is calcific aortic valve disease (CAVD) [190-195].
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Increased aSMA expression in aortic valve interstitial cells (AVICs), the
resident fibroblast population in the aortic valve, has been observed in excised
fibrotic leaflets [196]. Increased expression of the profibrotic cytokine
transforming growth factor 31 (TGF-B1) has also been observed in these leaflets,
and accordingly, TGF-B1 has been shown to lead to myofibroblast activation of
AVICs in vitro [48, 196-197]. Additionally, in ex vivo models of CAVD, TGF-£31
works synergistically with mechanical strain to lead to collagen accumulation,
characteristic of early CAVD, and formation of bone-like calcific nodules, an
endpoint of CAVD [10, 198]. Two distinct calcific nodule morphologies have been
observed: dystrophic calcification driven by myofibroblastic phenotypes [9, 93,
199] and ossification driven by osteogenic phenotypes [200-201]. In diseased
explants, dystrophic calcification and ossification has been observed in 83% and
13% of explanted diseased valves, respectively [202].

In vitro, dystrophic nodule formation involves myofibroblast differentation
of AVICs. Upregulation of aSMA during myofibroblast differentiation by TGF-31
leads to an increase in mechanical tension between AVICs leading to
subsequent aggregation into nodules, which calcify through apoptotic processes
[48, 203]. When aSMA expression is suppressed, calcific nodules are unable to
develop thereby revealing the essential role of acquired contractility within AVICs
in calcific nodule formation [93]. Confoundingly, preventing phosphorylation of
Erk1/2 with a MEK1/2 inhibitor leads to increased aSMA expression [204] yet
prevents calcific nodule formation [205], suggesting the requirement of another

essential component of nodule formation that has yet to be ascertained.
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Along with increased aSMA expression, myofibroblast differentiation has
been associated with changes in cadherin expression. Specifically, in lung
fibroblasts, TGF-B1 induced myofibroblast differentiation leads to an increase of
cadherin-11 and a decrease of N-cadherin [206]. Increased cadherin-11
expression has been implicated in various pathologies including pulmonary
fibrosis and arthritis [207-208]. Functionally, the transition to cadherin-11 yields
stronger intercellular connections that improve force development in
myofibroblast populations. Recent works have shown that elevated intercellular
tension along with increased contractility drive calcific nodule formation of AVICs
in vitro [93, 199]. Therefore, we hypothesize that cadherin-11 is essential for
robust cell-cell connections necessary for generating intercellular tension
required for calcific nodule formation.

To test this hypothesis, we quantified the expression and contributions of
cadherin-11 in calcific nodule formation of AVICs. Here, we show that TGF-31
induced myofibroblast differentiation of AVICs leads to upregulation of aSMA and
cadherin-11 expression in an Erk1/2 dependent fashion, corresponding to
increased functional contractility and cell-cell connection strength, respectively.
Subsequent knockdown of cadherin-11 inhibits the ability of AVICs to generate
calcific nodules similar to knockdown of aSMA [93], demonstrating that both

proteins are necessary for dystrophic calcific nodule morphogenesis.
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4.2. Methods

AVIC isolation and culture

Porcine aortic valve leaflets were excised from sacrificed animals within
10 minutes of slaughter at a local abattoir. Leaflets were stored in phosphate
buffered saline (PBS) at 4°C to ensure survival. Within 3 hours (h) of sacrifice,
AVICs were isolated as previously described [209]. Briefly, after the removal of
the endothelium, the leaflet was minced into 1 mm? pieces and digested in a 1
mg/ml collagenase solution (Worthington Biochemical Corp., Lakewood, NJ) for 1
h at 37° C and 5% CO.,. The collagenase solution with the remaining tissue was
passed through a cell strainer to collect a cell solution which was centrifuged at
1500 RPM for 5 min to obtain the cell pellet. The pellet was resuspended in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) (Atlanta Biological; Lawrenceville, GA), and 1% Antibiotic-
Antimycotic (Gibco; Grand Island, NY). The cells were seeded on tissue culture
dishes and incubated at 37° C and 5% CO, with media changes every three
days. AVICs were cyropreserved after the second passage and all experiments

in this study were performed using AVICs between passages 3-6.

Calcific Nodule Treatments and Analyses
AVICs were seeded onto BioFlex Pronectin culture plates (Flexcell
International Corporation) at a density of 60,000 cells/cm? in 3 ml of media. After

reaching confluence (~48 h), AVICs were treated with 1 ng/mL TGF-31, 10 yM
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U0126, a MEK1/2 inhibitor that prevents Erk1/2 phosphorylation, or U0126 +
TGF-B1 for 24 h, after which they were subjected to 15% cyclic equibiaxial strain
via the Flexcell-4000 tension system (Flexcell International Corporation) at a
frequency of 0.75 Hz for 24 h. The specific sequence of TGF-B1 for 24 h followed
by 15% cyclic strain results in the formation of dystrophic calcific nodules [199].

To quantify nodule counts following treatments, AVICs were rinsed twice
with PBS and fixed in 3.7% neutral buffered formaldehyde for 15 min. AVICs
were rinsed with PBS and, unless immediately stained, stored at 4°C for up to
several days. Each 35 mm well was rinsed with deionized water (dH,O) and
stained with 1 ml of 14 mM Alizarin red S (Sigma) (in dH20, pH 4.1, where
undissolved particulates were removed with a 0.45um filter) for 30 min with
agitation to determine calcium deposition. After staining, the cells were washed 4
times with dH,O to remove excess dye. Positively stained nodules were manually
counted under the microscope.

To examine the morphology of the nodules formed following treatments,
wells were rinsed with PBS and stained with Annexin V conjugated with Alexa
fluor 488 (5% solution in Annexin binding buffer; Invitrogen) for 15 minutes to
detect apoptotic cells. Propidium lodide (0.4% solution in Annexin binding buffer;
Invitrogen) was used as a counter-stain for necrotic cells. Images were taken

with a Nikon TE300 inverted tissue culture fluorescence microscope.
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Wound Assay

A wound assay to quantify the level of intercellular tension was performed
as described previously [199]. Briefly, AVICs were seeded on tissue culture
polystyrene 6-well plates at 60,000 cells/cm? and allowed to adhere overnight.
AVICs were treated with either 1 ng/ml TGF-B1, 10 uM U0126, or a combination
of these treatments for 24 h. Prior to the introduction of a wound to the
monolayer with a pipet tip, the extracellular growth media was washed away and
replaced with media containing 1.8 mM Ca?* or 0.45 mM Ca?* in order to select
for function of different cadherins. All cadherins require extracellular Ca** for
function; however, cadherin-11 functions at lower Ca?* concentrations than
normal cadherins such as N-cadherin. Previous studies have identified 0.3 — 0.8
mM as a threshold concentration range in which cadherin-11 is functional but N-
cadherins display reduced functionality in this range [210]. Immediately after
wounding, each well was imaged, and wound areas were calculated using

Imaged analysis software.

Protein and mRNA Assays

AVIC activation was quantified by assaying for aSMA protein expression
using an indirect ELISA as described previously [199, 211]. AVIC mRNA was
isolated per manufacturer protocol using RNeasy isolation kit (Qiagen). A cDNA
library using forward (CAAGTTAGTGTACAGTATCCTGG) and reverse
(GTCTTTAGCCTTCACTCT TCC) primers was then created with Oligo d(T) and

RNAse inhibitor (Applied Biosystems) using M-MLV reverse transcriptase
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enzyme (Promega). Finally, qPCR was performed on a HT7900 sequence

detection system (Applied Biosystems, VUMC DNA Resource Core).

Immunofluorescence

AVICs were plated on fibronectin functionalized coverslips and treated
with 1 ng/mL TGF-B1, 10 uM U0126, or U0126 + TGF-B1 for 24 h. The cells were
then fixed in 3.7% formaldehyde, permeabilized with 0.1% Triton X-100, and
blocked with 1% bovine serum albumin for 1 h at room temperature. A primary
antibody to cadherin-11 (2 pyg/ml, Santa Cruz) was added to the coverslips for 3 h
at room temperature. After thorough washing in PBS, a fluorescently labeled
secondary antibody (Alexa Fluor 488, Invitrogen) was added to the coverslip for 1
h. The coverslips were then washed and sealed with ProLong Gold antifade
reagent (Invitrogen) overnight prior to imaging with a Nikon Eclipse E800

equipped with a Spot RT3 camera.

SiRNA Knockdown

The necessity of cadherin-11 expression in calcific nodule morphogenesis
was assessed using siRNA knockdown. Cadherin-11 specific siRNA was
designed using specialized algorithms, and 40 pM each of three different sSiRNA
plasmids (CCAAGTTAGTGTACAGTAT, GGGATGGATTGTTGAA,
CCTTATGACTCCATCCAAA, Sigma) were pooled and transfected into AVICs

using Lipofectamine 2000 (Invitrogen) for 6 h. AVICs were allowed to recover
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overnight prior to the addition of TGF-B1 and strain as described above. Western

blotting was used to confirm knockdown efficiency.

4.3. Results

aSMA Expression is Not Sufficient for Calcific Nodule Formation

Consistent with previous results [204], treating AVICs with either 1 ng/ml
TGF-B1 or 10 uM U0126 leads to a significant increase in aSMA mRNA and
protein expression (Fig. 4.1A). A combination of these treatments also
significantly increases aSMA expression compared to non-treated controls. As
shown previously [199], AVICs treated with TGF-1 prior to the addition of strain
form significantly more calcific nodules compared to non-treated, strained control
AVICs (Fig. 4.1B), and calcific nodules were determined to be dystrophic with an
apoptotic ring surrounding a necrotic core (Fig. 4.1C). The addition of U0126 to

the TGF-B1 treatment prevents this increase in calcific nodule formation.
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Fig. 4.1. The effect of MEK1/2 inhibition on hallmarks of dystrophic calcification. AVICs were
treated TGF-31, U0126, U0126 + TGF-B1 and assayed for aSMA and calcific nodule formation.
MEK1/2 inhibition suppresses aSMA expression (A) and dystrophic calcific formation (B) of
AVICs in the presence and absence of TGF-B1. Scalebar = 250 um. All error bars indicate
standard error of the mean. * indicates significant difference (p < 0.005) versus control.

Erk1/2 Inhibition Does Not Effect Canonical TGF-B1 Signaling

U0126 is designed to be a specific inhibitor to MEK1/2, the kinase directly
upstream of the MAPK Erk1/2. Therefore, we were interested in assessing the
effect of TGF-B1 and U0126 treatments on Erk1/2 phosphorylation in AVICs.
Treating AVICs with TGF-B1 for 1 h significantly increased Erk1/2
phosphorylation (Fig. 4.2A), and this phosphorylation is completely inhibited by
the U0126 treatment. We were next interested in determining potential off target
effects of U0126 treatment at other common TGF-1 signaling proteins. TGF-31
treatment for 1 h induces significant phosphorylation of its canonical transcription

factor Smad3 (pSmad3) in a manner that is not inhibited by U0126 treatment as

67



indicated by Western blotting (Fig. 4.2A). In addition to Smad3, we have
previously shown that 1 h of TGF-B1 treatment leads to phosphorylation of the
MAPK p38 that is necessary for TGF-B1-induced aSMA expression in AVICs
[211]. Treating AVICs with U0126 does not inhibit TGF-B1 p38 phosphorylation
(Fig. 4.2A). Consistent with the pSmad3 results, treating AVICs with TGF-31 for
24 h leads to a significant increase in PAI-1 promoter luciferase activity that is not

inhibited by U0126 treatment (Fig. 4.2B).
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Fig. 4.2. U0126 does not interfere with canonical TGF-B1 signaling. (A) U0126 is a specific
MEK1/2 inhibitor as indicated by the complete inhibition of pErk1/2 but no change in pSmad3 or
pp38. (B) Similar to the pSmad3 results, U0126 does not inhibit PAI-1 promoter activity following
TGF-B1 treatment. All error bars indicate standard error of the mean. * indicates significant
difference (p < 0.005) versus control.
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Erk1/2 Inhibition Suppresses TGF-£1 Induced Expression of Cadherin-11

AVICs treated with TGF-B1 for 24 h exhibit a significant increase in
cadherin-11 mRNA compared to non-treated controls (Fig. 4.3A). This mRNA
increase is completely inhibited by treating AVICs with U0126.
Immunofluorescence images also indicate changes in cadherin-11 expression
and cellular localization following the TGF-p1 and U0126 treatments (Fig. 4.3B).
TGF-B1 treated AVICs exhibit cadherin-11 expression as indicated by FITC
fluorescence between adjacent cells (with nuclei indicated by DAPI staining).
Expression of cadherin-11 was not observed in AVICs treated with U0126 or in

non-treated controls.
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Fig. 4.3. TGF-B1 incubation for 24 h increases cadherin-11 expression in AVICs. (A) RT-PCR
reveal a 1.58 fold increase in cadherin-11 mRNA in samples treated with TGF-B1 and a decrease
in cadherin-11 mMRNA with inhibition of MEK1/2. (B) Immunostaining show strong presence of
cadherin-11 in TGF-B1 groups with minimal to no stain in other treatment groups. Scalebar = 10
pm. All error bars indicate standard error of the mean. * indicates significant difference (p <
0.005) versus control.
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Cadherin-11 is Required for Elevated Intercellular and Calcific Nodules

Given that TGF-B1 induces expression of cadherin-11 in a manner that is
inhibited by U0126, we were next interested in determining if upregulation of this
protein plays a role in increased intercellular tension that is believed to lead to
the formation of dystrophic calcific nodules in vitro. When a wound is introduced
to statically cultured AVICs in 1.8 mM Ca®*, a concentration that allows all
cadherins to function, all treatment groups display increased intercellular tension
as shown by larger wound areas compared to non-treated controls (Fig. 4.4A).
However, when a wound is applied to AVICs in 0.45 mM Ca®" media, a
concentration that permits functionality of cadherin-11 but below the functional
concentration for typical cadherins, only TGF-B1 treated AVICs exhibit a
significantly increased wound area.

To determine if cadherin-11 expression is necessary for calcific nodule
formation, we used siRNA to knockdown cadherin-11 in AVICs. AVICs treated
with lipofectamine transfection reagent alone or in combination with a non-
specific scramble siRNA construct generated robust calcific nodules following
TGF-B1 treatment for 24 h and mechanical strain for an additional 24 h; however,
AVICs transfected with siRNA specific to cadherin-11 exhibit dramatically

reduced calcific nodule morphogenesis (Fig. 4.4B).
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Fig. 4.4. Cadherin-11 generates intercellular tension through aSMA that enables calcific nodule
morphogenesis. (A) Wound assay reveals strength of intercellular connection which correlates to
wound area. At normal Ca?* levels, with all cadherins functional, TGF-B1, U0126, and U0126 +
TGF-B1 treatments all increased wound area size due to increased aSMA expression. However,
at low Ca* levels, where cadherin-11 is still functional and others are not, TGF- B1 treated cells
created a large wound. (B) siRNA knockdown of cadherin-11 reveal a sharp decline the calcific
nodules generated. All error bars indicate standard error of the mean. * indicates significant
difference (p < 0.005) versus control. # indicates significant difference (p < 0.005) versus Sham.

4.4. Discussion

Dystrophic calcification in CAVD has been associated with the
pathological differentiation of AVICs to myofibroblasts, which is characterized by
increased aSMA expression. Treating AVICs with U0126, however, indicates that
the presence of aSMA is not sufficient to drive dystrophic calcification, leading to
the hypothesis that there exist other relevant mechanisms that have not been
elucidated. Here, we present data indicating that TGF-31 treatment of AVICs

leads to expression of the atypical cadherin, cadherin-11, and expression of this
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intercellular adhesion protein is necessary for the development of dystrophic
calcific nodules in vitro (Fig. 4.5).
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Fig. 4.5. Process of calcific nodule formation. Intercellular tension builds as contractile
myofibroblastic AVICs become tightly connected through expression of cadherin-11. Release of
this tension leads to cell aggregates that calcify through an apoptotic process.

Previous in vitro studies on dystrophic calcific nodule formation revealed
the importance of aSMA as a mediator of the process. TGF-31 treatment of
AVICs led to increased expression of aSMA, which reinforces stress fibers and
produces a more contractile cell. Benton et al. showed this increased contractility
leads to contraction events that pull groups of cells from their neighboring cells

resulting in cell aggregates that develop into calcific nodules through an
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apoptosis driven pathway [93]. Recently, we found that mechanical strain
exacerbated the formation of these aggregates by introducing a force imbalance
on the monolayer whereby increased intercellular tension is overcome by the
addition of externally applied strain [199]. This led us to theorize that TGF-31
induced myofibroblast populations possessed higher intercellular tension than
quiescent fibroblasts, thus making them more sensitive to mechanical strain and
subsequent nodule formation.

Interestingly, distinct differences in cadherin expression have been
observed in fibroblast and myofibroblastic populations with fibroblasts expressing
N-cadherin and myofibroblasts expressing cadherin-11 [206]. Cadherin-11
junctions withstand twofold higher forces when compared to connections formed
with N-cadherin [212]. Furthermore, upon application of forces, cadherin-11
expressing cells will continue to hold on and eventually rip at the plasma
membrane while N-cadherin expressing cells release from each other [206].
These stronger intercellular contacts work synergistically with increased aSMA
expression leading to the accumulation of tension within myofibroblast
populations. To test the effect of cadherin-11 on elevated intercellular tension, we
utilized a wound assay as described previously [199]; however, in this study we
varied the concentration of extracellular Ca** to select for function of different
cadherins. All cadherins require the presence of extracellular Ca®* in order to
function, but atypical cadherins such as cadherin-11 have a higher Ca** affinity
(Kp ~ 0.2 mM) than normal cadherins [210]. Therefore, cadherin-11 functions at

lower Ca?* concentrations than normal cadherins such as N-cadherin (Kp =

73



0.7mM). This difference in cadherin Ca®" affinity is reflected in the wound assay
results. At the higher Ca?* concentration, all cadherins are functional. TGF-B1
and U0126 treatments both lead to an increase in aSMA, thus an increase in
AVIC contractility; therefore, these two treatment groups cause significant
tension builds as the AVICs pull on each other in the monolayer, ultimately
leading to large increases in wound area. When the extracellular Ca®* is lowered
such that only cadherin-11 is functional, intercellular tension does not build in the
U0126 treated AVICs, and the wound area for this treatment group is not
significantly different than non-treated controls. However, for TGF-31 treated
AVICs in the low Ca*" case, the presence of cadherin-11 in AVICs treated with
TGF-B1 alone allows intercellular tension to build in the monolayer, leading to a
significant increase in wound area. Similarly, when siRNA is used to knockdown
the expression of cadherin-11, calcific nodules failed to form after TGF-$1
treatment and mechanical strain. This indicates that robust cell-cell connectivity
in conjunction with contraction events are both necessary for calcific nodule
formation.

Expression of cadherin-11 by TGF-B1 is blocked by pre-treating AVICs
with U0126, an inhibitor to MEK1/2. MEK1/2 is a MAPK kinase that when
activated leads to phosphorylation of the MAPK Erk1/2. TGF-B1-induced
phosphorylation of Erk1/2 has been observed in a wide-variety of cell types and
has been shown to be necessary for numerous cellular responses [213-215].
Activation of Erk1/2 has also been shown to suppress aSMA expression in

mouse embryonic fibroblasts [216]. Consistently, U0126 treatment leads to a
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significant increase in aSMA expression in AVICs. Our previous results indicate
that TGF-B1-induced expression of aSMA in AVICs requires phosphorylation of a
different non-canonical MAPK p38 [211]. Therefore, it seems that these two non-
canonical pathways may independently lead to expression of proteins that are
characteristic of pathological differentiation of AVICs. In contrast, canonical TGF-
B1 signaling leads to increased expression of PAI-1, and we have hypothesized
that upregulation of PAI-1 through activation of the canonical Smad2/3 pathway
may be involved a negative feedback of TGF-B1 signaling [211]. Therefore, the
results of these studies suggest a divergence in TGF-B1 signaling that leads to
AVIC myofibroblastic differentiation through activation of non-canonical pathways
(p38 and Erk1/2) that each lead to a different cellular outcome that may be very
important in CAVD, while canonical Smad pathways may not be directly involved
in pathological signaling for CAVD. We believe that the results of this study may
suggest a therapeutic approach for CAVD by targeting either of these non-
canonical pathways or direct inhibition of cadherin-11 function.

In order for the current work to realize a larger clinical impact, the in vitro
mechanisms and AVIC outcomes identified in this study should be further studied
in vivo. Unfortunately, in vivo research into the mechanisms of CAVD is currently
limited by the lack of an animal model that accurately recapitulates human
pathology. However, we believe that identification of cadherin-11 may provide a
useful tool for better understanding the pathogenesis of CAVD, and our results
may have implications beyond solely elucidating mechanisms of calcific nodule

formation. AVIC myofibroblast activation is believed to be one the earliest
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processes in CAVD; however, early valvular changes are difficult to detect in
patients. Very few markers of this differentiation are known, and the most
commonly used ones such as aSMA do not lend themselves to imaging
techniques due to their cytosolic expression. Since cadherin-11 is a
transmembrane protein, it allows for targeting via molecular imaging tracers and

may provide a molecular fingerprint for the onset of CAVD.
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Chapter 5

Aim 2 — 5-HT,g antagonism arrests non-canonical TGF-B1 signaling and

prevents AVIC activation

Text for Chapter 5 taken from:

Hutcheson, J.D., et al., 5-HT2B antagonism arrests non-canonical TGF-
B1-induced valvular myofibroblast differentiation. J Mol Cell Cardiol, 2012.

In press.

5.1. Introduction

The lack of a therapeutic treatment for calcific aortic valve disease (CAVD)
limits the clinical options available to patients, and this often results in physicians
opting to delay surgical intervention until aortic valve (AV) replacement is
absolutely necessary, leading to diminished AV function in the meantime. The
development of a suitable therapeutic for CAVD depends on the ability to target
the root etiology of the disease, which at the cellular level, is believed to be
caused by activation of AV interstitial cells (AVICs) from a quiescent fibroblastic
phenotype to a contractiie myofibroblast phenotype characterized by the
expression of smooth muscle a-actin (aSMA) and SM22a [48, 217]. Once
activated, AVICs increase extracellular matrix deposition, leading to the fibrotic

changes characteristic of the onset of CAVD [218]. End-stage CAVD is
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characterized by the formation of bone-like calcific nodules within stenotic
leaflets, severely compromising the biomechanical integrity of the AV [9]. In order
to develop a strategy to prevent CAVD, a more thorough understanding of the
cellular signaling that leads to the subsequent tissue level changes involved in

the progression of CAVD is needed to elucidate relevant therapeutic targets.

Transforming growth factor-g1 (TGF-B1) is highly expressed in diseased
AV leaflets and has been the most extensively studied cytokine initiator of AVIC
activation and CAVD [9-10, 48]. TGF-B1 ligand binding at its type Il receptor
(TBRII) leads to recruitment and activation of the type | TBR, AIk5, which
canonically elicits a wide variety of cellular processes by signaling through the
transcription factors Smads 2 and 3 [53]. Many studies have also focused on
non-canonical signaling pathways to explain the myriad of cellular responses
induced by TGF-B1 ligand binding, and p38 MAPK pathways have been
identified as key mediators of cellular processes such as cell migration and
mesenchymal transformations [55-57], which are characterized by upregulation
of contractile elements similar to those identified in myofibroblast activation. In
addition, recent studies have demonstrated that TGF-B1-induced phosphorylation
of p38 in epithelial cells is dependent upon phosphorylation of TRRII by Src

tyrosine kinase [58].

Unfortunately, the ubiquity associated with its signaling makes direct
inhibition of TGF-B1 a poor therapeutic strategy for CAVD. Further, the relative
contributions of canonical and non-canonical TGF-B1 signaling in leading to

myofibroblast activation of AVICs are unknown. Here, we were interested in

78



studying the interaction between a specific G protein-coupled receptor (GPCR)
highly localized to cardiopulmonary tissues, the serotonin 2B receptor (5-HT2g),
with TGF-B1 signaling, and assessing the potential of targeting this receptor for
prevention of CAVD. The motivation for this study stems from the finding that
agonism of 5-HT,g was the major culprit in the development of pathologic AV
alterations that led to the recall of norfenfluramine, a popular drug used to treat
obesity, and pergolide, a drug used to treat Parkinson’s disease [133, 157]. 5-
HT.g agonists were found to lead to AVIC myofibroblast activation in a TGF-31-
dependent manner [12, 219]; therefore, we hypothesized that antagonism of 5-
HT.s opposes TGF-B1-mediated myofibroblast activation of AVICs. In support of
our hypothesis, antagonism of 5-HT,s has been shown to induce anti-fibrotic
responses in animal models of cardiac hypertrophy and pulmonary fibrosis [13,
15]; however, the molecular mechanisms of this action remain unclear, and the
ability of 5-HT,g antagonism to directly inhibit TGF-B1-mediated myofibroblast
activation of AVICs has not been examined. We believe that the results of this
study may lead to novel therapeutic strategies for CAVD and should be studied

further.

5.2. Methods

AVIC Isolation and Culture

AVICs were isolated from porcine valves obtained from a local abattoir by

dissecting the valve cusps from the surrounding muscle and digested with
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collagenase. Isolated AVICs were then cultured at 37°C and 5% CO; on T-75
tissue culture treated flasks in cell growth media consisting of DMEM
supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin
antibiotic, and 1% amphotericin B antifungal. Previous studies have shown that
AVICs retain phenotypic plasticity up to 10 passages after initial harvest [220].
We have observed phenotypic changes as early as 7 passages after harvest;
therefore, we did not exceed this maximum limit and for this study, when AVICs
ceased to respond to TGF-B1 treatment, as indicated by aSMA expression, they

were excluded.

Antagonist and Inhibitor Treatments

For all assays of AVIC activation (aSMA and SM22a), AVICs were
cultured in DMEM with 1% serum. For all assays of phosphorylation events,
treatments were given in serum free DMEM. Unless otherwise noted, 1 yM 5-
HT.s antagonists (SB204741 and SB228357, both from Tocris) were added 30
min prior to the addition of 1 ng/ml active TGF-1 (R&D Systems). SB204741

was chosen due to its high selectivity to 5-HTzs (pKi = 7.95) compared to the

closely related 5-HT,a (pKi < 5.2) and 5-HTyc (pKi = 5.82) receptors [221].
SB228357 is a mixed 5-HT,gpc antagonist that is orally active and has been
shown to display inverse agonist properties [222] at 5-HT,c. Given that 5-HT ¢
receptors have been shown to be minimally expressed in AVICs [133] (supported

by PCR data in our lab), we chose to use this as an additional 5-HTg antagonist

in the present study. Concentrations of the antagonists were chosen to ensure
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maximum receptor binding based upon the pK; values given by the manufacturer
and crude dose response analyses performed in our laboratory to determine
efficacy and potency of TGF-B1 inhibition. Small molecule inhibitors of Alk5 (2 uM
SB431542, Tocris), p38 (10 uM SB203580, Tocris), or Smad3 (10 uM SIS3,

Sigma) were also added 30 min prior to TGF-B1 in appropriate samples.

AVIC Viability and Proliferation Assay

AVIC viability was assessed using Calcein AM (Invitrogen) and propidium
iodide (Invitrogen) stains. Calcein AM is cleaved by esterases within viable cells
to exhibit a green fluorescence, and propidium iodide emits red fluorescence only
after traversing the compromised plasma membrane of non-viable cells and
binding to DNA. Therefore, viable cells were identified by green, but not red,
fluorescence, and non-viable cells were identified by red, but not green
fluorescence. A positive control was utilized to ensure efficacy of the viability
assay by fixing AVICs with 3.7% formaldehyde to render them non-viable. To
assess proliferation, AVICs were seeded at the same density and treated with
one of the two 5-HT.s antagonists. After 24 h, AVICs were harvested and
counted. The harvested cell counts were then compared to non-treated controls

to determine changes in proliferation.

81



Electroporation Transfection Protocol

AVICs were harvested via trypsinization and resuspended at 2 x 10°
cells/ml in cytomix buffer supplemented with ATP and glutathione. This buffer is
designed to mimic cytosolic composition in order to maintain cellular homeostasis
during poration. This AVIC suspension was loaded into 4 mm electroporation
cuvettes along with 20 ug of the plasmid to be delivered. AVICs were then
subjected to an exponential decay electroporation protocol using a capacitance
of 500 yF and a peak voltage of 350 V. Following electroporation, the cuvettes
were placed on ice for 10 min to allow the AVICs to recover. After this recovery
incubation, AVICs were resuspended in culture media and reseeded onto the

appropriate growth surface.

Quantification of Myofibroblast Activation

AVICs were lysed with Cell Lytic M lysis buffer (Sigma) supplemented with
protease inhibitor cocktail (Roche) and centrifuged to remove membrane
components. The collected cell lysates were frozen at -80°C for storage; each
frozen cell lysate was thawed and assayed for total protein content using a
standard Bradford Assay. aSMA was quantified using indirect ELISA after
verifying antibody specificity by Western blotting. Briefly, 100 pl of 5 ug/ml cell
lysate solution was adsorbed onto the bottom of 96 well plates by overnight
incubation in a carbonate/bicarbonate buffer (pH 9.6). The high pH buffer
reduces inter-protein interactions to give an even distribution of proteins within
the wells. Non-specific binding sites on the well were blocked using 5% milk in

phosphate-buffered saline (PBS) for at least 1.5 h at room temperature.
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Following this step, 100 ul of polyclonal antibody to aSMA (1:200 in blocking
solution) was added to each well and allowed to incubate at room temperature
for 1.5 h. After washing the wells 3 times with PBS, each plate was incubated for
1 h with a secondary antibody linked to a peroxidase enzyme. Subsequently, the
plates were washed thoroughly with PBS to remove unbound secondary
antibodies and each well will receive 100 pl of a detection substrate that reacts in
the presence of peroxidase to give a product with a characteristic absorbance.
The absorbance of each well was detected using a plate reader, and the aSMA
content of each sample was compared to a standard curve created using aSMA

peptide to calculate the concentration of aSMA in each sample.

SM22a has also been shown to be an early marker of smooth muscle-like
differentiation [223], and has been detected in diseased AV leaflets [217].
Therefore, we utilized a partial promoter to SM22a that was subcloned into a
luciferase reporter plasmid (p-441SM22luc) as a measure of SM22a promoter
activity [224]. This vector was introduced into AVICs via electroporation prior to
the addition of GPCR antagonist or TGF-B1 treatments. Following
electroporation, AVICs were seeded into 12-well plates and allowed to recover
for 24 h. After 24 h of the prescribed treatment, AVICs were lysed using 200 pl
reporter lysis buffer, and 20 ul of this lysate solution was added to a well of a 96-
well plate. Luciferase activity was detected by adding 100 pl luciferase substrate

to each well and recording the luminescent product using a plate reader.
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Calcific Nodule Formation and Detection

To study the effects of 5-HTys antagonism on calcific nodule
morphogenesis as in [199], AVICs were cultured in BioFlex® culture plates to
100% confluence on the growth surface. After reaching confluence, AVICs were
treated with either 1 ng/ml TGF-B1 alone or in combination with 1 uM 5-HT2g
antagonist for 24 h. After this incubation period, the treatments were replaced
with cell culture media and subjected to 15% cyclic strain at 0.75 Hz for 24 h.
Following this strain regimen, calcific nodules were identified using Alizarin Red
staining to assay for calcium phosphate deposition. AVICs were fixed in 3.7%
formalin and 1 ml of Alizarin solution was added to each well for 30 min. The
wells were then washed thoroughly with PBS and imaged with conventional
microscopy. To ensure that the calcific nodules formed were due to an apoptosis-
driven dystrophic process, we utilized an Annexin V/propidium iodide apoptosis
assay as described previously [199]. Briefly, AVICs were rinsed with PBS and
stained with Annexin V conjugated with Alexa fluor 488 (5% solution in Annexin
binding buffer; Invitrogen) for 15 minutes to detect apoptotic cells. Propidium
lodide (0.4% solution in Annexin binding buffer; Invitrogen) was used as a
counter-stain for necrotic cells. Apoptosis and necrosis images were taken after
24 h of mechanical strain using a fluorescence microscope (Nikon TE300

Inverted Tissue Culture Microscope).
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Assays for Canonical and Non-canonical TGF-B1 Signaling

AVICs were lysed in RIPA buffer either 15 min or 1 h after AVICs were
treated with the prescribed treatment. Lysate solutions were centrifuged to
remove lipid components, and total protein concentration was determined using a
BCA protein analysis. All proteins were denatured by boiling the samples with [3-
mercaptoethanol, and gel electrophoresis was used to separate the proteins
based upon size. Western blotting was then used to assay for pSmad3, pp38,
pSrc, and pCas, and antibodies to the total protein of interest (i.e., both
phosphorylated and unphosphorylated forms) were used to establish proper
protein loading. PAI-1 promoter activity was also used to assay for canonical
TGF-B1 signaling after 24 h of treatment. To assay for this activity, we utilized a
partial PAI-1 promoter (p3TP-lux) subcloned into a luciferase reporter plasmid
[54]. This plasmid was transfected into AVICs using the electroporation methods
described above, and luciferase activity was assayed according to the methods

detailed for SM22a promoter activity.

Src Plasmids for AVIC Transfection

To examine the effects of Src activity on AVIC phenotype, AVICs were
transfected via electroporation with a vector to express a constitutively active
version of Src whereby the autoinhibitory site, tyrosine 527, was mutated to
express a phenylalanine residue [225]. Transfection of this mutated Src was

verified using Western blotting. For real-time fluorescence imaging of Src
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trafficking within the cell, a wild-type Src plasmid fused to a mCherry fluorescent
reporter was transfected into AVICs. Time-lapse images were collected using a
spinning disk Nikon Eclipse TE-2000 confocal microcope equipped with a
Photometrics Cascade 512B camera. Both Src plasmids were generous gifts

from the laboratory of Irina Kaverina.

Statistical Analyses

The data are reported as the mean of all replicates, and error is given as
standard error of the mean (sample sizes < 30). For each experiment the
reported n value indicates independent biological replicates. Statistical
significance between treatments was determined by one-way ANOVA, and

pairwise differences were identified using post-hoc Holm-Sidak testing.

5.3. Results

5-HT,g antagonism inhibits AVIC activation and calcific nodule formation

Two structurally dissimilar antagonists to 5-HT.s, SB204741 and
SB228357, were examined for their ability to inhibit TGF-B1-induced
myofibroblast activation in isolated porcine AVICs. Consistent with previous
studies [48], AVIC activation was induced by incubation with 1 ng/ml TGF-1 for
24 h, exhibiting a two-fold increase in both aSMA protein expression and SM22a

promoter activity (Fig. 5.1A). Treating AVICs with 1 uM of either SB204741 or
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SB228357 for 30 min prior to and continuing during TGF-1 incubation abrogates
TGF-B1-induced myofibroblast activation of AVICs in the same manner as a

direct inhibitor of Alk5.
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Fig. 5.1. 5-HT,5 antagonism prevents TGF-B1-induced myofibroblast activation and calcific
nodule morphogenesis in AVICs. A, Treating AVICs with 1 ng/ml TGF-31 for 24 h leads to a
significant increase in markers for myofibroblast activation, aSMA expression and SM22a
promoter activity. Both of these myofibroblast activation markers are reduced to basal levels by
pretreating AVICs with either of two 5-HT,g antagonists, SB204741 or SB228357, or an inhibitor
of AIkS (n =z 3). B, Adding 15% strain to TGF-f1 treated AVICs leads to calcific nodule
morphogenesis that is decreased in a dose dependent manner by treatment with SB228357 (p <
0.005, n = 3). C, Calcific nodules were identified using Alizarin Red staining to identify regions
with high calcium content. D, Calcific nodules were found to be dystrophic with an apoptotic ring
(green) of AVICs surrounding a necrotic core (red). Images shown indicate bright field and
fluorescence of a single calcific nodule. E, Live AVICs were stained green with Calcein AM and
dead AVICs were stained red with propidium iodide. Neither 5-HT,g antagonist appear to have a
deleterious effect. F, The 5-HTog antagonists do affect AVIC proliferation over 24 h. All error bars
indicate standard error of the mean. * indicates significant difference (p < 0.005) versus control.
Scale bar = 250 pm.
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The data indicate that 5-HT,g antagonism can prevent AVIC myofibroblast
activation, an early event in CAVD, so we were also interested in assessing
changes in calcific nodule formation, an endpoint in CAVD. Studies indicate that
83% of excised calcific AV leaflets from human patients are dystrophic [202] and
appear to be driven by a TGF-B1-induced apoptotic mechanism [9]. Our lab has
recently developed a model system that recapitulates the formation of dystrophic
calcific nodules in vitro [199]; AVICs treated with TGF-B1 for 24 h prior to the
addition of 15% cyclic strain for 24 h form robust calcific nodules that are
correlated with aSMA expression. These results are consistent with previous
studies that have shown that aSMA expression is necessary for nodule formation
by AVICs in static culture [93] and that TGF-B1 is required for the formation of
nodules in mechanically strained excised aortic valve leaflets [11]. Here, AVICs
were treated with either 1 ng/ml TGF-B1 or a combination of TGF-1 and 5-HTys
antagonist for 24 h prior to the addition of strain (Fig. 5.1B). Calcific nodules were
identified using Alizarin Red staining to detect calcium accumulations (Fig. 5.1C),
and as shown previously [199], these nodules form via a dystrophic mechanism
as indicated by an outer ring of apoptotic AVICs, as indicated by green
fluorescent Annexin V, surrounding a red fluorescent propidium iodide stained
necrotic core (Fig. 5.1D). AVICs treated with 1 yM SB228357 or SB204741 form
significantly fewer and less mature calcific nodules than the TGF-B1 treated
positive control, and 10 yM SB204741 further reduces nodules while SB228357

completely inhibits the formation of any calcific nodules. It should be noted that
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the antagonist treatments did not affect AVIC viability (Fig. 5.1E) or proliferation

(Fig. 5.1F).

5-HT,g antagonism prevents TGF-B1-induced p38 phosphorylation

The data indicate that antagonism of 5-HT2g inhibits both myofibroblast
activation of AVICs as well as calcific nodule morphogenesis in vitro. We were
next interested in assessing the effects of 5-HT,g antagonism on canonical TGF-
B1 Smad signaling. Specifically, Smad3 signaling has been shown to direct a
wide variety of TGF-B1-induced cellular responses through direct binding of
these transcription factors to gene regulatory elements. Plasminogen activator
inhibitor-1 (PAI-1) is one example of a protein that is expressed by Smad3
phosphorylation (pSmad3) and nuclear translocation across many cell types [54].
Thus, we used a plasmid construct with a partial PAI-1 promoter region (p3TP-
lux) linked to expression of a luciferase reporter gene to assay for canonical
TGF-B1 signaling. Interestingly, 5-HT,g antagonism does not inhibit canonical
TGF-B1 signaling as indicated by pSmad3 and PAI-1 promoter activity (Fig. 5.2A-

B).
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Fig. 5.2. 5-HT,z antagonism prevents non-canonical p38 MAPK but not canonical Smad3
signaling. A, TGF-B1 treatment leads to increased Smad3 phosphorylation (pSmad3) after 15
min and p38 phosphorylation (pp38) after 1 h. 5-HT,5 antagonism inhibits TGF-B1-induced pp38
but not pSmad3. B, 24 h of TGF-B1 treatment leads to a five-fold increase in canonical PAI-1
promoter activity that is not inhibited by either of the 5-HT.g antagonists (n = 3). C, Average
densitometry (n = 5) reveals a two-fold increase in pp38 after TGF-B1 treatment that is completely
inhibited by 5-HT,g5 antagonism. D, p38 inhibitor blocks TGF-B1-induced aSMA expression and
SM22a promoter activity but not PAI-1 promoter activity. e, p38 inhibition blocks TGF-B1-induced
calcific nodule morphogenesis but Smad3 inhibitor did not. d, Representative images indicate the
presence of calcific nodules in AVICs treated with TGF-1 alone or in combination with Smad3 or
p38 inhibitors. All error bars indicate standard error of the mean. * indicates significant difference
(p < 0.005) versus control. Scale bar = 250 mm.
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Due to the lack of canonical changes, we next assessed possible non-
canonical interactions. Many studies have focused on non-canonical signaling
pathways to explain the myriad of cellular responses induced by TGF-31 ligand
binding. Particularly, p38 MAPK pathways have been identified as key mediators
of cellular processes such as cell migration and mesenchymal transformation
[68, 226-227], which are characterized by upregulation of contractile elements
similar to those identified in myofibroblast activation. TGF-B1 treated AVICs
exhibit a 2.3-fold increase in p38 phosphorylation (pp38), which is completely
inhibited by both 5-HT,g antagonists (Fig. 5.2A,C). Additionally, a p38 inhibitor
mitigates TGF-B1-induced aSMA expression and SM22a promoter activity but
does not significantly inhibit canonical PAI-1 promoter activity (Fig. 5.2D).
Similarly, p38 inhibition also prevents TGF-B1-mediated calcific nodule formation,
while a specific inhibitor of Smad3 does not reduce the formation of calcific

nodules by AVICs (Fig. 5.2E-F).

Function and spatial location of Src tyrosine kinase are altered by 5-HT.g
antagonism

TGF-B1-mediated phosphorylation of p38 has recently been shown to be
dependent upon phosphorylation of TRRII at tyrosine 284 by Src tyrosine kinase
[58]. In addition, 5-HT,s has been shown to activate platelet-derived growth
factor receptors intracellularly via Src activation [139]. Given that 5-HTgs
antagonism prevents TGF-B1-mediated p38 phosphorylation, we expected an

upstream inhibition of Src phosphorylation, which would prevent its interaction
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with TBRII. Therefore, we assessed the effect of TGF-B1 treatment and 5-HT,g
antagonism on Src phosphorylation at its active site, tyrosine 418 (pSrc).
Treating AVICs with TGF-1 leads to increased levels of pSrc in a manner that is
abrogated by treatment with an AIk5 inhibitor, indicating that pSrc induction is

downstream of Alk5 activation by TRRII after TGF-B1 ligand binding (Fig. 5.3A).
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Fig. 5.3. 5-HT,z antagonism inhibits Src function. A, TGF-B1 induces Src phosphorylation
(pSrc) after 15 min of incubation that is inhibited by an AIk5 inhibitor. B, Neither 5-HTog antagonist
inhibit TGF-B1-induced pSrc; however, pCas is reduced with antagonist treatment in the
presence of TGF-B1. C, Average densitometry (n = 6) reveal a 2.5-fold increase in pSrc by TGF-
B1 at 15 min that return to near basal levels after 1 h. pSrc levels remain elevated in AVICs
treated with TGF-B1 and either 5-HT,z antagonist after 1 h. D, Average densitometry (n = 4)
reveals that TGF-B1 treatment leads to a trending increase in Cas phosphorylation (pCas);
however, 5-HT,z antagonists reduce pCas to sub-basal levels. E, Increasing doses of SB204741
lead to decreasing aSMA but increasing PAI promoter activity in AVICs treated with TGF-1 (n =
3). F, SYF" MEFs exhibit significantly less SM22a promoter activity compared to wild-type MEFs
following 24 h of TGF-B1 treatment. G, SYF” genetically modified MEFs exhibit a 45-fold
increase in PAI-1 promoter activity due to TGF-B1, whereas wild-type MEFs exhibit a four-fold
increase in PAI-1 promoter activity. H, AVICs transfected to express constitutively active Src
(caSrc) exhibit significantly greater SM22a promoter activity independent of TGF-B1, and
SB228357 abrogates this increase. * indicates significant difference (p < 0.005) versus control.
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TGF-B1-induced pSrc peaks at 15 min post-stimulation and returns to near
control levels after 1 h. Surprisingly, 5-HT2z antagonism does not affect pSrc
induction after 15 min of TGF-B1 stimulation (Fig. 5.3B-C). In fact, 1 h treatment
with SB228357 alone leads to a significant increase in pSrc, and the combination
of either 5-HT,g antagonist with TGF-B1 leads to a sustained activation of Src at
1 h. To assess changes in the downstream function of pSrc, we assayed for
phosphorylation within the substrate domain of Crk associated substrate (pCas),
a major downstream target of pSrc [228]. Interestingly, 5-HT,z antagonism
reduces pCas to below basal levels even in cases where pSrc is significantly
increased (Fig. 5.3B, D). This finding is unusual since increased Src

phosphorylation typically results in increased pCas.

Previous studies have shown that pCas serves as a negative regulator of
canonical TGF-B1 signaling by inhibiting phosphorylation of Smad3 [59].
Therefore, we hypothesized that since 5-HT,s antagonism appears to inhibit
pCas, pSmad3 is not inhibited and canonical signaling is subsequently
enhanced. This can be seen with increasing doses of 5-HT,g antagonist in the
presence of TGF-B1, which lead to progressive decreases in aSMA expression
after 24 h, while canonical TGF-B1 signaling, as shown by PAI-1 promoter
activity, is increased in response to the non-canonical inhibition (Fig. 5.3E). To
verify this counterintuitive response, we examined wild type mouse embryonic
fibroblasts (MEFs) and MEFs with genetically deleted Src family kinases (Src,
Yes, Fyn; SYF"') when exposed to TGF-B1. As expected, SYF” MEFs exhibit

significantly less SM22a promoter activity and significantly higher PAI-1 promoter
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activity compared to wild type MEFs (Fig. 5.3F-G), indicating that Src function is
important in non-canonical TGF-B1 signaling and is also involved in the
suppression of canonical signaling. In AVICs, 5-HT,s antagonism may alter the
functionality of Src without directly affecting Src phosphorylation to decrease
non-canonical but increase canonical TGF-B1 signaling. To examine this
hypothesis, AVICs were transfected to express a constitutively active Src
(caSrc), whereby tyrosine 527, the autoinhibitory Src phosphorylation site, is
mutated to phenylalanine, thereby preventing phosphorylation at this site and the
subsequent conformational change that inhibits Src kinase activity. Expression of
caSrc significantly increases SM22a promoter activity in AVICs after 24 h
independent of TGF-B1 ligand in the media and in a manner that is completely

inhibited by 5-HT,g antagonism (Fig. 5.3H).

Thus far, the data indicate that 5-HT,z antagonism leads to a change in
Src functionality, independent of Src phosphorylation. This subsequently
prevents association with downstream substrates resulting in decreased Cas and
p38 phosphorylation, thereby preventing TGF-B1-induced myofibroblast
activation in AVICs. Recent studies suggest that endosomal trafficking and
changes in the cellular localization of Src may affect its downstream signaling
[229]. Therefore, we used confocal microscopy to assess changes in Src

trafficking dynamics before and after 5-HT,g antagonism.
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Fig. 5.4. 5-HT,5 antagonism arrests Src motility within AVICs. A, AVICs transfected with
mCherry-N4-Src and treated with DMSO vehicle for 1 h were imaged by time-lapse microscopy
using a spinning disk Nikon Eclipse TE-2000 confocal microcope equipped with a Photometrics
Cascade 512B camera. Images were taken every 15 s for a total of 15 min. B, A subsection of a
DMSO vehicle treated AVIC allows for clear identification of Src movement att =0, 1, and 1.5
min. C, Eulerian based analysis of pixel intensity changes within the image over the course of 15
min represents Src kinematics. Red indicates a high degree of movement, and blue indicates little
movement within a pixel. D, E, AVICs treated with 1 yM SB228357 for 1 h exhibit little to no
movement att =0, 1, and 1.5 min. F, 5-HT,z antagonism arrests Src movement over the 15 min
imaging time.

AVICs were transfected to express fluorescently-labeled wild-type Src
(Fig. 5.4A-F), and images were captured after 1 h of treatment once every 15 s
for a total of 15 min. AVICs treated with dimethyl sulfoxide (DMSO) vehicle alone
indicate free and rapid movement of the fluorescently labeled Src proteins within
the cell. A representative section of a DMSO-treated AVIC (Fig. 5.4B) exhibits
altered spatial localization of three labeled Src proteins at 1 min and 1.5 min of
imaging. To capture the overall Src kinematics across the entire cell an Eulerian
approach was used whereby the change in intensity for each pixel is calculated
over time as a representative measure of the movement of Src both within and
out of the plane of focus. These values were then used to create a heat map of

the image with red indicating a high degree of pixel intensity variation (i.e. Src

95



movement) during the 15 min of imaging and blue indicating little variation over
time (Fig. 5.4C). AVICs treated with 1 yM SB228357 for 1 h (Fig. 5.4D) exhibit
little change in spatial localization of fluorescently-labeled Src proteins over the
course of 1.5 min (Fig. 5.4E). Similarly, the Eulerian analysis of the 5-HT2s
antagonist treated AVIC (Fig. 5.4F) indicates little fluctuation in pixel intensity
over the 15 min imaging interval compared to the DMSO-treated control AVIC.
The entire time-lapse sequence shows the clear effect of the antagonist over 15

min.

5.4. Discussion

The major impact of this study is three-fold: 1) non-canonical p38, but not
canonical Smad3, signaling is required for TGF-B1-mediated myofibroblast
activation in AVICs, 2) non-canonical TGF-B1 signaling, and thus myofibroblast
activation of AVICs, can be arrested by 5-HT,z antagonism, and 3) 5-HT.s
antagonism physically restricts Src, preventing downstream signaling. The
relative contributions of Smad3 and p38 signaling in AVICs were previously
unknown. These data indicate that TGF-B1 signaling activates both canonical
Smad and non-canonical p38 MAPK pathways, and in AVICs, both appear to
depend on activation of Alk5 after ligand binding (Fig. 5.5A). Previous studies
have demonstrated that activation of Src and non-canonical signaling actually
suppresses canonical TGF-B1 signaling [59]. Our results indicate that non-

canonical signaling may play a more substantial role in driving myofibroblast
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activation of AVICs than canonical signaling. Inhibition of p38 was found to
completely inhibit TGF-B1-induced upregulation of myofibroblast markers.
Additionally, p38 inhibition prevented the formation of calcific nodules by AVICs,
whereas inhibition of the canonical Smad3 pathway did not prevent TGF-31-
induced nodule morphogenesis. These results may elucidate new therapeutic
targets (in addition to 5-HT,g antagonists) that interact with p38 MAPK signaling

to inhibit myofibroblast activation of AVICs by TGF-f31.

This study is also the first to indicate a direct interaction between a
specific GPCR, 5-HT2g, and non-canonical TGF-B1 signaling. Further, we have
identified a novel signaling mechanism wherein a physical arrest of Src tyrosine
kinase trafficking by 5-HT,s antagonism prevents its association with the
downstream substrate Cas (Fig. 5.5B) and likely TBRII, which prevents pp38 [58].
This action results in an inhibition of non-canonical p38 activation, which is
necessary to induce AVIC myofibroblast differentiation, while simultaneously
stimulating canonical Smad3 activation and resultant PAI-1 expression, which
may be involved in the negative regulation of TGF-B1 activity [230]. PAI-1 inhibits
the activation of the protease plasmin from plasminogen. Active plasmin
degrades fibrin (a component of the ECM), and has been shown to lead to the
activation of latent TGF-p1 [51, 230]. The major physiological purpose of TGF-
B1-induced myofibroblast differentiation is ECM secretion and remodeling. PAI-1
may then work to inhibit further plasmin activation, thus preventing continued
breakdown of the ECM and further activation of TGF-B1 and effectively turning

off the ECM repair process. Therefore, enhanced canonical signaling due to 5-
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HT.s antagonism may not be detrimental in vivo given the inhibition of non-

canonical signaling and resulting decrease in cellular differentiation.
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Fig. 5.5. Proposed mechanism of 5-HT,g antagonist inhibition of TGF-B1 signaling. A, TGF-
B1 ligand binding to TPRII leads to Alk5-dependent canonical signaling through Smad
phosphorylation (pSmad) and non-canonical signaling through Src phosphorylation (pSrc) and
subsequent p38 phosphorylation (pp38). B, Treatment with a 5-HT,z antagonist physically
sequesters pSrc preventing non-canonical TGF-B1 signaling by restricting Src’s ability to
phosphorylate TBRII and Cas (indicated with x on arrows), but enhancing canonical signaling by
suppressing Cas phosphorylation (pCas), which prevents pCas inhibition of pSmad (shown by
double hatched arrow).

The action of physically arresting Src is most likely due to the stimulation
of GPCR endocytosis — a process often involving pSrc [231-232] — due to
antagonist binding. These results also provide another potential example of
interactions between G proteins and focal adhesion proteins such as Src to alter
cytoskeletal function similar to recent reports [233]. We believe that the clinical
implications of this study demonstrate the potential for 5-HT,s as a druggable
target for prevention of CAVD, and may also indicate the potential of targeting
other GPCRs that are members of the Gaq family in a tissue-specific manner to

prevent fibrosis. Interestingly, antagonists to another Gaq GPCR localized to
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cardiopulmonary tissues — namely, angiotensin Il type 1 (AT4) receptor blockers
(ARBs) — have been successfully utilized in a clinical setting to inhibit excessive
TGF-B1 signaling observed in Marfan’s syndrome [17, 184]. Also of note, AT, and
5-HT,s have been found to display a functional co-dependence in cardiac
fibroblasts, whereby antagonism of one of these GPCRs completely inhibits the
other GPCR [13]. Therefore, 5-HT,s and AT4 receptors may also share similar
functionality in AVICs. Thus far, however, retrospective epidemiological studies
have proven inconclusive on the effectiveness of ARB treatment in reducing
CAVD outcomes. Early reports indicated that ARBs were ineffective in preventing
the progression of CAVD in high-risk elderly patients [234], but recent studies
have presented a more optimistic view on the therapeutic impact of ARBs with
patients exhibiting lower scores of AV remodeling [235] and decreased overall
cardiovascular outcomes due to AV stenosis [236]. The discrepancy may be one
of timing, as it may be important to begin therapeutic intervention at the earliest
possible time to prevent the development of CAVD. As indicated in this study, 5-
HT.g antagonism prevents TGF-B1 myofibroblast activation of AVICs, which we
believe to be one of the earliest events in the progression of CAVD. Future
studies should consider the relative efficacy of 5-HT,s antagonism and ARB

treatments in preventing TGF-B1 effects in AVICs.

The impact of the current study and future studies with ARBs would be
greatly enhanced by in vivo validation; however, at this time there is no ideal
animal model for CAVD that recapitulates human pathology. Therefore, to

establish a more conclusive understanding of the therapeutic potential of Gaq
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antagonists, randomized controlled studies should be conducted to measure
CAVD outcomes in patients taking already approved ARBs or 5-HTgs

antagonists.
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Chapter 6

Aim 3 — Comparing Efficacy of 5-HT,g and AT, Antagonist Inhibition of TGF-

B1in AVICs

6.1. Introduction

Calcific aortic valve disease (CAVD) is the third leading cause of
cardiovascular disease and is especially prevalent among the elderly. Studies
have shown that CAVD affects over 25% of people over 65 years of age [1], and
currently, the only effective long-term treatment for advanced CAVD is
replacement surgery, a high risk procedure for elderly patients. For this reason, a
non-invasive therapeutic to stop the development of CAVD would greatly benefit
those most at risk for developing severe CAVD. Unfortunately, epidemiological
studies have shown that promising drug candidates such as statins have not
proven successful at slowing or reversing the end stages of CAVD that

necessitate valve replacement [218].

Transforming growth factor-B1 (TGF-B1) has been the most extensively
studied initiator of CAVD through myofibroblast activation of aortic valve
interstitial cells (AVICs); however, serotonin (5-hydroxytryptamine, 5-HT) and
certain serotonergic receptor agonists have been shown to lead to CAVD
upstream of TGF-B1 through signaling at the serotonergic G protein-coupled
receptor (GPCR) 5-HTs. Further, we have recently shown that 5-HT.s

antagonism inhibits TGF-B1-induced activation of AVICs by physically arresting
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non-canonical TGF-B1 signaling and preventing the subsequent upregulation of
myofibroblast markers such as smooth muscle a-actin (aSMA) [211]. Since 5-
HT.s expression and signaling is far less ubiquitous that that of TGF-p1, we
proposed that the 5-HT,g receptor may be targeted in a therapeutic manner to

prevent or treat CAVD progression.

Recently, Jaffre et al. [13] demonstrated that 5-HT,g works in concert with
another GPCR, AT,, to mediate hypertrophic signaling in cardiac fibroblasts.
Angiotensin Il (ang Il) demonstrates a mechano-dependent signaling activation
during ventricular pressure overload similar to that noted above for 5-HT,g [147],
and increased ang Il signaling at AT, results in an increase in TGF-31 secretion
and the subsequent downstream initiation of fibrosis [147]. In the aforementioned
study, Jaffre et al. conclusively demonstrated a necessary interdependence
between 5-HT,s and AT, in regulating TGF-B1 secretion. Many of the cardiac-
related studies into the molecular signaling pathways of the 5-HT,z and AT

receptors have focused on the role of these GPCRs in ventricular fibroblasts.

We believe that similar signaling mechanisms may exist in modulating
AVIC phenotype, and thus, directing the progression of CAVD. In support of this
theory, the expression of AT has been found to be significantly higher in excised
diseased human AV leaflets compared to normal leaflets [237-238]; however, the
role of this receptor in CAVD has not been extensively studied. In this study, we
assessed potential co-dependence of 5-HT.,z and AT; in AVICs, and we
determined the relative efficacy of antagonizing each of these GPCRs to prevent

TGF-B1-induced myofibroblast activation. Interestingly, our results indicate that
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while 5-HT,s and AT, display functional co-dependence in AVICs, AT,
antagonists are ineffective at preventing TGF-B1-mediated myofibroblast
activation of AVICs. We believe that the results from this study will further
elucidate signaling pathways that lead to pathologic differentiation of AVICs and

identify druggable targets to control these pathways.

6.2. Methods

AVIC isolation and culture

AVICs were isolated from porcine valves obtained from a local abattoir by
dissecting the valve cusps from the surrounding muscle and using collagenase to
remove the fibroblasts from the ECM. Isolated fibroblasts were then cultured on
T-75 tissue culture treated flasks in cell growth media consisting of DMEM
supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin
antibiotic, and 1% amphotericin B antifungal. The cell culture flasks were kept in
an incubator that is controlled at 37 °C and 5% CO,. Cells will be grown to 60 -
80% confluence prior to further processing. Previous studies have shown that
AVICs retain phenotypic integrity up to 10 passages after initial harvest [220].
However, we have observed phenotypic changes as early as 7 passages after

harvest; therefore, we did not exceed this maximum limit.
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Experimental treatments

All antagonist treatments were added 30 min prior to the addition of any
agonist treatment. The antagonist treatments were as follows: 1 yM or 10 uM 5-
HT.s receptor (5-HT,g) antagonist (SB 204741); 1 uM or 10 yM angiotensin |l
type 1 receptor (AT1) antagonist (ZD 7155). After 30 min agonist treatments were
added to the appropriate wells. The agonist treatments were as follows: 1 uM 5-
HT.g agonist (BW 723 c86); 1 uM AT agonist (angiotensin Il); 1 ng/ml TGF-f31.
Following the addition of the agonist treatments, the samples were incubated for

1h for assays of signaling protein activation or 24 h for endpoint analyses.

Assay for extracellular TGF-81

Extracellular media was collected after the experimental incubations listed
above. Total TGF-B1 was quantified by activating all of the TGF-B1 by heating
the media to 100 °C for 3 min. The active TGF-B1 within the media was then
assayed using a PAI-I promoter firefly luciferase assay, as described previously
[239]. Promega luciferase substrate was added to each sample and the

subsequent luminescence was read using a Biotek Synergy plate reader.

Assay for AVIC activation

AVICs were lysed with mammalian cell lysis buffer and centrifuged to

remove membrane components. The collected cell lysates were then frozen at -
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80 °C for storage. Prior to probing for aSMA content, each frozen cell lysate was
thawed and assayed for total protein content using a standard BCA Assay. An
indirect ELISA was then used to detect aSMA as described previously [211].
Briefly, 100 ul of 5 ug/ml cell lysate solution was adsorbed onto the bottom of 96
well plates by overnight incubation in a carbonate/bicarbonate buffer (pH 9.6).
The high pH buffer reduces inter-protein interactions to give an even distribution
of proteins within the wells. Non-specific binding sites on the well were then
blocked using a 5% solution of milk in phosphate-buffered saline (PBS) for at
least 1.5 h at room temperature. Following this step, 100 pl of polyclonal antibody
to aSMA (1:200 in blocking solution) was added to each well and allowed to
incubate at room temperature for 1.5 h. After washing the wells 3 times with PBS,
each plate was incubated for 1 h with a secondary antibody linked to a
peroxidase enzyme. Subsequently, the plates were washed thoroughly with PBS
to remove unbound secondary antibodies and each well received 100 pl of a
detection substrate that reacts in the presence of peroxidase to give a product
with a characteristic absorbance. The absorbance of each well was detected
using a plate reader, and the aSMA content of each sample was compared to a
standard curve created using aSMA peptide to calculate the concentration of

aSMA in each sample.

Calcific nodule assay

To assay for calcific nodule formation, AVICs were cultured in BioFlex®

culture plates as done previously [199]. After reaching confluence, AVICs were
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treated with either 1 ng/ml TGF-B1 alone or in combination with SB204741 or
ZD7155. Calcific nodules were identified using Alizarin red staining to assay for
calcium phosphate deposition. After strain, AVICs were fixed in 3.7% formalin
and 1 ml of Alizarin solution was added to each well for 30 min. The wells were

then washed thoroughly with PBS and imaged with conventional microscopy.

Assays for TGF-B1 signaling

Samples to be analyzed for TGF-B1-induced activation of canonical and
non-canonical signaling were lysed in RIPA buffer 1 h after AVICs were treated
with the prescribed treatment. Lysate solutions were centrifuged to remove lipid
components, and total protein concentration was determined using a BCA protein
assay. All proteins were denatured by boiling the samples with -
mercaptoethanol, and gel electrophoresis was used to separate the proteins
based upon size. Western blotting was then used to assay for Smad3 and p38

phosphorylation.

In addition to Smad3 phosphorylation, canonical TGF-B1 signaling was
assayed via PAI-1 promoter activity after 24 h of treatment. To assay for this
activity, we utilized a partial PAI-1 promoter (p3TP-lux) subcloned into a
luciferase reporter plasmid [54]. This vector was introduced into AVICs via
electroporation prior to the addition of GPCR antagonist or TGF-31 treatments.
Following electroporation, AVICs were seeded into 12-well plates and allowed to
recover for 24 h. After 24 h of the prescribed treatment, AVICs were lysed using

200 ul reporter lysis buffer, and 20 ul of this lysate solution was added to a well
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of a 96-well plate. Luciferase activity was detected by adding 100 pl luciferase
substrate to each well and recording the luminescent product using a plate

reader.

AVIC transfection

To transfect AVICs with the PAI-1 reporter plasmid or a plasmid for
expression of mutated p38, AVICs were harvested via trypsinization and
resuspended at 2 x 10° cells/ml in cytomix buffer supplemented with ATP and
glutathione. This buffer is designed to mimic cytosolic composition in order to
maintain cellular homeostasis during poration. This AVIC suspension was then
loaded into 4 mm electroporation cuvettes along with 20 pg of the plasmid to be
delivered. AVICs were then subjected to an exponential decay electroporation
protocol using a capacitance of 500 yF and a peak voltage of 350 V. Following
electroporation, the cuvettes were placed on ice for 10 min to allow the AVICs to
recover. After this recovery incubation, AVICs were resuspended in culture

media and reseeded onto the appropriate growth surface.

Statistical analyses

All data presented were calculated as the average of at least three
independent experimental replications (n > 3). Statistical differences between

groups were calculated by ANOVA, and pairwise differences were established
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with post hoc testing using the most stringent pairwise Holm-Sidak test.

Statistical significance was considered as p < 0.05.

6.3. Results

5-HT,5 and AT, are functionally co-dependent in AVICs

Previous studies have shown that agonism of 5-HT,z or AT; lead to
secretion of TGF-B1 in a variety of cell types including AVICs. Therefore, we
used TGF-B1 secretion to assay the co-dependence of these two GPCRs in
AVICs. AVICs treated with either the 5-HT.g agonist BW723c86 or the AT,
agonist Ang Il exhibit increased secretion of TGF-B1 into the cell culture media
(Fig. 6.1). For both agonists, this response is inhibited with an antagonist to

either GPCR.
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Fig. 6.1. TGF-B1 synthesis and signaling. (A) 5-HT,s (hatched bar) and AT, agonists (double
hatched bar) lead to increased TGF-B1 synthesis, while both antagonists prevent synthesis
induced by either agonist treatment (blue and orangebars). * indicates significant difference (p <
0.005) versus control.

AT, antagonism does not prevent TGF-B1 activation of AVICs

We have previously shown that 5-HT,s antagonism inhibits TGF-31-
induced activation of AVICs; therefore, we hypothesized that antagonism of ATy,
a GPCR similar to 5-HT,g, may also be able to inhibit AVIC activation. To test this
hypothesis, AVICs were treated with log doses of either 5-HT,s antagonist
(SB204741) or AT¢ antagonist (ZD7155) for 30 min prior to the addition of 1
ng/ml TGF-B1. AVICs exhibit significantly increased expression of aSMA
following 24 h of the TGF-B1 treatment. Consistent with our previous findings, 1

and 10 pM treatments of SB204741 significantly inhibit TGF-B1-induced AVIC
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activation in a dose dependent manner. However, ZD7155 treatment is less

effective in mitigating the AVIC differentiation (Fig. 6.2).

TGF-B1 treated
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No Treatment 0 pM 1uM 10 uM 1uM 10 uM
SB204741 ZD7155

Fig. 6.2. 5-HT,5 and AT, antagonist effect on TGF-B1-induced activation of AVICs. AVICs treated
1 ng/ml TGF-B1 for 24 exhibit significantly increased aSMA expression. Both 1 and 10 pM 5-
HT2B antagonist (SB204741) treatments blocked this activation. The AT, antagonist (ZD7155)
treatments were less effective in inhibiting AVIC activation. * indicates significant difference (p <
0.005) versus control.

Treating AVICs with 1 yM ZD7155 has no effect on AVIC activation by
TGF-B1, and while 10 uM ZD7155 significantly decreases increased aSMA
expression due to TGF-B1 treatment, these AVICs still exhibit significantly higher
aSMA than non-treated control samples. In addition to assaying for AVIC
myofibroblast activation, we were also interested in assessing changes in a

functional outcome indicative of CAVD—calcific nodule formation. Our lab has
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recently developed an in vitro model system to study morphogenesis of
dystrophic calcific nodules in vitro [199] that are formed due to an imbalance of
forces between TGF-B1 treated contractile myofibroblastic AVICs and externally
applied cyclic strain. To test the effects of the antagonist treatments on calcific
nodule formation, AVICs were seeded in Bioflex culture plates and treated with
either 1 yM or 10 pM of either antagonist for 30 min prior to the addition of 1
ng/ml TGF-B1 for 24 h. Following the 24 h incubation, 15% cyclic strain at 1 Hz

was added to the cultured AVICs for an additional 24 h.

A TGF-B1 treated
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Fig. 6.3. 5-HT,3 and AT, antagonist effect on TGF-B1-induced calcific nodule formation. (A)
AVICs treated 1 ng/ml TGF-B1 for 24 exhibit robust calcific nodule formation following 15% strain
for 24 h. Both 1 and 10 uM 5-HT2B antagonist (SB204741) treatments significantly blocked this
nodule formation; however, the AT, antagonist (ZD7155) treatments did not inhibit calcific nodule
morphogenesis. (B) Alizarin red staining was used to identify nodules in all treatment groups. *
indicates significant difference (p < 0.005) versus TGF-1 treated control.
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AVICs treated with TGF-31 alone formed robust calcific nodules on the surface of
the Bioflex plates (Fig. 6.3A). Similar to our previous findings, 5-HT,g antagonism
prevented formation of calcific nodules in a dose-dependent manner [211];
however, treating AVICs with ZD7155 did not significantly inhibit TGF-B1-induced

calcific nodule formation as identified by Alizarin red staining (Fig. 6.3B).

AT, antagonism inhibits canonical, but not non-canonical, TGF-1 signaling

Given the divergence of 5-HT,s and AT, antagonism in inhibiting TGF-B1-
induced activation of AVICs, we were next interested in understanding the effect
of these antagonist treatments on TGF-B1 signaling. We have previously
demonstrated that 5-HT,z antagonism inhibits TGF-$1 induced phosphorylation
of p38, but does not inhibit canonical Smad3 activation [211]. In this study, we
assessed the phosphorylation state of both of these signaling proteins after 1 h of

TGF-B1 treatment and treatment with each antagonist (Fig. 6.4A).
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Fig. 6.4. 5-HT,5 and AT, antagonist effect on TGF-31 canonical and non-canonical signaling. (A)
AVICs treated 1 ng/ml TGF-B31 for 1h exhibit increased phosphorylation of both Smad3 (pSmad3)
and p38 (pp38). The 5-HT,z antagonist (SB204741) treatments does not effect pSmad3;
however, pp38 was inhibits in a dose dependent manner. In contrast, AT1 antagonist treatment
(ZD7155) significantly inhibits pSmad3, but does not significantly inhibit pp38. (B) A PAI-1
reporter plasmid supports the pSmad3 results as both ZD7155 treatments lead to decreased
reporter activity. * indicates significant difference (p < 0.005) versus TGF-31 treated control.
Consistent with our previous results, 5-HT,g antagonism inhibits TGF-31-
mediated phosphorylation of p38 in a dose dependent manner; however, AT
antagonism does not prevent activation of this non-canonical pathway.
Interestingly, however, AT;{ antagonism significantly inhibits TGF-B1-induced
phosphorylation of Smad3. To further assess canonical TGF-B1 signaling activity
AVICs were transfected to express a partial promoter sequence of PAI-1 (p3TP-
lux), a common transcriptional target of activated Smad3, with a luciferase
reporter gene. Similar to the Smad3 phosphorylation results, AT, antagonism
significantly inhibits TGF-B1-induced PAI-1 promoter activity in a dose dependent

manner with less activity observed at both 1 yM and 10 uM AT, antagonist

treatment.
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p38 MAPK signaling is required for TGF-B1 activation of AVICs

To further assess the importance of p38 phosphorylation in TGF-31
signaling, AVICs were transfected with a plasmid to express a dominant negative
form of p38 that was mutated to remove kinase activity and prevent subsequent
downstream signaling. Control AVICs transfected with the plasmid backbone
(i.e., missing the dominant negative p38 insert) display a normal two-fold
increase in aSMA after treatment with 1 ng/ml TGF-B1 for 24 h; however, the
introduction of dominant negative p38 significantly reduces TGF-B1-induced

aSMA expression (Fig. 6.5).

24 mmmm AVICs *
C— +dnp38

aSMA expression

Media only +TGF-B1

Fig. 6.5. Requirement for p38 phosphorylation in AVIC activation by TGF-p1. AVICs treated with
TGF-B1 exhibit a significant increase in aSMA; however, AVICs transfected to express a
dominant-negative form of p38 (dn p38) do not significantly increase aSMA expression following
TGF-B1 treatment. * indicates significant difference (p < 0.005) versus non-treated control.
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6.4. Discussion

In this study, we were interested in identifying potential therapeutic targets
for CAVD by studying interactions between 5-HT.g, AT4, and TGF-B1 signaling.
Our previous findings indicate that antagonism of 5-HT.g leads to a physical
arrest of non-canonical TGF-B1 signaling, thereby inhibiting TGF-B1-induced
myofibroblast activation of AVICs [211]. We hypothesized that antagonism of a
GPCR similar to 5-HT.s, AT4, may elicit a similar response in AVICs.
Interestingly, though 5-HT,z and AT, appear to be codependent in agonist-
mediated TGF-B1 secretion from AVICs (Fig. 6.1), antagonism of ATy does not
directly inhibit TGF-B1-induced myofibroblast activation of AVICs (Fig. 6.2),
calcific nodule morphogenesis (Fig. 6.3), or non-canonical p38 signaling (Fig.
6.4A). In contrast, AT, antagonist treatment significantly inhibited canonical TGF-
B1 signaling as indicated by Smad3 phosphorylation (Fig. 6.4A) and PAI-1
promoter activity (Fig. 6.4B). Finally, to determine the necessity of p38 signaling
in TGF-B1-induced myofibroblast activation of AVICs, we transfected AVICs with
a plasmid to express a dominant negative form of p38 that is unable to be
phosphorylated by upstream kinases. These results further highlight the
divergence of canonical and non-canonical TGF-1 signaling in leading to AVIC

myofibroblast activation.

Losartan, an FDA approved AT; antagonist, has been found to inhibit
TGF-B1 signaling in those with Marfan’s syndrome [17]. As such, AT, antagonists
and other inhibitors to ang Il signaling have been proposed to be promising

candidates for CAVD therapy [240]. Here, we show that an AT, antagonist more
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potent than losartan is less effective than 5-HT2g antagonism in inhibiting non-
canonical TGF-B1 signaling and ultimately AVIC activation and calcific nodule
formation; however, AT, antagonists do inhibit canonical Smad signaling. Thus
far the therapeutic potential of AT, antagonists for CAVD is unclear. Early
epidemiological studies concluded that losartan, like statins, does not halt the
progression of CAVD [234]. However, more recent studies have indicated
positive cardiac outcomes including lower scores of AV remodeling for patients

taking AT¢ antagonists for other indications [235].

The reason for the discrepancy could be one of timing. Our data indicate
that AT, antagonism may be effective in preventing TGF-B1 synthesis and
secretion from AVICs (Fig. 6.1). Therefore, if an AT antagonist treatment is
given prior to the onset of CAVD, this treatment may be effective in preventing
increased TGF-B1 expression, thereby effectively preventing CAVD. Conversely,
if the treatment is begun after the onset of CAVD, the AT, antagonism may not
be able to inhibit ongoing TGF-B1-induced AVIC activation and pathological
tissue alterations (Figs. 6.2 and 6.3). Alternatively, AT+ antagonist inhibition of
canonical TGF-B1 signaling may play an important role in preventing some of the
tissue level changes observed in CAVD. These tissue level changes including
differences in secretion of extracellular matrix components should be studied
further. As we have previously suggested [241], an epidemiological study of
patients taking approved 5-HT,g antagonists should be conducted, and this type
of study may also help delineate the relative importance of non-canonical versus

canonical TGF-B1 signaling in leading to CAVD.
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Chapter 7

Impact and Future Directions

7.1. Summary and impact of results

The overall goal of this research was to elucidate the mechanisms and
characteristics of TGF-B1-induced myofibroblast activation in AVICs and assess
the ability of 5-HT,z and ATs antagonism in inhibiting this pathologic
differentiation. We began addressing this goal in aim 1 by elucidating heretofore
unknown characteristics of AVIC activation by TGF-31, namely the increased
expression of the atypical intercellular adhesion protein cadherin-11 through a
pathway that is dependent upon non-canonical Erk1/2 phosphorylation. Our
results indicate that expression of cadherin-11 and contractile proteins such as
aSMA are both required for the build-up in intercellular tension that leads to
formation of dystrophic calcific nodules in vitro. In addition to understanding the
crucial role of cadherin-11 in calcific nodule morphogenesis, we believe that the
identification of this marker of TGF-B1-induced activation of AVICs may have far-
reaching implications. Currently, early cellular changes that lead to CAVD are
difficult to detect; however, modern imaging techniques may be able to take
advantage of the trans-membrane nature of cadherin-11 to detect pathologic
differentiation of AVICs. These techniques may be used to inform physicians on

timing of therapeutic intervention for CAVD.
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After characterizing the important characteristics of TGF-B1-mediated
activation of AVICs, in aim 2 we established the ability of antagonism of a
specific serotonergic receptor, 5-HT,g, to inhibit myofibroblast activation in
AVICs. In doing so, we found that TGF-B1-induced expression of aSMA, the
most common myofibroblast marker, is dependent upon non-canonical activation
of the MAPK p38 rather than the canonical Smad pathway. Previous studies
established that TGF-B1 activation of p38 is dependent upon phosphorylation of
TBRII by Src tyrosine kinase, and our data indicate that antagonism of 5-HT2z
arrests this non-canonical signaling by physically restricting trafficking of Src
within AVICs. We believe this physical sequestration of Src is due to receptor-
mediated endocytosis, a process known to involve activated Src; therefore, we
ended aim 2 by hypothesizing that other similar GPCRs may also be targeted to
inhibit TGF-B1 effects. In aim 3 we tested this hypothesis by assessing the ability
of an antagonist of AT; to inhibit TGF-B1-induced activation of AVICs.
Interestingly, AT antagonism is ineffective in substantially inhibiting AVIC
activation and calcific nodule formation due to TGF-B1 treatment. The data
indicate that AT, antagonism does not prevent TGF-B1-induced p38
phosphorylation but does significantly prevent activation of canonical TGF-31

signaling as indicated by Smad3 phosphorylation and PAI-1 promoter activity.

These results further illustrate the divergence of canonical and non-
canonical TGF-B1 signaling and their relative importance in leading to AVIC
activation. The major impact of this work may lie in identifying methods to isolate

divergent TGF-B1 pathways. To our knowledge, these studies are the first to

118



identify the roles of these MAPK (p38 and Erk1/2) pathways outside of canonical
TGF-B1 signaling in altering AVIC phenotype. Decoupling these TGF-B1
signaling pathways may allow us to independently control TGF-B1-induced
cellular outcomes and better understand how TGF-B1 leads to fibrotic diseases
including CAVD. Fig 7.1 illustrates our current understanding of the molecular
crosstalk considered in these studies and the proposed implications that may be

linked with each AVIC output.

Input AT, antagonist TGF-1 5-HT,; antagonist
Internal v
38
processes pSmad PErk1/2 PP
v v v
Output PAI-1 Cadherin-11 aSMA
v v v
o TGF-p1 Calcific ECM
Implications negative nodule accumulation/
feedback formation fibrosis

Fig. 7.1. Proposed schematic of mechanisms. Forward arrows indicate a positive regulation, and
blunted arrows indicate a negative regulation.

Further, understanding methods to control each these molecular
mechanisms may have impact in allowing researchers to better engineer tissues
that recapitulate native function. Tissue engineering approaches are believed to
be the ultimate therapeutic solution for pediatric patients born with congenital
valve defects; however, ultimate success in designing a new AV that can replace

a native AV and integrate with host tissues may depend on the ability to
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manipulate cells within a tissue engineered scaffold [242]. A better understanding
of the molecular processes that control AVIC phenotype are greatly beneficial
toward achieving this goal. In conclusion, we believe that these studies shed new
light on the molecular mechanisms that lead to CAVD and may aid in the

discovery and design of CAVD therapeutics from both drugs to living tissues.

7.2. Future directions

We believe that the results presented in this dissertation provide new
insight into the molecular mechanisms associated with pathologic AVIC
differentiation and that this new knowledge may lead to novel therapeutic
strategies for CAVD; however, much work remains before the identified
mechanisms may be utilized clinically for CAVD therapy. Further in vitro and ex
vivo studies should be conducted to better understand the interconnectivity of the
various TGF-B1 and GPCR pathways and the associated AVIC outcomes. To
begin, we have not fully explored the relationship between the antagonist
treatments on TGF-B1-induced Erk1/2 phosphorylation and the ultimate
expression of cadherin-11. These experiments should be conducted to complete

our current understanding of the interaction between these signaling pathways.

In addition, the data indicate that AT, antagonism inhibits canonical
signaling; however, the mechanism of this inhibition is not clear and other AT
antagonists should be tested to strengthen these data. Additionally, we have

hypothesized that canonical Smad signaling may play an important role in a
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negative feedback loop that prevents activation of latent TGF-B1. This theory is
based upon the observation that increased canonical signaling is associated with
activation of a partial promoter to PAI-1; however, to test this hypothesis, studies
should be done to evaluate PAI-1 protein expression following increased
activation of canonical signaling and assaying relative changes in TGF-31
activation. Further, the tissue level implications of inhibiting non-canonical (via 5-
HT,s antagonism) versus canonical TGF-B1 signaling (via AT{ antagonism)
should be tested in an ex vivo model of CAVD similar to those used previously
[10, 171]. These data may aid in the understanding of the relative importance of
AVIC myofibroblast differentiation, cadherin-11 upregulation, and PAI-1
expression in ECM remodeling, and may point to a combination therapy

approach to inhibit multiple pathways at once.

While the new level of in vitro and ex vivo understanding that is gained
from the current and proposed studies is invaluable to the search for CAVD
therapies, the ultimate impact will be determined by the ability to prevent the
fibrotic and calcific tissue level changes that are characteristic of CAVD.
Unfortunately, assessing these changes is not trivial as currently there is not a
widely accepted animal model that recapitulates human CAVD. However, we
hope that the mechanistic results of our study will further encourage research in
both the few potential animal models that do exist and also epidemiological
investigations on patients already taking approved 5-HT.g antagonists for other

diseases. Additionally, we believe that by better understanding the role of the
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signaling pathways involved in CAVD, researchers may be able to identify and

develop more appropriate animal models.

One path to begin an in vivo validation may lie in assessing the whether
the signaling pathways identified with porcine AVICs in these studies are
conserved in AVICs derived from human leaflets. Similarly, excised CAVD
leaflets from human patients may be analyzed for expression of cadherin-11 to
determine the validity of this protein as a biomarker for CAVD. Researchers may
then be able to use information gathered from these human samples to verify
similarities in promising animal models for CAVD. Once the similarities and
differences between these models and the human pathologies are better
understood, researchers may be better equipped to assess the validity of using

these models as a reliable predictor of human CAVD outcomes.

A maijor strength that may expedite the clinical realization of antagonizing
these GPCRs for CAVD therapy lies in the fact that many approved 5-HT,z and
AT¢ antagonists are already approved and used for other diseases. Previous
epidemiological studies concluded that statins and AT; receptor antagonists [2,
234] have no effect in preventing surgical intervention due to CAVD; however,
disappointing results from these studies may be due to the fact that participants
were ~65 years of age and many may have already had advanced CAVD.
Further, others have shown that in vitro treatments that are successful in
preventing the progression of CAVD are not as efficacious in reversing the
pathophysiological tissue changes characteristic of the disease [93, 218].

Furthermore, though 5-HT.z antagonists have shown potential in preventing
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fibrotic responses in other disease models [15], to our knowledge, no one has
investigated the ability of 5-HT,s antagonism to prevent CAVD. Therefore, we

believe that the therapeutic potential of 5-HT,g for CAVD should be explored.
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