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Abstract 

Valvular degenerative diseases cause significant morbidity and mortality in developed 

countries. Valvular interstitial cells (VICs) are responsible for pathogenesis of these 

diseases. In healthy adult valves, VICs remain as quiescent phenotype. In degenerative 

valves, they become phenotypically activated like myofibroblast. Controlling VIC 

activation has important therapeutic and tissue engineering implications. Mechanobiology 

also plays a crucial role in valvular pathophysiology. Various mechanical forces trigger 

VIC phenotypical transformations and valvular degenerative diseases. However, valvular 

mechanotransduction pathways of these forces are largely unknown. Valves have an outer 

endothelium layer consisting of endothelial cells. Endothelium maintains valvular 

physiology but function of endothelium in valvular mechanotransduction is unknown. In 

this dissertation, we studied VIC activation in terms VIC morphological distribution in 

vitro. We also demonstrated control over VIC activation in vitro via interaction with 

progenitor subpopulations and via variable substrate stiffness. Lastly, we studied valvular 

mechanotransduction and the endothelial function in it using high throughput analysis of 

valvular cell and tissue response to strain and substrate stiffness in vitro. 

In our study of VIC phenotypes, we detected six distinct VIC morphologies and their 

relative abundance in pathophysiological states. Morphologies were associated with VIC 

activation. This in vitro morphology based VIC phenotype detection is simpler and quicker 

compared to molecular marker-based techniques. We demonstrated control over VIC 

phenotype in vitro, inducing VIC deactivation by lowering substrate stiffness. Reversibility 

in VIC activation has important implications in maintaining quiescence for in vitro research 

with rare human VICs and for tissue engineering purposes. We also demonstrated control 

over VIC activation, in vitro, using interaction with two progenitor subpopulations of VICs 

resembling hematopoietic and mesenchymal stem cells. These subpopulation functions 

were amplified by increasing their concentrations to >50% in VIC cultures. Hematopoietic 

stem cell subpopulation induced deactivation in VICs. Mesenchymal subpopulations did 

not show any effect on VIC activation. This is the first study showing function of a 
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progenitor VIC subpopulation in VIC activation and will augment progenitor VIC research 

which is at its infancy.  

Next, we focused on high throughput proteomic analyses of valvular cell and tissue 

response to variable substrate stiffness and physiologic cyclic strain. Cytoskeletal, signal 

transduction, oxidative stress and translation proteins were upregulated on stiff substrate 

suggesting their role in VIC mechanotransduction. Strain resulted in quiescent state with 

upregulated mechanoreceptors associated with pro-inflammatory and pro-angiogenic 

activities. Endothelium removal resulted in upregulation of translation suggesting a 

protective role of valvular endothelium. These high throughput studies will contribute to 

identifying cell signaling cascades and mechanotransduction pathways in VICs.  

Lastly, we also developed a computational model of diastolic heart left ventricle to 

determine blood flow and wall stress related changes introduced by medical device 

‘Mitraclip’. Despite some limitations, the model can be used in future to simulate other left 

ventricular diastolic phenomena.  

This dissertation improves our understanding and control of VIC phenotype structure and 

function as well as links molecular, cellular and tissue-level valvular responses to static 

and dynamic stimuli. Taken together, these results expand the picture of valvular cell 

mechanotransduction, morphology, phenotypical transformation, signaling networks and 

tissue maintenance. 
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Chapter 1 
 

Introduction 

1.1 Valvular disease 
The leading cause of death in the USA is heart disease with almost 0.6 million deaths every 

year according to data from 20101. Valvular diseases are a major portion of heart diseases. 

Aortic valve disease is the third most major cardiovascular disease2. Every year, about 5 

million people are diagnosed with heart valve disease in the USA3.  

Heart valve diseases occur when one or more of the four valves in the heart are 

dysfunctional. Heart valve diseases can be congenital or acquired4. Congenital valve 

diseases often involve improper formation and functioning of aortic and pulmonary valves. 

Valves with acquired diseases go through morphological changes. Acquired valve diseases 

can be caused due to age related degeneration4, infection5, injury6, myocardial changes7 

and drugs8. Heart valves are repaired by valvular cells to maintain homeostasis but at old 

age this repair process is dysregulated resulting in degenerative, thick, fibrotic and calcified 

valve leaflets9. Heart valve diseases can occur due to changes in hemodynamics and 

myocardium architecture for example as a result of cardiomyopathy4. Valvular diseases 

can be associated with other diseases such as rheumatic fever, carcinoid syndrome, marfan 

syndrome etc4. Rheumatic fever, caused by strep bacterial infection, is the major cause of 

heart valve diseases in developing countries10 and was previously the major cause 

worldwide before 198011. With the onset of better antibiotics and increasing life span in 

modern days, age related degenerative valve diseases have become the major valve disease 

with other emerging valve diseases catching up2,10 (Figure 1-1). 

Valve diseases cause two major malfunctions: obstruction to blood flow as a result of a 

valve not opening properly called stenosis and inability to restrict blood flow as result of a 

valve not closing properly called regurgitation. Major age related mitral valve diseases 

include mitral regurgitation due to myxomatous degeneration and mitral annular 
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calcification4. Major age related aortic valve diseases include aortic stenosis due to 

calcification and aortic sclerosis due to fibrosis1,4,10.  

Currently there is no medicine for heart valve diseases. There are medicines only to relieve 

the symptoms and complications such as high blood pressure, irregular heartbeats, 

coronary disease, heart failure etc. Repair and replacement are two treatments for valvular 

diseases. In repairs, valve shapes are changed or devices such as clips are placed with the 

leaflets. Repairs can be done using cardiac catheterization or open-heart surgery.  Valves 

can be replaced with artificial mechanical valves or biological valves from cow, pig or 

human. Biological valves last about 10 years and mechanical valve patients need blood 

thinners for the rest of their life. Because of limitations in valve repair and replacement, 

new development of medicine to age related degenerative valvular diseases is of great 

importance. However, there are vast improvements to be made to the knowledge of 

pathology of degenerative valvular diseases. Recent publications show that mechanical and 

hemodynamic environments inside and surrounding heart valves, as well as cytokine 

activities, play roles in valvular degeneration. Molecular markers expressed in these 

pathways and mechanoregulation could play a major role in the development of medicinal 

treatment for age related degenerative heart valve diseases. 

1.2 Valvular biology 

1.2.1 Anatomy 

The heart works as a pump to circulate blood in our body through arteries and veins. In a 

lifespan of 70 years, the heart beats approximately 3x109 times12. All mammalian hearts 

have four chambers: right and left atrium and right and left ventricle (Figure 1-2). There 

are four heart valves: mitral, aortic, tricuspid and pulmonary. There are two anatomically 

different types of heart valves: semilunar (aortic and pulmonary) and atrioventricular 

(mitral and tricuspid). All four valves lie on a common plane in the heart called the basal 

plane13. Heart valves allow blood to flow in one direction and restrict flow in the opposite 

direction. Atrioventricular valves restrict flow from ventricles to atria. Semilunar valves 

restrict flow back to ventricles. Aortic and pulmonary valves (semilunar) are located inside 
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the aorta and pulmonary artery respectively and each have three half-moon shaped leaflets 

of same size and shape. These leaflets are connected to the blood vessel walls through an 

area called basal attachment. Free ends coapt with the other two leaflets to form a gapless 

coaptation to restrict flow. Mitral and tricuspid valves (atrioventricular) have two and three 

leaflets respectively located at the junctions between atria and ventricles. The mitral valve 

has two leaflets anterior and posterior. The tricuspid valve has three leaflets anterior, 

posterior and septal. These leaflets are not the same in size compared to each other. Leaflets 

are connected to heart wall through a fibrous annular ring called annulus which provides 

an electrical barrier14. This prevents the electrical signal flowing through the heart muscle 

reaching the valves. The leaflets are connected to the ventricular wall via chord-like 

structures called chordae tendineae which connect to the ventricular wall via papillary 

muscle, projections of myocardial tissue. Chordae tendineae prevents the leaflets from 

collapsing into atria. All heart valve leaflets are tapered with a base twice as thick as free 

end12,15. Heart valves are passive tissues. They don’t control their motion through 

contraction or other means. Heart valve motions are controlled by the transvalvular blood 

pressure, blood flow and architecture and orientation of the leaflets. 

The left side of the heart pumps blood to the body and back called systemic circulation 

while the right side pumps blood to lungs and back called pulmonary circulation. The left 

heart does bulk of the work and withstand higher blood pressure. Left side valves withstand 

transvalvular pressure of 80-120mmHg whereas right side valves withstand 10-25 

mmHg13. As a result, mitral and aortic valves which are on the left side are more injury 

prone than tricuspid and pulmonary valves which are on the right side12,16.  

1.2.2 Valvular cells 

Heart valves are made of two types of cells: valvular interstitial cells (VICs) and valvular 

endothelial cells (VECs). In between VICs there is extracellular matrix (ECM). VICs and 

ECM make up the main body of valve leaflets.  



Texas Tech University, Mir Ali, August 2018 

19 
 

1.2.2.1 VEC 

Endothelial cells line surfaces that are in contact with blood. VECs line the surface of heart 

valves. They form a confluent semipermeable monolayer over the interstitium, sense 

hemodynamic environment and allow transport of items from blood to valve tissue17 

(Figure 1-4). CD31 is a marker of VECs18. VECs have a cobblestone morphology and form 

a monolayer in vivo and in vitro. However when culture on soft gels like collagen or 

matrigel, VECs form sprouts and capillary like structures which are signs of 

angiogenesis19–21.VECs are different from vascular endothelial cells under shear. VECs 

align perpendicular to the flow whereas vascular endothelial cells align in parallel22. VEC 

and vascular endothelial cell also show different gene expression under shear23. 

Inflammation is evident in atherosclerosis and valve sclerosis is similar to 

atherosclerosis24,25. Proinflammatory cytokines are present in diseased valve endothelium 

but not in healthy valves and their expression can be regulated by strain25,26. Under 

mechanical stimuli VECs secrete adhesion molecules for monocyte and lymphocyte 

adhesion and paracrine factor nitric oxide, endothelin‑1, and C‑type natriuretic peptide to 

maintain a physiologic phenotype of VICs23,27,28. Endothelium also plays a role in 

maintaining valve mechanical properties via VIC contractility. VECs can stiffen valves in 

response to vasoconstrictor endothelin-1 or soften valves in response to vasodilator 

serotonin via nitric oxide signaling29,30. 

Recent literature over the last decade suggest, VECs maintain valve homeostasis through 

another process called endothelial to mesenchymal transition (EndoMT). During EndoMT, 

VECs lose their endothelial properties (for example CD31 marker) and gain mesenchymal 

properties (for example ECM synthesis, α smooth muscle actin (α-SMA) marker etc.). 

EndoMT is essential for heart valve formation. Embryonic endocardial lining cells from U 

shaped heart lose cell-cell monolayer contact and transform into fibroblastic cells31–34. 

These transformed cells migrate to underlying interstitial space of endocardial cushion and 

form the heart valves32,34,35. EndoMT is also seen in adult valves but their exact 

physiological role is still debated32. Possible roles for EndoMT in adult valves include 

being sources for aVIC36 and obVIC37 and also roles in disease mechanism32. EndoMT in 
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adult valves can be induced by mechanical stimuli such as shear22,32 and strain38 and by 

inflammatory cytokines39. 

1.2.2.2 VIC 

VICs are the most prevalent cells in heart valves. They are found in all parts of the valve 

leaflet. The main functions of VIC in normal heart valve are maintenance of structural 

integrity, synthesis of ECM components and valve repair and remodeling. VICs play 

significant role in diseased and remodeling heart valves.  

1.2.2.2.1 VIC phenotypes 

VICs can have five phenotypes described by Liu et al40. They are embryonic progenitor 

endothelial/mesenchymal cells41, quiescent VIC (qVIC), activated VIC (aVIC), progenitor 

VIC (pVIC) and osteoblastic VIC (obVIC). Embryonic progenitor 

endothelial/mesenchymal cells form heart valves in embryos through EndoMT40. It is 

thought that in diseased and remodeling adult heart valves, EndoMT occurs again40. qVICs 

reside in normal functioning heart valves and have properties of fibroblasts42 (Figure 1-3). 

qVICs show positive expression of vimentin42. aVICs, also known as the myofibroblastic 

phenotype, are activated forms of qVICs42. This activation can occur due to valvular injury 

from pathological conditions, abnormal hemodynamic forces and abnormal mechanical 

forces. aVICs remodel the ECM and take part in proliferation and other cellular activities40. 

Failure of aVICs to return to the qVIC state results in abnormal valve shapes and 

degenerative diseases9. A higher number of aVICs are visible in degenerative heart valves42 

(Figure 1-3). aVICs, like myofibroblasts, express α-SMA which is absent in qVICs40,42,43. 

aVICs also express and secrete transforming growth factor β (TGF-β)40,44. obVICs take 

part in the calcification and bone like formation in heart valves which is more common in 

aortic valve (Figure 1-3). β-catenin, an osteogenic marker, may be used to mark these 

cells45. The least known about phenotype is pVIC40. pVICs have progenitor or stem cell 

like properties and can transform into other VIC phenotypes40. pVICs have been shown to 

come from extravalvular sources such as bone marrow46–48 and circulating cells49–53 or can 

also be intravalvular residents54–56. Heterogeneity in pVIC population is visible when tested 

with different stem cell markers. Subpopulation that represent hematopoietic46–48 and 
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mesenchymal stem cells54–56, pericytes57 and progenitor cells57 have all been identified 

among VIC populations with distinct markers57. A diagram of all VIC phenotype functions 

and transformations is shown in Figure 1-3.  

1.2.2.2.2 VIC morphologies in vitro 

VICs in in vitro culture show six distinct morphologies58 (Figure 1-5). They are round, 

rhomboid, tailed, spindled, multi extension and half-moon. Less elongated round and 

rhomboid morphologies are less motile, express α-SMA as stress fiber cytoskeletal 

components and synthesize more ECM58. More elongated tailed and spindle morphologies 

are more motile, express α-SMA in the lamellipodium and cell extensions areas and 

synthesize less ECM58. Multi-extension and half-moon morphologies are much less 

common in vitro compared to the other four types58. obVICs form calcific nodules or 

aggregates59. A thorough molecular characterization of these morphologies and their 

intrinsic potential for transformation could open the door to new quick and easy valvular 

cell phenotype detection technique. 

1.2.3 Valve ECM 

Valve leaflets have three layers: fibrosa, spongiosa and ventricularis or atrialis 12,60. Fibrosa 

is the thickest layer. It provides structural support and bears the load of high transvalvular 

pressures. It is mainly composed of circumferentially aligned collagen fibbers4,61,62. 

Spongiosa is the middle layer and is mainly composed of glycosaminoglycans and 

proteoglycans. Spongiosa absorbs shock acting like a cushion and lubricates the shear 

between the other two layers13. Ventricularis (on the ventricle side in semilunar valves) or 

atrialis (on the atrium side in atrioventricular valves) is rich in radially aligned elastin27,40,63. 

Ventricularis is the thinnest of layers, helps reduce strain when the valves are open13 and 

facilitates rapid retraction64. The three layered structure of the valves give them high tensile 

strength during loading to tackle high pressure and low flexural stiffness during unloading 

for easy bending13 (Figure 1-6).  
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1.3 Mechanobiology of normal and diseased valves 
Heart valves and valvular cells experience a wide range of forces such ECM stiffness, 

shear, strain, pressure etc. These mechanical forces have been identified as potential 

triggers for VIC phenotype transformation leading to degenerative diseases65–67. These 

forces are summarized in Table 1-1 and discussed in following sections. 

Table 1-1: Forces experienced by human heart valves in physiological and pathological 
conditions. 

Table 1-1 continued 

 Aortic valve Mitral valve 

 Normal Diseased Normal Diseased 

Elastic 

moduli/ 

Substrate 

stiffness 

Radially 2-10 

kPa and 1-2 MPa  

 

Circumferentiall

y 20-100 kPa  

and 8-12 MPa 
13,68 

 50 kPa and 150 

MPa 69–71 

50-60% 

increase in 

fibrotic 

disease72–74. 

28-36% 

decrease in 

myxomatou

s disease75. 

Peak shear 70 dynes/cm2 on 

ventricularis. 20 

dynes/cm2 on 

fibrosa.76–78 

1500 dynes/cm2 

77,79 

  

Peak blood 

velocity 

1.35 m/s 64,80 Stenotic aortic 

valves 7 m/s 81 

0.8 m/s64,82.  

Peak strain Circumferentiall

y 9-11% and 

radially 13-

25%81,83 

Hypertensive 

conditions. 

Circumferentiall

y 15% and 

Circumferentiall

y 2.5-3.3% and 

radially 16-

22%84 

Strain varies 

in opposite 

direction of 

substrate 
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Table 1-1 continued 

radially 15-

31%81,83 

stiffness 

change.  

Peak 

transvalvula

r pressure 

80 mmHg >100 mmHg in 

hypertension 

stage 2 85. 

120 mmHg >160 

mmHg in 

hypertensio

n stage 2 85. 

1.3.1 Substrate Stiffness 

Heart valve stress-strain relationship is nonlinear and has two linear phases (Figure 1-7). 

As a result, valves have two orders of magnitudes for elastic moduli. At small strains during 

first linear elastic phase, relatively small force is needed to stretch the tissue due to the 

wavy collagen and elastin fibers64. At higher strains during the second linear elastic phase 

relatively large force is required to stretch due to straight fibers13. The first nonlinear 

transition phase is due to transfer of force from elastin to collagen fibers and the second 

nonlinear phase is due to the tearing of fibers13. The elastic moduli for human aortic valve 

are approximately 2-10 kPa in radial direction and 20-100 kPa in circumferential direction 

for 1st linear elastic phase13,68. That for 2nd linear elastic phase  are 1-2 MPa in radial 

direction and 8-12 MPa in circumferential direction13,68. Mean elastic moduli for mitral 

valve are 50 kPa and 150 MPa for 1st and 2nd linear elastic phases respectively69–71. Heart 

valves have higher stiffness or strength by an order of magnitude in circumferential 

direction compared to radial direction13. This anisotropy is due to collagen fiber orientation 

which are oriented circumferentially in heart valves64. 

Mitral valves show different mechanical properties in different disease conditions74. 

Stiffness of mitral valves increases approximately 50% and 60% in circumferential and 

radial direction respectively with reduction in extensibility as a result of fibrotic disease 

from heart failure72–74. There is more collagen and elastin in ECM due to fibrosis but they 

are disorganized74,86. Stiffness decreases approximately 36% and 28% in circumferential 

and radial directions respectively and extensibility increases as a result of myxomatous 

mitral valve disease75. Myxomatous valves show a high content of catabolic enzymes 
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including matrix metalloproteinases which remodel the ECM87. There is disoriented 

collagen fibers88 and hyaluronic acid content is increased87 in ECM of myxomatous mitral 

valves. Calcified aortic valves are stiffer than normal aortic valves89. There is more 

disorganized collagen and proteoglycans also seen in diseased aortic valves90. Even 

without disease both mitral and aortic valves have been seen to become stiffer at old age 

due to collagen fibrillogenesis9,81,86,91,92. 

1.3.2 Shear 

In physiologic conditions the human aortic valve experiences peak shear stress of 70 

dynes/cm2 on ventricularis side and 20 dynes/cm2 on fibrosa side76–78 with blood velocity 

reaching 1.35 m/s64,80. Mitral valve experiences blood velocity up to 0.8 m/s64,82. 

Pathological shear on aortic valve reaches 1500 dynes/cm2 77,79. Peak blood velocity 

through stenotic aortic valves can reach 7 m/s81. 

1.3.3 Strain 

Heart valves go through anisotropic strain, with peak mitral valve strain rate reaching 1000 

%/s in in vitro models64,93. Circumferential strains are lower than radial strains because 

stiffness is higher in circumferential direction. Physiological peak strain on aortic valve 

have been shown to be 9-11% circumferentially and 13-25% radially81,83. Physiological 

peak strain on mitral valve have been shown to be 2.5-3.3% circumferentially and 16-22% 

radially84. Aortic valve circumferential stress can reach 2.4 kPa81. Valve leaflets strains 

may go down as age progresses because of collagen fibrillogenesis and hence loss of tissue 

extensibility78. Under hypertensive conditions aortic valves have been shown to experience 

15% circumferential and 15-31% radial strain81,83. 

Strain may go up or down in diseased valves depending on stiffness. In fibrotic mitral 

valves, stiffness increases72–74 and strain on the valve decreases due to valves becoming 

less extensible. In Myxomatous mitral valve, stiffness decreases75 and valves experience 

more strain due to higher extensibility. Stiffness increases in diseased aortic valves and as 

a result strain decreases90. In aged valves, both aortic mitral, the stiffness increases due to 

collagen fibrillogenesis and there is lower strain9,81,86,91,92.  
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1.3.4 Pressure 

Left side heart valves experience large transvalvular pressures compared to the right side 

valves. Physiologic peak transvalvular pressures for aortic valve are 80 mmHg and for 

mitral valve is 120 mmHg. Pressures above 90 mmHg and 140 mmHg for aortic and mitral 

valves respectively are considered as hypertension85. At hypertension stage 2, transvalvular 

pressures go higher than 100 mmHg and 160 mmHg for aortic and mitral valves 

respectively85. 

1.4 Static and dynamic in vitro culture of VIC 
Valves experience a wide range of forces and mechanobiology is thought to play a crucial 

role in valvular homeostasis. To understand valvular mechanobiology at the cellular scale, 

valvular cells have been cultured in vitro under various static and dynamic mechanical 

stimuli. These experiments and their results are summarized in Table 1-2 and discussed in 

following sections. 

Table 1-2: The results of valvular cells cultured in vitro under various mechanical stimuli.  

Table 1-2 continued 

In vitro 

stimulation 

Results Publications 

2D 

substrate 

stiffness 

VIC activation increases with increasing 

stiffness. 7-15 kPa and 4.8-9.6 kPa are 

stiffness ranges for VIC activation. 

Kloxin et al66 and 

Quinlan et al67. 

3D 

substrate 

stiffness 

VIC activation decreases with increasing 

stiffness. VICs are found to remain 

activated below 0.24 kPa or 3.93-5.7 kPa. 

Mabry et al94, Duan et 

al95 and Hjortnaes et al96. 

Shear VECs align perpendicular to direction of 

flow and transform into aVICs via 

EndoMT. 

Butcher et al22 and 

Mahler et al32. 
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Table 1-2 continued 

VIC-VEC 

interaction 

VICs suppresses EndoMT in VECs and 

VECs suppresses activation in VICs. 

Shapero et al97, Butcher 

and Nerem23,98 and Gould 

et al99. 

Strain Pathologic strain on VICs induce 

myofibroblastic and osteoblastic 

transformation. There is upregulation in 

ECM, contractile, inflammatory and 

calcification proteins in VICs due to strain. 

Strain also induces EndoMT in VECs. 

Balachandran et 

al38,100,101, Gupta et 

al102,103, Ku et al104, 

Lacerda et al105, 

Merryman et al106 and 

Fisher et al107. 

Pressure Pathologic pressure induces deactivation 

with reduced expression of α-SMA. 

However, there is upregulation in 

inflammatory proteins, ECM components 

and ECM remodeling proteins due to 

elevated pressure. 

Thayer et al65 and 

Warnock et al108. 

1.4.1 Substrate stiffness 

Substrate stiffness plays a major role in transformation among VIC phenotypes109. VICs 

can sense their mechanical environment by communicating to other VICs and ECM 

through integrins64. When cells adhere to stiff substrates, more traction forces are generated 

because of matrix resistance to cellular forces110. This strains the cells and cells respond by 

cytoskeletal α-SMA incorporation into stress fibers and altering integrin and focal 

adhesion96,111,112. These changes in turn have an impact on intracellular pathways and may 

change the phenotype of the cells96,113. aVICs with α-SMA is found in healthy valves near 

outer edges of fibrosa and ventricularis which are relatively stiff areas114. VICs from mitral 

and aortic valves (left heart) are stiffer than VICs from tricuspid and pulmonary valves 

(right heart)12,64,115. VICs from the left side valves also show more α-SMA expression than 

the right side valve VICs do64. This explains the fact that mitral and aortic valves are more 

prone to degeneration than tricuspid and pulmonary valves12. VICs in vitro have been 
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cultured on substrate of varying stiffness to see the effect of substrate stiffness in regulating 

VIC phenotypes. The most common material used for substrates of varying stiffness are 

hydrogels. Hydrogels are useful because their stiffness can be varied easily in heart valves 

modulus kPa range. Hydrogel stiffness can be varied by changing the monomer or 

crosslinker concentrations as well as by crosslinking or degrading using light or enzymes. 

They can be used for both 2D and 3D cultures and biomolecules can be conjugated easily 

for greater cell compatibility. VICs on 2D hydrogels can be activated by increasing the 

substrate stiffness above a threshold range and also be deactivated by lowering the stiffness 

below that range. Kloxin et al66 tested the VIC phenotype activity over a range of 7-32 kPa 

using matrix metalloproteinase degradable hydrogels. It was observed that VICs on 

substrates with stiffness above 15 kPa were activated and below that value VICs were 

quiescent. Later publications from the same group using similar approaches as well as other 

approaches such as light mediated substrate stiffness showed similar results99,111,116. They 

also found PI3K/AKT pathway responsible for the substrate stiffness related phenotype 

change of VICs117. Quinlan et al67 tested VIC phenotype transformation with varying 

substrate stiffness by changing monomer concentrations of hydrogels. They surveyed a 

greater range of stiffness 0.15-150 kPa. Their observation of the threshold stiffness range 

for VIC activation and deactivation is 4.8-9.6 kPa. TGF-β induces activation of VIC in 

vitro118, however Chen et al119 suggest that it depends on substrate stiffness as they showed 

that TGF-β fails to activate VICs on substrate with stiffness below 11 kPa. 

However, VICs encapsulated in 3D hydrogels show an opposite effect to substrate 

stiffness. Inside 3D hydrogels VICs are activated in soft substrates but become deactivated 

as stiffness increases. Duan et al95 used hyaluronic acid based 3D hydrogels to show that 

VICs are activated below a substrate stiffness of 3.93 kPa and become quiescent above that 

stiffness. Mabry et al94 used enzyme degradable hydrogel system to show that VICs 

encapsulated in 3D gel are quiescent in 4-12 kPa substrate stiffness and activated in 0.24 

kPa substrate stiffness. Hjortnaes et al96 using 3D hyaluronic acid and gelatin gels tested a 

stiffness range of 5-125 kPa and showed that VICs are activated at 5.7 kPa substrate 

stiffness and remain quiescent inside stiffer gels. A reverse effect seen is 3D substrates as 
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opposed to 2D may be explained by crosslinking density of polymers. The stiffer hydrogels 

have a higher crosslinking density and more cleaving is necessary for the cells to spread or 

migrate94,96. As a result, VICs inside stiff hydrogels are stuck in a densely crosslinked 

hydrogel polymer network, whereas VICs inside soft substrates are able to change 

morphology and migrate.  

The effect of 2D matrix stiffness on obVIC activation is also evident. Benton et al120 

showed that VICs show obVIC properties on soft hydrogels of 100 kPa stiffness compared 

to tissue culture polystyrene plates which have stiffness in the GPa range. Yip et al59 

showed that VICs differentiate to obVIC on 27 kPa matrices and aVIC on 113 kPa matrices 

both in the presence of calcifying media. 

This VIC activation over substrate stiffness can be correlated with heart valve lifecycle 

(Figure 1-8). During the developing period of early age VICs remain activated to form the 

heart valve even though the valve stiffness is low. At adult stage VICs remain quiescent 

and only take part in valve maintenance with valve stiffness still remaining low. Around 

age 60 or more heart valves increase in stiffness and VICs become and stay activated and 

degenerative diseases occur9. 

1.4.2 Shear and VIC-VEC interaction 

VECs under shear stress in vitro align perpendicular to the flow and transform into aVICs 

via EndoMT22,32. VEC layer can be damaged due to high shear in a process called 

denudation and VICs become exposed to shear when that happens23. The inflow sides of 

leaflets are more prone to this than outflow sides. The sites of denudation are prone to 

bacterial accumulation and thrombosis23. Endothelial damage induces VICs to show more 

proliferation and ECM synthesis23. Shear also affects VICs indirectly by deforming valve 

tissue, inducing strain and via VIC-VEC interaction121. VIC-VEC interaction is thought to 

play a crucial role in homeostasis of heart valves. This interaction is possibly a major factor 

in determining VIC phenotypes through paracrine signaling27,28,97,98. In vitro cultures show 

that VIC-VEC cocultures, in static Transwell inserts with99 or without97 physiologic 

hydrogel substrates and in tissue engineered valves with dynamic shear98, deactivates the 
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VICs into more quiescent state shown by reduction in α-SMA. The VIC-VEC interaction 

via paracrine signaling works both ways97. VECs cocultured with VICs in static Transwell 

inserts do not undergo EndoMT even under EndoMT inducing factor TGF-β97. Not only 

do VECs influence the phenotypical transformation of VICs, VECs themselves can 

transform to different VIC phenotypes via EndoMT. VEC can transform into aVIC and 

obVIC showing more α-SMA and osteogenic markers respectively36–38,122. VIC-VEC 

paracrine interactions in static Transwell insert tend to suppress EndoMT into obVICs122.  

1.4.3 Strain 

Heart valve tissues and cells have been tested with various mechanical stimuli in vitro. 

Valves stretched under physiologic and pathologic strains increase collagen and 

glycosaminoglycan content of the tissue12,100,102–104,123. Due to pathological strain, there is 

upregulation of proteolytic enzymes such as matrix metalloproteinase-1, 2, 9, 

metalloproteinase inhibitor 1 and cathepsin S and K105,124. The increase in ECM component 

synthesis and higher expression of ECM degrading enzymes suggest that VICs under 

pathologic strain are activated and perform ECM remodeling. In vitro strain on VIC 

induces α-SMA, TGF-β and intercellular adhesion molecule upregulation100,105,106,125. This 

further establishes that VICs under pathologic strain are in an activated phenotypical state 

and are also contractile and inflammatory. Pathological strain on valves and VICs in vitro 

also upregulates bone morphogenetic protein-2, 4, Runx-2 and alkaline 

phosphatase78,101,107 which are all markers of calcification. So, strain plays a major role in 

valve calcification. Strain on VECs in vitro induces EndoMT giving rise to more aVICs 

and obVICs38. Strain in vitro also inhibits expression of pro-inflammatory genes such as 

monocyte chemotactic protein 1, vascular cell adhesion molecule 1 and granulocyte-

macrophage colony stimulating factor125. 

1.4.4 Pressure 

The effect of pressure on valve tissue or VICs in vitro is opposite to the effect of strain78. 

Physiologic or pathologic pressure on VICs with or without strains reduces expression of 

α-SMA suggesting more quiescent phenotype65,78,81. However inflammatory proteins such 

as vascular cell adhesion molecule 1, tumor necrosis factor-α and interleukin 6 are 
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expressed more in VICs with high pressure78,81,108. ECM remodeling is still seen with VICs 

under high pressure showing more collagen and glycosaminoglycan synthesis and higher 

matrix metalloproteinase-1, 3 expression78,81. 

1.5 Mechanotransduction 
Mechanotransduction is a process by which cells can sense the mechanical environment 

around them and convert them into biochemical signals or outputs. Mechanotransduction 

process can be divided into three steps: mechanosensing, mechanotransmission and 

mechanoresponse126.  

Cells mainly sense mechanical environment through focal adhesion and integrin126. Focal 

adhesion connects ECM to actin cytoskeleton through integrin127. There are several 

proteins between the integrin-cytoskeleton link, such as talin, vinculin, kindlin, α-actinin, 

filamin etc., that play crucial roles in force transmission127,128. Proteins such as vinculin, 

p130Cas and zyxin change conformation and phosphorylation state with mechanical 

stimuli suggesting they may be potential mechanosensors126,129,130. Ion channels also work 

as mechanoreceptors. Major candidates of mechanosensitive ion channel families are 

degenerin/epithelial sodium channels, transient receptor potential channels, two-pore 

domain potassium channels and bacterial large and small conductance channels131. 

Once sensed, mechanical signal is transduced through the cytoplasm to the nucleus via the 

cytoskeleton and signaling cascades. The cell is mechanically wired from cell membrane 

to nucleus127. Focal adhesion connects ECM to actin cytoskeleton. Cytoskeletal cross 

linkers connect the three types of cytoskeletal filaments. And recently it has been found 

that cytoskeleton and nucleoskeleton is connected by LINC complex127. So mechanical 

stimuli are transmitted to the nucleus mechanically. Forces sensed are also transmitted to 

the nucleus through biochemical signals. The major signaling protein involved in 

mechanotransmission is focal adhesion kinase127,132. Focal adhesion kinase forms a 

complex with Src kinase resulting in several downstream pathways by recruiting GTPase 

signaling proteins. Focal adhesion kinase-Src complex activates of Rac1 and Cdc42 from 

the Rho family through the recruitment of paxillin and P103Cas respectively127,133. This 
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complex also suppresses the activity of RhoA, involved in actin cytoskeleton 

reorganization127,133. RhoA activity translates into ROCK phosphorylation affecting 

several cellular processes134. Focal adhesion kinase-Rho signaling activates Ras-mitogen-

activated protein kinase in substrate stiffness related mechanotransduction135. Rho/ROCK 

has been linked with ion channel mediated mechanotransduction suggesting crosstalk 

between integrins and ion channel mediated signaling126.  

Once in the nucleus, several transcription factors are associated and results in cellular 

response in terms of change in morphology, differentiation, migration etc. Two 

transcription factors, yes-associated protein and transcriptional coactivator PGZ-binding 

motif, have been associate in substrate stiffness related cell response136. Activation of 

integrin-linked kinase also leads to nuclear accumulation of β-catenin and subsequent 

transcriptional regulation126. 

Cells experience two types of mechanical environment around them131,134. An active 

environment applies forces such as tension, compression and shear on the cells. Cellular 

mechanotransduction of active forces is an outside-in process. The way cells can interpret 

substrate stiffness is an inside-out mechanotransduction process. In a passive environment, 

cells are surrounded by substrates of varying stiffness. In the inside-out process, active 

tension in stress fiber, generated by actomyosin motors, is transmitted to the ECM as 

traction force. The response from the ECM is sensed and transmitted by the cell using 

pathways described above131,134. 

1.6 Research works in this dissertation 
It is evident that valvular cells play crucial role in valvular homeostasis, development, 

repair, remodeling and disease pathogenesis40. VICs have distinct phenotypes and their 

structure and function dictate normal and degenerative processes40. The first two chapter 

of my dissertation focus on how VIC phenotype and morphology impact valvular 

pathophysiology. In chapter 2, I explored morphological heterogeneity of VICs in vitro. I 

utilized the known effect of VIC myofibroblastic activation on stiff substrates. VIC 

morphologies were analyzed on soft versus stiff hydrogels. Distinct morphologies were 



Texas Tech University, Mir Ali, August 2018 

32 
 

found to be associated with phenotypical activation via molecular markers. Six distinct 

VIC morphologies were detected and their relative abundance in physiological vs 

pathological populations was determined. So, by analyzing the morphology of a single or 

population of VIC we can easily determine phenotypical and pathological state. This 

phenotype detection technique via morphology is much simpler and faster compared to 

immunoassay-based techniques. In chapter 3, I investigated the most severely understudied 

VIC phenotype, pVICs. pVICs are adult stem cells which reside within the leaflet 

interstitium, thus possessing an uncommitted phenotype and an ability to easily acquire 

other VIC phenotypes on cue. pVIC research is at its infancy. My goal was to survey 

distinct subpopulations of progenitors in VICs and test their effect in myofibroblastic 

activation which leads to degenerative diseases. Using magnetic fractionation, I identified 

two distinct subpopulations of pVICs resembling hematopoietic and mesenchymal stem 

cells. When a native VIC population was supplemented with hematopoietic progenitor 

cells, there was significant deactivation of the myofibroblastic phenotype suggesting a 

more physiologic transformation. The mesenchymal subpopulation showed no such effect. 

Mechanobiology plays a crucial role in valvular physiology and pathology. That is why, in 

chapter 4, 5 and 6 I have focused on high throughput screening of cellular and tissue 

responses to mechanical strain and stiffness in vitro. In chapter 4, using immunoblot arrays, 

I surveyed cellular response to strain in terms of membrane proteins and their role in 

mechanosensing pathways. The results show that VICs upregulate membrane proteins 

associated with cell adhesion, cytokine response and inflammation. Upregulation of 

adhesion proteins indicates cellular effort to adhere to ECM strongly during strain. 

Inflammatory response indicates transformation into a myofibroblastic phenotype. In 

chapter 5, using liquid chromatography and mass spectrometry, I performed proteomic 

analysis of stretched mitral valve tissue in vitro and evaluated the role of endothelium in 

mediating the stretch effect. I determined upregulation in calcification and ECM synthesis 

due to stretch. Lack of endothelium resulted in reduced ECM and cell adhesion proteins. 

In chapter 6, again using liquid chromatography and mass spectrometry, I performed 

proteomic study of VIC phenotype transformation due to 2D substrate stiffness variability 
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to gain new knowledge of VIC mechanotransduction and phenotype transformation. 

Results show that cytoskeletal, cellular signal transduction, oxidative stress and translation 

related protein expression and their interactome clusters were upregulated due to stiff 

substrate. This suggests phenotypical activation in VIC and corresponding proteins 

involved in mechanotransduction pathways. The interaction networks created in these high 

throughput studies will contribute to identifying cell signaling cascades and 

mechanotransduction pathways of VICs. 

Besides experimental research at Texas Tech University, I have gained computational 

research experience as a part of my internship at Abbott Vascular, Santa Clara, CA under 

Dr. Syed Hossainy's supervision. In chapter 7, I developed a computational model of 

diastolic heart left ventricular filling phase using computational fluid dynamics, finite 

element analysis and fluid structure interaction. Simulated blood flow, wall motion and 

wall stress were analyzed for changes introduced by ‘Mitraclip’, a valvular repair device 

from Abbott Vascular. The goal was to employ changes in blood flow patterns and wall 

stresses as a tool to predict reversal of left ventricular remodeling seen as a result of this 

surgical intervention. Although results failed to predict any reversal in left ventricular 

remodeling, the model resulted in a realistic simulation of left ventricular filling phase and 

can be used to simulate other left ventricular diastolic phenomena. While my experimental 

work largely encompasses cellular and molecular scale, my simulation work is at the organ 

level. The continuum-based simulation techniques I used can replicate the macroscopic 

physical environment and tissue responses. 

To mimic valvular pathophysiology, my dissertation research focuses on understanding 

VIC structure and function as well as linking molecular, cellular and tissue-level valvular 

responses to static and dynamic stimuli. Taken together, these results expand the picture of 

valvular cell mechanotransduction, morphogenesis, phenotypical transformation, signaling 

networks and ECM/tissue maintenance.  
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1.8 Figures 

 

Figure 1-1: Heart valve diseases over time collected form Soler et al11. Rheumatic fever 
was the major cause of heart valve disease before 1980 worldwide and still is in developing 
countries. With increasing life expectancy and better treatment for rheumatic fever, age 
related degenerative diseases have become the major heart valve disease in developed 
countries and will continue to be so. 

 

Figure 1-2: Cross-sectional images of the heart4,137. Frontal section is on the left and 
transverse section is on the right side of the figure. Heart has four chambers two atria and 
two ventricles. Two chambers are on the left and two chambers are on the right. There are 
four valves in a heart. Two atrioventricular valves mitral and tricuspid are on the left and 
right side of heart respectively. Mitral and tricuspid valves have two or three leaflets 
respectively and their leaflets are connected to ventricular papillary muscles via chordae 



Texas Tech University, Mir Ali, August 2018 

46 
 

tendineae. Two semilunar valves aortic and pulmonary are on the left and right side of heart 
respectively. Each of them have three leaflets.   

 

Figure 1-3: VIC phenotypes, their functions and transformations collected from Liu et al40. 
There are five phenotypes of VIC: embryonic progenitor endothelial/mesenchymal cells, 
quiescent VIC (qVIC), activated VIC (aVIC), progenitor VIC (pVIC) and osteoblastic VIC 
(obVIC). Embryonic progenitor endothelial/mesenchymal cells undergo endothelial to 
mesenchymal transition during fetal development and transform into aVIC and qVIC. 
qVICs are inactivated state of VICs seen in adult valve. Due to abnormal diseased 
conditions qVICs transform into aVICs. aVICs are activated form of VICs which undergo 
matrix synthesis and remodeling, proliferation, paracrine signaling during development 
and disease. aVICs also come from embryonic cells and perform embryonic heart 
development. pVICs include cells with stem cell properties that may or may not reside in 
heart valves and are able to transform into qVIC, aVIC or obVIC. obVICs are seen in 
calcified heart valves and have properties of osteoblast and can transform from qVICs.  



Texas Tech University, Mir Ali, August 2018 

47 
 

 

Figure 1-4: Cellular and biological contents of heart valve leaflets in healthy and diseased 
states. Shapes of cells in image do not represent exact morphology. In adult healthy valve 
on the left, VICs are in a quiescent fibroblastic state. qVICs do not proliferate and do not 
synthesize ECM. The quantity of ECM components in the valve is physiological and 
collagen fibers are aligned. In degenerative myxomatous valve in the middle, VICs are in 
an activated myofibroblastic state. aVICs show high expression of α-SMA and are 
contractile. They proliferate and remodel the ECM by degrading and synthesizing ECM 
components. The collagen fibers in degenerative valve ECM are not aligned. In calcific 
valve on the right, VICs are in a osteoblastic state. obVICs are responsible for calcium 
depositing in valves. pVICs are in small quantity and can have both intravalvular or 
extravalvular sources. VECs lining the surfaces of valves are also a source of VICs through 
EndoMT.  

 

Figure 1-5: VIC morphologies in vitro are spindled (A), tailed (B), multi extension (C), 
rhomboid (D), triangle (E) and round (F). Spindled and tailed VICs are elongated in shape 
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with high aspect ratio and have two or one extensions respectively. They look fat in the 
nuclear regions and have thin extensions. Rhomboid and triangle VICs look like respective 
geometric shapes without any extension or arm. Rhomboid VICs can be seen in both high 
or low aspect ratios but maintain constant width rather than having fat nuclear region and 
thin extensions. Two other morphologies, round and multi extension, were much less 
common than the other four and were visible in less confluent areas of culture. Round 
morphologies are circular shapes with nucleus either at the center or side. Multi extension 
morphologies have multiple arms extending in all directions to connect to other VICs or 
ECM molecules. Another VIC morphology referred as half-moon by Liu et al58 are not 
included in this figure. 

 

Figure 1-6: Schematics of aortic and mitral valve leaflets (left) and histological images of 
cross section of leaflets (right). The left images show aortic valve and mitral leaflets 
(showing one of three identical leaflets for aortic valves) and neighboring and supporting 
structures. The right images show three ECM layers of heart valves. Aortic valve images 
are collected from Hasan et al13. Mitral valve images are collected from Grashow et al138 
(left) and Rabkin et al43 (right).  
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Figure 1-7: Stress-strain curve for human aortic and pulmonary valve collected from Hasan 
et al 201313. Heart valve stress-strain relationship is nonlinear and has two linear phases 
(Figure 1-7). As a result, valves have two orders of magnitudes for elastic moduli. At small 
strains, during first linear elastic phase, relatively small force is needed to stretch the tissue 
due to the wavy collagen and elastin fibers64. At higher strains, during the second linear 
elastic phase, relatively large force is required to stretch due to straight fibers13. The first 
nonlinear transition phase is due to transfer of force from elastin to collagen fibers and 
second nonlinear phase is due to the tearing of fibers13. 
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Figure 1-8:VIC phenotype changes and ECM synthesis over lifespan collected from 
Merryman9. During developing period of early age, VICs remain activated to form heart 
valves even though the valve stiffness is low. At adult stage VICs remain quiescent and 
only take part in valve maintenance with valve stiffness still remaining low. Around age 
60 or older, valve stiffness increases and VICs become and stay activated and degenerative 
diseases occur. 
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Chapter 2 
 

Correlation between valvular interstitial cell morphology and 
phenotypes: a novel way to detect activation. 

2.1 Abstract 
Valvular interstitial cells (VICs) constitute the major cell population in heart valves. VICs 

have distinct phenotypes. Quiescent fibroblastic VICs are seen in adult healthy valves. 

They become activated myofibroblastic VICs in diseased valves and in vitro conditions. 

2D substrate stiffness in 1-20 kPa range and subculturing induce VIC activation in vitro. 

However, detailed morphological characterization of in vitro VIC activation in this 

substrate stiffness range and across several passage numbers are not available. We 

hypothesized that VICs show distinct morphological characteristics in different 

phenotypical states and the morphology distribution varies with substrate stiffness and 

passage number. Porcine VICs were cultured on polyacrylamide hydrogels of stiffness 1, 

6 and 22 kPa across passage number P1-P5. These stiffness values are in the previously 

identified substrate stiffness range that induces VIC activation in vitro. VIC morphologies 

were detected qualitatively and morphology distribution was determined. VIC activation 

was analyzed using activation markers α-smooth muscle actin (α-SMA), non-muscle 

myosin heavy chain B (SMemb) and transforming growth factor β (TGF-β). Six distinct 

morphologies (spindle, tailed, rhomboid, triangle, round and multi-extension) were 

detected. Spindle and tailed were dominant on soft substrate and low passage number 

cultures with reduced α-SMA and SMemb expression suggesting they represent quiescent 

VICs. Rhomboid was dominant on stiff substrate and high passage number cultures with 

high α-SMA and SMemb expression suggesting rhomboid represents activated VIC. 

Triangle, round and multi-extensions were much less common compared to the other three 

morphologies. TGF-β was not differentially expressed in any of the cultures. Distribution 

of morphologies varied across different activation state VIC cultures. These 

characterizations of morphology distribution can potentially be used as a faster and non-

destructive detection method of VIC activation state. VIC activation was also reversed by 

lowering substrate stiffness at passage number as high as P6. VICs reduced α-SMA and 
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SMemb expression and shifted from spindle-tailed dominated to rhomboid dominated 

cultures as substrate stiffness was lowered. The reversibility in VIC activation has 

important implications in in vitro research and tissue engineering.  

2.2 Keywords 
Valvular interstitial cell, morphology distribution, phenotype, quiescent, activated, 

substrate stiffness, passage number, 2D culture, in vitro. 

2.3 Introduction 
Heart valve diseases are a major source of morbidity and mortality. Every year, about 5 

million people are diagnosed with heart valve disease in USA1. Heart valves are passive 

tissues that control blood flow inside the heart. They have three major components: 

valvular interstitial cells (VICs), valvular endothelial cells (VECs) and extracellular matrix 

(ECM)2.  

VICs constitute the major cell population in heart valves. Functions of VIC include 

maintenance of structural integrity, synthesis of ECM components, homeostasis, repair and 

remodeling, etc3,4. Specific VIC functions are performed by specific phenotypes of VIC5,6. 

VICs can have five phenotypes described by Liu et al5 from Gotlieb lab as embryonic 

progenitor endothelial/mesenchymal cells, quiescent VIC (qVIC), activated VIC (aVIC), 

progenitor VIC (pVIC) and osteoblastic VIC (obVIC). qVICs reside in healthy adult heart 

valves and are responsible for physiologic maintenance6. qVICs have fibroblastic 

properties5. aVICs, also known as the myofibroblastic phenotype, are activated forms of 

qVICs. aVICs remodel the ECM and take part in proliferation and other cellular 

activities5,7,8. Increased population of aVIC results in abnormal valve shape and 

degenerative diseases7. aVICs are more abundant in developing9 and myxomatous 

degenerative heart valves6. aVICs, similar to myofibroblasts, show high expression of α-

smooth muscle actin (α-SMA), non-muscle myosin heavy chain B (SMemb) and 

transforming growth factor β (TGF-β) which are absent in qVICs5–7.  

VIC phenotype transformation in vivo can occur due to valvular injury from pathological 

conditions and abnormal hemodynamic and mechanical force effects2,10,11. However in in 
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vitro conditions substrate stiffness, passage number and other culture conditions dictate 

phenotype transformation5. Substrate stiffness has an important effect on VIC phenotype 

transformation12–14. The approximate range of elastic modulus during initial loading phase 

for human heart valves is 2-100 kPa with higher values in circumferential direction than in 

radial direction15. aVICs expressing α-SMA are also found in healthy valves near outer 

edges of fibrosa and ventricularis which are relatively stiffer areas of the valve16. However, 

VICs, in 2D in vitro conditions, become activated on substrate stiffness close to single digit 

values in kPa. Kloxin et al12 from Anseth lab showed that VICs in 2D culture in vitro 

become activated and deactivated above and below 15 kPa substrate stiffness. Later 

publications from Anseth lab showed VIC activation above 7 kPa stiffness values17–20. 

Quinlan et al13 from Billiar lab observed the stiffness range for VIC activation and 

deactivation in vitro to be 4.8-9.6 kPa. Chen et al21 showed that TGF-β, which induces 

activation in VICs, fails to activate VICs in vitro on 2D substrates with stiffness lower than 

11 kPa. Hydrogels were used as substrates in these in vitro experiments as their stiffness 

can be readily tuned by changing monomer or crosslinking density. Another factor often 

overlooked in in vitro VIC research is passage number. Primary VICs collected from 

healthy adult valves are typically quiescent10. As VICs spend more time and cell division 

cycles in in vitro conditions and lack of physiological fluid forces, the overall VIC 

population tends to shift from quiescent to activated22.  

VIC phenotypes show specific protein markers such as aVIC marker α-SMA and obVIC 

marker RUNX2. However, VIC phenotype detection using these markers requires complex 

immunoassay-based techniques and renders the VICs unusable for future experimentation. 

A much simpler and non-destructive way of VIC phenotype detection can be using cell 

morphology. A complete understanding of the distribution of VIC morphologies may help 

us identify the state of the population of VICs. Liu et al23 from Gotlieb lab have shown that 

VICs in vitro show six distinct morphologies. They are round, rhomboid, tailed, spindle, 

multi-extension and half-moon (Figure 2-2, half-moon is replaced by a new morphology 

observed by us as triangle). Gotlieb lab’s observations regarding these six morphologies 

are following23: Round and rhomboid morphologies are less motile, express α-SMA as 
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stress fiber cytoskeletal components and synthesize more ECM. More elongated tailed and 

spindle morphologies are more motile, express α-SMA in the lamellipodium and cell 

extensions areas and synthesize less ECM. Multi-extension and half-moon morphologies 

are much less common in vitro compared to the other four types.  

So far VIC morphologies and their distribution have been studied on stiff polystyrene 

culture plates and with high passage number VICs only23. These conditions and number of 

cell divisions may have had significant effect on VIC phenotype transformation and as a 

result on morphology and phenotype distribution. So, VIC morphology distribution studies 

on substrates of physiologic stiffness with early passages of VICs are of absolute 

importance. A thorough molecular characterization of these morphologies and their 

intrinsic potential for transformation would be beneficial for tissue engineering of novel 

valve repair products. 

Goals for this experiment were two-fold. First goal was to identify in vitro VIC morphology 

distribution across a range of substrate stiffness and passage number and to associate VIC 

morphologies with VIC phenotypes. Second goal was to investigate reversal of VIC 

activation by lowering substrate stiffness. Porcine aortic VICs were cultured on 

polyacrylamide hydrogels of stiffness 1, 6 and 22 kPa. As determined by Anseth lab17–20 

and Billiar lab13, VICs have a threshold stiffness range of 5-7 kPa for activation. So, 

substrate stiffness used in this study fall below, in between and above the range, 

respectively. Six VIC morphologies were detected and their distributions according to 

substrate stiffness and passage number were quantified. The morphologies detected are 

spindle, tailed, rhomboid, triangle, round and multi-extension. Highly activated stiff 

substrate and high passage number cultures were largely populated with rhomboid 

morphologies. Soft substrate and low passage number quiescent cultures showed a large 

abundance of spindle and tailed morphologies. Reversal in VIC activation was observed 

when high passage number (P5) VIC on stiff substrate were transferred to soft substrate. 

However, reversal in activation was not observed at a lower passage number of P3.  
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2.4 Methods 

2.4.1 Polyacrylamide gel preparation and rheology measurements  

Aqueous solutions of 6, 10 and 16% acrylamide were prepared with a 120:1 acrylamide to 

bis mass ratio (both from Bio-Rad Laboratories, Hercules, CA). 15 µL of 10% ammonium 

persulfate and 3 µL of tetramethylethylenediamine (both from Fisher Scientific, Waltham, 

MA) were added to 1 mL of acrylamide-bis solutions and gels of 0.75 mm thickness were 

cast. At least 6 hours were allowed for complete gel polymerization. Gels were washed in 

water overnight, then trimmed to fit 6-well culture plates. Prior to cell seeding, gels were 

treated with 0.25 mM sulfosuccinimidyl 6-(4'-azido-2'-nitrophenylamino) hexanoate 

crosslinker (Fisher Scientific) and exposed to ultraviolet light (302 nm wavelength) at an 

irradiance of 1.9 mW/cm2 for 15 min. Immediately gels were incubated with 25 µg/mL 

collagen (Advanced Biomatrix, San Diego, CA) at 37 0C for at least 1 h. A phosphate buffer 

saline (137 mM sodium chloride, 2.7 mM potassium chloride, 4.3 mM sodium phosphate 

dibasic and 1.46 mM potassium phosphate monobasic (all from Fisher Scientific)) sterile 

wash was performed before cell seeding. 

Rheometry (ARES, TA Instruments, New Castle, DE) was used for substrate stiffness 

measurements following the protocol by Calvet et al24. Parallel plate geometry of 20 mm 

diameter with stainless steel top and bottom surface was used. Tetramethylethylenediamine 

initiator was added to acrylamide solution seconds before pouring on lower plate and upper 

plate was lowered to a gap of 500 µm. Time sweep was performed for 20 min with constant 

strain of 𝛾𝛾0=0.01 and constant frequency of 1 rad/s at 20°C. Storage and loss moduli were 

obtained. 

2.4.2 Cell culture and morphology detection 

VICs were extracted from porcine aortic heart valves. Aortic valve leaflets were digested 

using 1200 U/mL collagenase (Sigma-Aldrich, St. Louis, MO) in culture medium for 10 

min and scrubbed for VEC removal. VECs removed by centrifugation and scrubbed leaflets 

were digested overnight with collagenase. VICs were cultured for P1 to P6 passages on 

polyacrylamide gels. Cell seeding density of 2.5x104 cells/cm2 was used. Dulbecco's 
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Modified Eagle Medium and Ham's F-12 (Mediatech, Corning, Manassas, VA) 

supplemented with 10% bovine growth serum (Sigma-Aldrich) and 1% 

antibiotics/antimycotics (10,000 U/mL penicillin G, 10 mg/mL streptomycin sulfate and 

25 μg/mL amphotericin B (Quality Biologicals, Gaithersburg, MD)) was used as cell 

culture medium. At 80% confluence P1-P6 VICs were incubated with 200 U/mL 

collagenase in culture medium at 370C for 30 min to aid cell detachment from collagen 

coated surfaces following collection of VICs. These VICs were either used for additional 

culture passages or immunoblot. During the transfer of VICs from one passage to next, the 

substrates, soft or stiff, were kept constant. Two exceptions to this were made to P3 and P5 

passage VICs when they were transferred from stiffest to softest substrate to test VIC 

deactivation. 

Cell morphologies were detected using phase contrast images. Each VIC’s morphology 

was determined based on its similarity to morphology images in Figure 2-2. The sample 

morphology images in Figure 2-2 were also provided some quantifiable guidelines defined 

by us in the results section. The total counts for each morphology in populations of different 

substrate stiffness and passage number were calculated. For each particular substrate 

stiffness and passage number, images containing at least 200 cells were analyzed to 

generate morphology distributions.  

2.4.3 Cell morphology measurement and analysis 

Image analysis was performed using FracLac V.2.5 plugin for ImageJ software (Image 

processing and analysis in Java by NIH Image, National Institute of Health, Bethesda, 

MD). Images were converted to binary form. A convex hull was drawn by connecting the 

outermost foreground pixels and joining them with straight lines. A bounding circle was 

calculated using the maximum span across or else the three points defining the smallest 

circle around the convex hull. Cell morphology parameters aspect ratio, maximum span 

and cell area were calculated for 200 cells of each passage and each substrate stiffness. 

Aspect ratio is the ratio of length to width of the cell, length being greater or equal to width. 

Maximum span is the maximum length of the cell. Cell area is the area covered by a cell 

in a 2D image. Wilcoxon rank sum test was performed as the morphology parameter data 
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appeared to be from non-normal distribution. Morphology detection and distribution 

results were validated by comparing with results from four blinded trained individuals. 

Morphology distribution results from each individual were compared with author’s result 

using chi square goodness of fit test in GraphPad software (GraphPad Software, La Jolla, 

CA) against a significance level of 0.05. The null hypothesis for the test was that the 

distribution detected by the individual is consistent with distribution detected by author. 

2.4.4 Immunofluorescence and immunoblot 

For immunofluorescence, VICs cultured on polyacrylamide gels were fixed with 2% 

formaldehyde for 10 min. Gels were then permeabilized with 0.1% IGEPAL CA-630 

(Sigma-Aldrich) in MES buffer (10mM 2-(N-morpholino) ethanesulfonic acid, 10 mM 

sodium chloride, 1.5 mM magnesium chloride, 10% glycerol and 100 KUI aprotinin at pH 

6.2 (all from Fisher Scientific)) for 5 min. Nonspecific binding was blocked using 1% goat 

serum in MES buffer. Incubations with primary and then secondary antibodies were 

performed for 2 hours each. The primary antibodies and their concentrations used are anti-

α-SMA mouse monoclonal at 0.5 µg/mL, anti-SMemb rabbit at 1:500 dilution and anti-

TGF-β rabbit 2 µg/mL (all Fisher Scientific) and anti-Ki-67 mouse at 1 µg/mL (EMD 

Millipore, Billerica, MA). The secondary antibodies were goat anti-mouse and anti-rabbit 

IgG DyLight 488 at 0.2 µg/mL and IgG DyLight 594 at 0.5 µg/mL (all Fisher Scientific). 

Then 1 µg/mL DAPI (Life technologies, Carlsbad, CA) was applied for 1 min. In between 

immunofluorescence steps, samples were washed 3 times for 1 min with MES buffer. Leica 

DMI6000 B microscope (Leica Microsystems, Buffalo Grove, IL) was used for obtaining 

fluorescent images. At least 20 cell images of each morphology, treated with 

immunofluorescence, were used to analyze α-SMA expression in VIC morphologies. Ki-

67 immunofluorescence images with at least 1000 cells in each substrate of passage P3 

were used to characterize proliferative characteristics of VICs. 

For immunoblot, VICs collected using 200 U/mL collagenase were lysed with 2mM 

dithiothreitol, 25 μg/mL digitonin and 1% IGEPAL CA-630 in 150 mM sodium chloride 

and 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (all Fisher Scientific 

except IGEPAL CA-630). Protein concentration of the lysates was determined using 
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bicinchoninic acid assay (Fisher Scientific). Proteins in samples were precipitated with 9 

volumes of ethanol. Polyacrylamide gel electrophoresis was run at 300 V for 15 min. 

Proteins in gels were transferred to membranes and blotted with anti-α-SMA, anti-SMemb, 

anti-TGF-β and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (EMD 

Millipore) antibodies overnight with 3% nonfat milk to block nonspecific binding. 

Membranes were then treated with secondary antibodies goat anti-mouse and anti-rabbit 

IgG (H+L) HRP conjugated at (1:12000 dilution) (AnaSpec, Fremont, CA). Lastly, 

membranes were treated with chemiluminescence (Bio-Rad Laboratories). Imaging 

acquisition was done in a Bio-Rad ChemiDoc MP imaging system. 

2.5 Results 

2.5.1 Rheology results 

Figure 2-1 shows results of rheological measurements on gels with 6, 10 and 16% 

acrylamide with acrylamide to bisacrylamide ratio of 120:1. The gels were polymerized in 

situ. Loss moduli values were two orders of magnitude lower compared to storage moduli 

and were ignored. Time sweep results in Figure 2-1 indicates initiation of polymerization 

after 60. After the 600 s mark, no change in storage moduli indicate complete 

polymerization. The storage moduli for each gel at the end of 1200 sec was considered the 

stiffness for the corresponding gel. The average stiffness for gels made with 6, 10 and 16% 

acrylamide were determined to be 1, 6 and 22 kPa respectively. These values of storage 

moduli matches the moduli of polyacrylamide hydrogels prepared in other studies using 

similar compositions25,26. 

2.5.2 Morphologies detected and their distribution 

Six distinct VIC morphologies were detected. They are spindle, tailed, multi-extension, 

rhomboid, triangle and round (Figure 2-2). A morphology previously described in literature 

as half-moon was not detected23. Triangle morphology was not previously mentioned in 

literature but was defined here by us. Spindle and tailed morphologies are elongated with 

two or one long, thin extensions respectively, both presenting a bulge in the nuclear area. 

They have a minimum aspect ratio of 5. For spindle, the nucleus is at the center of the cell. 
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Width at the end of an extension is less than one third of the width of the nuclear bulge. 

For tailed, the nucleus is towards one end of the cell creating a short and a long extension. 

The short extension length is less than one third of the long extension length. The long 

extension becomes thin toward the end. Width at the end of short extension is at least 5 

times the with at the end of long extension. The short extension width is similar to the 

width of nucleus. Rhomboid morphology may include polygonal shapes of n>3 sides. 

Rhomboids do not present a 2D nuclear bulge. They have an overall constant cell width 

throughout the cell body. Their aspect ratio ranges from 1 to 5. Triangles resemble 

triangular geometry meaning they have 3 sides. Maximum aspect ratio is 5, considering 

the longest side as the length and shortest side as width. VICs representing triangular 

geometry with aspect ratio>5 were determined as tailed. Round and multi-extension 

morphologies are less common compared to the other four. Round morphologies are 

generally circular or ovoid. They do not present vertices or extensions. Multi-extensions 

have a round cytoskeletal core and more than two thin, long extensions. Spindle and tailed 

have extensions in opposite directions, but extensions for multi-extension don’t follow any 

specific direction. Width of the cytoskeletal core is similar to the width of the nucleus. The 

ratio of cytoskeletal core width to width of the extension ends are minimum 3. In confluent 

cultures (Figure 2-3), spindle and tailed morphologies tend to connect each other end to 

end and overlap. Rhomboid and triangle morphologies in confluent cultures connect side 

to side and never overlap each other. They tend to align parallel to each other in confluent 

cultures. 

The relative distribution of these morphologies over varying substrate stiffness and 

passages (Figure 2-4) show that spindle and tailed morphologies together dominate on soft 

substrates and early passages. However, percentages of spindle and tailed decreases with 

increasing substrate stiffness and passage number as rhomboid percentage increases. 

Spindle and tailed, together, dominate in P1 passage on all stiffness at approximately 60-

70%. Together, they also dominate on 1 kPa substrate in all passages at approximately 60-

70%. However, their dominance on 1 kPa decreases in passage P3. In P3 passage, spindle 

and tailed are dominant on 1 and 6 kPa substrates. Spindle and tailed are present in 



Texas Tech University, Mir Ali, August 2018 

60 
 

approximately 2:1 ratio on soft substrates. Rhomboid percentage increases to with 

increasing substrate stiffness and passage number. Rhomboid dominates P2 cultures on 22 

kPa substrate and P3 cultures on 6 and 22 kPa substrates at approximately 50%. Triangle, 

round and multi-extension morphologies are much less common compared to spindle, 

tailed and rhomboid. However, morphological diversity is greater in P1 passage as we see 

these less common morphologies appear in relatively larger percentages. Also, triangle 

percentage does not diminish with increasing passages as is the case with round and multi-

extension. 

Morphology detection and distribution results were validated by comparing with blind 

observation results from four individuals. Individuals were trained to identify VIC 

morphologies based on similarities to images in Figure 2-2 and quantifiable guidelines 

defined in the results section. Chi square test resulted in p-value >0.05 for all four 

individuals’ morphology distribution results when compared with authors. Meaning, 

morphology distribution detected by the individuals are not significantly different from 

author’s results. 

2.5.3 Statistical analysis of morphological parameters 

VIC cultures with varying substrate stiffness and passage numbers were analyzed using 

aspect ratio, maximum span and cell area. Aspect ratio and maximum span on 6 and 22 

kPa substrates were significantly lower (p<0.05) than those on 1 kPa substrate in passage 

P3 and P5 but not in passage P1. These match the morphology distribution results (Figure 

2-4) where we see spindle and tailed percentages go down and rhomboid percentages go 

up with increasing stiffness in passage P3 and P5 but not in passage P1. Cell area on only 

22 kPa was significantly higher (p<0.05) than cell area on 1 kPa in passage P3 and P5. This 

suggest cell are requires larger shift in morphology distribution to be significantly different.  

2.5.4 VIC activation with varying substrate stiffness and passage number 

Immunoblot  results (Figure 2-5) show increasing VIC activation with increasing substrate 

stiffness and passage number. In lower passage P1, VICs expressed similar level of 

quiescence across all three substrate stiffness. None of the VIC activation markers showed 



Texas Tech University, Mir Ali, August 2018 

61 
 

significantly different expression across different substrate stiffness. But in higher passages 

(P3 and P5), VIC activation increased significantly with increasing substrate stiffness. In 

passage P3, α-SMA expression increases significantly (p<0.05) with increasing substrate 

stiffness. In passage P5, both SMemb and α-SMA expression increases significantly 

(p<0.05) with increasing substrate stiffness. However, expression of another VIC 

activation marker, TGF-β did not vary significantly across stiffness in any passage number 

suggesting these markers may be differentially expressed at different levels of VIC 

activation.  

Immunofluorescence (Figure 2-6) results shows that expression of α-SMA in VICs is 

morphology-dependent. We see that rhomboid morphologies show a higher expression 

level of α-SMA than spindle and tailed morphologies. This explains the correlation 

between higher α-SMA expression (Figure 2-5) and predominance of rhomboid (Figure 

2-4) on stiffer substrate. Using immunofluorescence, we also investigated α-SMA 

expression on individual VIC morphologies (Figure 2-7). Spindle, tailed and multi-

extension morphologies showed globular form of α-SMA expression in the extensions. 

Rhomboid and triangle morphologies showed α-SMA expression on stress fibers. 

Immunofluorescence results (Figure 2-6) for SMemb showed higher expression on stiffer 

substrates in passage P3. And similar to immunoblot results (Figure 2-5), 

immunofluorescence for TGF-β (Figure 2-6) failed to show differential expression across 

stiffness. 

2.5.5 Reversal in VIC activation with decreasing substrate stiffness  

To test the reversibility of VIC activation due to substrate stiffness, activated P3 and P5 

VICs on 22 kPa stiff substrates were transferred to 1 kPa soft substrates in passage P4 and 

P6 respectively. There was not significant change in any of the activation markers when 

VIC were transferred from stiff to soft substrate in passage P4. But α-SMA and SMemb 

expressions decrease significantly (p<0.05) when VIC were transferred from stiff to soft 

substrate in passage P6. This suggests that VICs deactivate as they experience softer 

substrates despite the high passage number of P6. TGF-β expression was unchanged when 

VICs were transferred from stiff to soft substrate in both passage P4 and P6. 
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We further investigated the change in morphology distributions due to the reduction in 

substrate stiffness. There was no significant change in the morphological distribution when 

VICs were transferred to soft substrate in passage P4 (Figure 2-9). However, in passage 

P6, rhomboid percentage decreased, and spindle and tailed percentages increased due to 

reduction in substrate stiffness (Figure 2-9). This matches the α-SMA and SMemb 

downregulation seen due to stiffness reduction in passage P6 (Figure 2-8). 

2.5.6 Proliferation in VICs does not correlate with substrate stiffness 

We analyzed Ki-67 expression of VICs in passage P3 across the substrate stiffness of 1, 6 

and 22 kPa. Ki-67 is protein extensively used as a marker for cell proliferation27. After 

analyzing immunofluorescence images for 1000 cells for each substrate stiffness, none of 

these three cultures show significantly different proliferative characteristics. 

2.6 Discussion 
Detection of different VIC phenotypes and control of phenotype transformation will be 

essential for improved valvular tissue engineering. Substrate stiffness and passage number 

are triggers for VIC phenotype transformations in vitro. Anseth lab12,17–20 and Billiar lab13 

have shown that VICs, in vitro, transform from qVIC to aVIC on substrates stiffer than 5-

7 kPa. VICs also become activated in vitro as passage number increases22. Here, we 

hypothesized that cell morphology may be used as a potential identifying factor of VIC 

phenotype transformation. We identified in vitro VIC morphology distribution across 

substrate stiffness range of 1-22 kPa and passage numbers P1-P5. Results indicate that 

morphologies represent VIC phenotypes and morphology distribution represents levels of 

VIC activation. We also tested reversibility of VIC activation with decreasing substrate 

stiffness to develop a method of maintaining physiologically quiescent high passage 

number VICs in vitro.  

As predicted, we identified that VICs become more activated with increasing substrate 

stiffness, but only at passage numbers P3 and P5 (Figure 2-5 and Figure 2-6). This result 

indicates that the mechanical properties of ECM play an important role in VIC phenotype 

transformation and subsequently in valvular pathophysiology. Increase in VIC activation 
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was also observed with increasing passage number. This supports the theory that more cell 

divisions in vitro induce VIC activation. Stiffer substrates failed to activate VICs in passage 

P1 (Figure 2-5). But P3 and P5 VICs on stiffer substrates were activated showing increased 

expression of one and two activation markers respectively (Figure 2-5). These suggest 

passage number is an important factor in substrate stiffness related VIC activation in vitro. 

Despite the differences between culture conditions such as substrate stiffness (hydrogel 

(kPa) vs glass (GPa)), passage number (P1-P5 vs P7-P13), cell confluence (sparse vs dense) 

and cell type (aortic vs mitral), our study and Gotlieb lab23 identified the same five VIC 

morphologies: spindle, tailed, rhomboid, round and multi-extension. We identified another 

morphology named triangle that has not been mentioned before. Gotlieb lab’s23 definition 

for rhomboid did not mention minimum number of sides or vertices. Rhomboid and 

triangle show similar α-SMA expression with prominent stress fibers (Figure 2-7). So, 

triangles may have been incorporated into rhomboid in their study23. A rarely occurring 

morphology, described by Gotlieb lab23 as half-moon, was not detected by us. Half-moon’s 

close resemblance to round due to its oval shape may have been the cause for that. 

Spindle and tailed morphologies can be correlated with physiological states (Figure 2-4). 

Spindle and tailed, together, dominated early passage and soft substrate cultures (Figure 

2-4). These cultures were less activated with lower expression of α-SMA and SMemb 

(Figure 2-5). These suggest spindle and tailed represent qVIC. Rhomboid was prominent 

on stiffer substrate and late passage cultures (Figure 2-4). These cultures were more 

activated with higher expression of α-SMA and SMemb (Figure 2-5). A recent publication 

has also demonstrated increase in rhomboid with increased VIC activation due to 

prolonged in vitro culture time28. These suggest rhomboid represents aVIC. So, VIC 

phenotypes have specific morphologies in vitro. As a result, status of VIC activation can 

be associated with relative distribution of these morphologies. 

The distribution of spindle, tailed and rhomboid across substrate stiffness and passage 

number also matches the distribution of qVIC and aVICs in native valves. qVIC and aVIC 

counts in both human and sheep adult healthy valves (90% and 2.5% respectively)6 
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approximately matches our spindle plus tailed and rhomboid percentages (60-70% and 

10% respectively, Figure 2-4) in physiologic early passage and soft substrate cultures. 

aVIC counts in developing, myxomatous and tissue engineered valves (36-50%)6 matches 

our rhomboid morphology percentages (50%, Figure 2-4) in late passage and stiff substrate 

cultures.  

Our results show that different aVIC markers are positive at different levels of activation. 

α-SMA, the most widely used aVIC marker, is upregulated at the lowest level of activation 

seen in passage P3, 6 and 22 kPa substrates (Figure 2-5). SMemb requires a higher level 

of activation as it was upregulated only in passage P5 and 6 and 22 kPa cultures (Figure 

2-5). And TGF-β did not show significantly different expression across any of the passage 

or substrate stiffness cultures used in this study. Role of TGF-β as a marker of stiffness 

induced VIC activation has been questioned before13,29. Exogenous TGF-β induces VIC 

activation on very stiff plastic culture plates8,30, but not on soft hydrogels with stiffness in 

kPa order of magnititude13,21. TGF-β has been shown to activate VIC proliferation in a 

wound repair model30 but not in low density monolayer independent of injury29. So, cell 

density also plays a role in TGF-β expression in VICs. The role of TGF-β in VIC activation 

has been shown to depend on other factors such as ECM components fibronectin and 

heparin31, fibroblast growth factor32 neurotransmitter serotonin33–35 etc.  

The markers used in this study, represent only certain level of VIC activation induced by 

only certain activation factors. It makes them non-ideal for identification of VIC activation 

universally. Hence a more generalized VIC activation/phenotype detection system is 

desirable. Our work demonstrates that besides these protein markers, VIC morphology 

distribution can be a good indicator of VIC phenotype transformation. Morphology 

distribution obtained in this study well represents various levels of VIC activation in vitro. 

Spindled and tailed percentages go down and rhomboid percentage goes up accordingly to 

represent multiple levels of activation (Figure 2-4). This morphology-based phenotype 

detection can be improved for a wider range of activation and for other factors of activation 

such as dynamic mechanical environment and cytokine signaling. Developed properly, this 
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tool has the potential to heavily impact our ability to control valvular disease progression 

as cultured VIC can be used as predictors of disease stages and better guide repair needs. 

VICs also significantly downregulated α-SMA and SMemb expressions when P5 VICs on 

22 kPa stiff substrate were transferred to passage P6 on 1 kPa soft substrate (Figure 2-8). 

Similar the downregulation of activation markers, we also saw a shift from rhomboid to 

spindled and tailed in the morphology distribution due to this reduction in substrate 

stiffness (Figure 2-9). VIC activation due to substrate stiffness is a reversible process as 

shown before12,17. However, no other study has shown VIC deactivation at passage number 

as high as P6. VIC deactivation on soft substrates at high passage number has important 

implications in VIC in vitro research. It may be necessary to keep high passage number 

VICs in a quiescent state in vitro. As human VICs can be difficult to obtain, ability to use 

high passage number VICs can be useful to studies of valvular pathophysiology. According 

to this study, activated VICs can be easily converted to a quiescent state by lowering the 

substrate stiffness and this transformation can be easily monitored by studying their 

morphology distribution. 

2.7 Limitations 
VICs reside in 3D valve leaflet structures but we observed VIC morphologies on 2D 

substrates. Recently, substrate stiffness based VIC phenotype transformation studies are 

also shifting towards using 3D enviroments36–38. VIC morphological distribution in 3D 

may be a lot different from what we observed on 2D substrates. Comparing morphologies 

detected in this study with VIC morphologies in native valves and in vitro 3D cultures may 

provide further insight into VIC morphology-phenotype correlation. The determination of 

morphologies in this study were qualitative in nature. A quantitative system of morphology 

determination in VIC cultures would be more reliable, faster and standardized. VICs in 

cultures communicate with each other and their confluence should impact the morphology 

distribution. We were careful in maintaining similar level of confluence across all the 

cultures in this study. However, studies looking directly at the effect of confluence on VIC 

morphology distribution are necessary. Most valvular studies involve 2D VIC in vitro 

cultures. Determining the phenotypical and hence pathophysiological states of these 
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populations is essential. The morphology-based VIC phenotype detection system in this 

study is much simpler, faster and cheaper compared to phenotype marker-based 

immunoassay techniques. VICs needed for replacement tissue engineered products can be 

tested for phenotypical state very easily using this method. 

2.8 Conclusions 
VICs have six distinct morphologies in vitro and their distribution varies with substrate 

stiffness and passage number. Spindle and tailed morphologies together dominate cultures 

with low α-SMA and SMemb expression suggesting they represent qVICs. Rhomboid 

morphology dominates cultures with high α-SMA expression suggesting it represents 

aVICs. Our work demonstrates that VIC morphologies and their distribution are good 

predictors of phenotype. This morphology-based VIC phenotype detection is much simpler 

and faster than immunoassay-based techniques. We also determined that VIC phenotypical 

activation can be reversed by lowering substrate stiffness in vitro at high passage number. 

This result can be useful in maintaining rare human valvular cells in a physiological state 

for both in vitro research and valvular tissue engineering. 
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2.10 Figures 

 

Figure 2-1: Left: Storage and loss modulus of polyacrylamide gels as measured by 
rheometry time sweep for 1200 sec at constant angular frequency of 1 rad/s and constant 
strain of 1%. Gel polymerization initiated after 60 s and approached completion after 600 
s. Storage moduli for each gel at the end of 1200 s was considered the stiffness for the 
corresponding gel. Loss moduli were two orders of magnitude lower compared to storage 
moduli and were ignored. Right: The average stiffness for gels made with 6, 10 and 16% 
acrylamide were determined to be 1, 6 and 22 kPa respectively. 

 

Figure 2-2: VIC morphologies observed in vitro. 6 distinct VIC morphologies were 
observed during the experiment. They are spindle (A), tailed (B), multi-extension (C), 
rhomboid (D), triangle (E) and round (F). Spindle and tailed VICs are elongated in shape 
with high aspect ratio and have two or one extensions respectively. They have nuclear 
bulge and thin extensions. Rhomboid and triangle VICs look like respective geometric 
shapes without any extensions. The rhomboid VICs can be seen in both high or low aspect 
ratios but maintain constant width rather than having nuclear bulge and thin extensions. 
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Two other morphologies, round and multi-extension, were much less common than the 
other four and were visible in less confluent areas of culture. Round morphologies are 
circular shapes with nucleus either at the center or side. Multi-extension morphologies have 
multiple extensions extending in all directions to connect to other VICs or ECM molecules. 
Another VIC morphology referred as half-moon by Liu et al23 were not seen. 

 

Figure 2-3: Confluent VIC populations on soft (left) and stiff (right) substrates. Scale bars 
are 50 µm. Left: Spindle and tailed morphologies are elongated in shape with high aspect 
ratio and have two or one extensions respectively. In confluent cultures both these 
morphologies were seen to connect to each other end to end and sometimes overlapping 
each other. Right: Rhomboid and triangle morphologies look like respective geometric 
shapes. In confluent cultures, rhomboid and triangle morphologies were seen to connect to 
each other more side to side and less end to end and hardly overlapped one another. The 
more elongated rhomboid and triangle VICs tend to align parallel to each other. 

22 kPa substrate1 kPa substrate
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Figure 2-4: Relative distribution of VIC morphologies in in vitro cultures. Spindle and 
tailed, together, dominated on all substrates in passage P1 and 1 and 6 kPa substrates in 
passage P3. But the prominence of spindle and tailed decreased and prominence of 
rhomboid increased with increasing passage number and increasing substrate stiffness. 
Rhomboid dominated on 22 kPa substrate in passage P3 and P5. Round, triangle and multi-
extension morphologies appeared in smaller numbers. 
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Figure 2-5: Immunoblot bands and quantification results for VIC activation markers across 
varying substrate stiffness and passage number. The bar graphs show normalized band 
quantification averages. GAPDH was used as a loading control. In low passage of P1, VICs 
remained quiescent across all substrate stiffness. But in higher passages of P3 and P5, VIC 
activation increased significantly with increasing substrate stiffness as indicated by 
expression of α-SMA and SMemb (p<0.05). However, expression of another VIC 
activation marker, TGF-β did not vary significantly across stiffness in any passage number 
suggesting these markers may be differentially expressed at different levels of VIC 
activation. 
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Figure 2-6: Immunofluorescence results for VIC activation markers across varying 
substrate stiffness in passage P3. Results show that expression of α-SMA in VICs are 
morphology-dependent. Rhomboid morphologies showed a higher expression of α-SMA 
than spindle and tailed in VIC cultures. SMemb showed a higher expression on stiffer 
substrates. TGF-β did not show differential expression across substrate stiffness. Unlike α-
SMA expression, SMemb and TGF-β expressions did not vary with morphologies. 

 

Figure 2-7: α-SMA expression in six morphologies of VICs. They are spindle (a), tailed 
(b), multi-extension (c), rhomboid (d), triangle (e) and round (f). Green expression in the 
figure represents α-SMA and blue represents nucleus. Spindle, tailed and multi-extension 
morphologies have α-SMA expression in their extension areas. Rhomboid, triangle and 
round morphologies have α-SMA visible as stress fiber cytoskeletal component. 
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Figure 2-8: Immunoblot results testing reversibility of VIC activation due to lowering of 
substrate stiffness. P3 and P5 VICs on stiff 22 kPa substrates were transferred to soft 1 kPa 
substrates in their respective next passages. α-SMA and SMemb expression levels 
significantly reduced (p<0.05) due to reduction in substrate stiffness on passage P6 but not 
on passage P4. This suggests that VICs go through deactivation as they experience soft 
substrates at high passage number of P6. However, TGF-β expression was unchanged when 
VICs were transferred from stiff to soft substrate. 
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Figure 2-9: Comparison of morphological distributions when VICs on stiff substrate were 
transferred to soft substrate to induce reversal in activation. There was no significant 
change in the morphological distribution when P3 VICs were transferred to soft substrate 
in passage P4. However, when P5 VICs on stiff substrate were transferred to P6 on soft 
substrate, rhomboid percentage decreased and spindle and tailed percentages increased. 
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Figure 2-10: Proliferation marker Ki-67 expression of VICs in passage P3 across the 
substrate stiffness of 1, 6 and 22 kPa. In the figure, proliferative cells are seen in pink colors 
where as non-proliferative cells are seen with blue. Average percentage of proliferative 
cells were determined after analyzing 1000 cells on each substrate stiffness. None of the 
three cultures show significantly different proliferative characteristics. 
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Chapter 3 
 

Progenitor subpopulations of valvular cells resembling 
hematopoietic and mesenchymal stem cells and their role in 

myofibroblastic activation. 

This study has been accepted for publication in Journal of Regenerative Medicine 2018. 

3.1 Abstract 
Objective: Normal adult heart valves consist largely of quiescent valvular interstitial cells 

(qVICs) resembling fibroblasts. In diseased valves, a myofibroblastic phenotype, called 

activated VICs (aVICs), is highly proliferative, synthesize extracellular matrix and 

repair/remodel the valve. Adult valves also have an understudied small population of 

progenitor cells (pVIC), which can differentiate into other VIC phenotypes. A better 

understanding is needed for the role of pVIC in valvular pathophysiology. We hypothesize 

that pVICs mediate deactivation of VICs, to control or prevent pathological development.  

Methods: In this study, we isolated two subpopulations of pVICs, mesenchymal stem cells 

(MSC) and hematopoietic stem cells (HSC), and evaluated their role in myofibroblastic 

deactivation of VICs. Porcine pVIC subpopulations were magnetically isolated with CD90 

and CD34 respectively serving as markers of MSC and HSC. MSC and HSC 

subpopulations were validated using secondary MSC and HSC markers CD105 and CD117 

respectively. Three culture types were designed. A pVIC-supplemented culture was created 

by increasing pVIC concentration in VIC population by 50% (positive response).  

Results: Native culture maintained pVIC concentration identical to native valves 

postharvest (physiologic response). Negative culture had pVICs removed (negative 

response). Supplemented culture with MSC subpopulation did not have any effect on VIC 

activation. Supplemented culture with HSC subpopulation induced deactivation in VICs.  

Conclusion: To our knowledge, this is one of the first observations of pVIC subpopulations 

mediating myofibroblastic deactivation in VICs and further studies are needed for a more 

detailed understanding of pVIC function in valvular biology. 
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3.2 Keywords 
Valvular cell progenitors, hematopoietic stem cells, mesenchymal stem cells, magnetic 

separation, valvular interstitial cells, regenerative potential, tissue engineering. 

3.3 Introduction 
About 5 million people in the USA are diagnosed every year with heart valve diseases1 and 

from them about 50,000 people die every year2. Degenerative diseases are the major 

valvular disease in modern industrial world and affect mitral and aortic valves mostly3,4. 

Non-surgical treatment for valvular diseases is lacking and current knowledge of valvular 

pathophysiology is not sufficient. Heart valves are populated by two cell types. Valvular 

endothelial cells (VECs) line the outer surface of the valves and are in contact with blood5. 

Valvular interstitial cells (VIC) reside throughout the valve and maintain valvular 

pathophysiology6,7. VICs are a heterogeneous population and five distinct phenotypes have 

been identified7. They are embryonic endothelial/mesenchymal, quiescent (qVIC), 

activated (aVIC), osteoblastic (obVIC) and progenitor (pVIC). Embryonic 

endothelial/mesenchymal VIC undergo endothelial to mesenchymal transition (EndoMT) 

during valvulogenesis and form heart valves through proliferation and extracellular matrix 

(ECM) synthesis8. All other phenotypes are present only in adult valves. qVICs have 

fibroblast-like characteristics and reside in adult healthy valves9. qVICs remain quiescent 

until injury triggers myofibroblastic activation to aVIC9,10. aVICs play a leading role in 

valvular degenerative pathogenesis. aVICs are contractile and proliferative7. They repair 

and remodel the valve leaflet by synthesizing ECM7. aVICs are commonly characterized 

by high expression of cytoskeletal protein α smooth muscle actin (α-SMA)9,11. 

Approximately 90% of VIC population from adult healthy valves are qVIC and 

approximately 2.5% are aVIC9. In myxomatous valves, approximately 60% of VIC 

population are aVIC9. obVICs are only seen in calcific valves and have osteoblastic 

properties12. 

The least understood among VIC phenotypes is pVIC7. pVICs have progenitor or stem cell 

properties and can differentiate into other VIC phenotypes7. pVICs have been shown to 

consist of several subpopulations. Using mouse models, a hematopoietic stem cell (HSC) 
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subpopulation has been shown to reside in heart valves13,14. Heterogeneity in pVIC 

population is visible when tested with different stem cell markers15–17. A subpopulation of 

pVIC, resembling mesenchymal stem cells (MSC), was identified using stage-specific 

embryonic antigen 415, CD6818, CD11716 and colony forming unit assays19. These two stem 

cell populations are well-known bone marrow residents13,14,18,20, potentially traveling to the 

valves via the bloodstream. Besides finding an MSC subpopulation, Wang et al15 identified 

two other pVIC subpopulations resembling pericytes and side population progenitors. For 

pericytes, they employed chondroitin sulfate proteoglycan 4 as marker. For side population 

progenitors, they employed ATP-binding cassette sub-family G member 2 as marker. Side 

population progenitors are an adult tissue derived population of multipotent progenitor 

cells21. The marker used for side population progenitor has also been shown to be an HSC 

marker22,23 suggesting identification of an HSC progenitor subpopulation in VICs. VICs, 

positive for this marker, also deposited more calcified matrix in vitro15. An osteoprogenitor 

subpopulation of pVIC contributing to osteogenic calcification has also been identified19. 

pVICs also contain subpopulations of circulating endothelial progenitor cells17,24–26 and 

dendritic cells17,27. 

HSC and MSC are two major adult stem cells in bone marrow. HSCs are responsible for 

production of all blood cell lineages to maintain hematopoiesis28,29. HSCs have several 

positive and negative markers. HSCs are generally marked as CD34+ 29–34 but contradictory 

viewpoints also exist in the current literature35. MSCs, also referred to as stromal cells, are 

found in many tissues36 and can differentiate into osteoblasts, chondroblasts, adipocytes 

etc31,37. MSCs are generally characterized by in vitro plastic adherence, specific marker 

expression (STRO-1+, CD90+, CD105+ and CD34-) and specific differentiation 

abilities31,37,38. Contradiction for CD34 as negative marker for MSC also exists35,39. 

Deactivation of aVIC to qVIC is essential in maintaining normal valve physiology and 

preventing degenerative pathology. aVICs have been deactivated in vitro using substrate 

stiffness40 and cocultures with VEC41. Although both HSC and MSC subpopulations of 

pVIC have been identified in VIC population before13–16,18,19, their function in valvular 

pathophysiology is unknown. Here, we tested the function of MSC and HSC 
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subpopulations of pVIC in VIC deactivation. pVICs were isolated from porcine VIC 

populations from aortic valves using MSC marker CD9030 and HSC marker CD3430,31. 

MSC and HSC subpopulations were validated using second MSC and HSC markers CD015 

and CD117 respectively. Three culture types were prepared to study pVIC subpopulation 

functions, particularly in regard to their role mediating VIC deactivation. The experimental 

groups are as follows: 

• Native: This group represents the native population of VICs as extracted from aortic 

valve leaflets. It serves as the environmental control maintaining the concentration 

of pVICs in VIC population identical to that in native valves postharvest.  

• Supplemented: The supplemented group is a 1:1 mixture of native and positive 

pVICs. Positive pVICs are MSC or HSC subpopulations of pVICs magnetically 

isolated from native VIC populations using CD90 or CD34 respectively. The 

supplemented culture is hypothesized to amplify the role of pVICs by increasing 

their relative ratio in a VIC population.  

• Negative: The negative group includes VICs that are negative for MSC or HSC 

subpopulation markers CD90 or CD34 respectively. This group corresponds to a 

VIC population completely devoid of pVIC of MSC or HSC origin. Negative 

cultures were used to explore how VICs would behave in the absence of pVIC. 

3.4 Methods 

3.4.1 Collection of cells for magnetic separation 

Aortic valve leaflets were excised from porcine hearts within 4 hours of slaughter. Leaflets 

were washed with phosphate buffer saline (137 mM sodium chloride, 2.7 mM potassium 

chloride, 4.3 mM sodium phosphate dibasic and 1.46 mM potassium phosphate monobasic 

(all Fisher Scientific, Waltham, MA)). VECs were scrubbed from leaflets after 10 min 

digestion in 600 U/mL collagenase (Sigma-Aldrich, St. Louis, MO) in cell culture medium 

at 370C. Leaflets were then incubated in used collagenase medium overnight at 370C. All 

370C incubations were performed in a humidified chamber with 5% carbon dioxide. Cell 

culture medium contains Dulbecco's modified eagle medium (Mediatech, Corning, 
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Manassas, VA) supplemented with 10% bovine growth serum (Atlanta Biologicals Inc., 

Flowery Branch, GA) and 1% antibiotics/antimycotics (10,000 U/mL penicillin G, 10 

mg/mL streptomycin sulfate and 25 μg/mL amphotericin B (Quality Biologicals, 

Gaithersburg, MD)). Digested VIC from leaflets were seeded on plastic culture plates at 

105 cells/cm2 and cultured for 3 days. VICs were collected using 0.125% (w/v) trypsin 

(Sigma-Aldrich) in phosphate buffer saline at 370C for 15 min. Collected VICs were used 

for magnetic separation. 

3.4.2 Magnetic separation 

3x107 VICs were used for magnetic separation. Cells were centrifuged at 100xg and 

resuspended in 500 µL serum replacement medium (Dulbecco's modified eagle medium 

supplemented with 10% serum replacement (Sigma-Aldrich)). 10 µg/mL of anti CD34 

antibody (Abcam, Cambridge, MA) or 20 µg/mL of anti CD90 antibody (Fisher Scientific) 

were added to serum replacement supplemented medium. Serum replacement was used to 

avoid the interaction of antibodies with bovine growth serum. VICs were incubated with 

antibodies at 370C for 3 hours with gentle rocking. In parallel, another batch of VICs were 

incubated in serum replacement medium for 3 hours without antibodies to be used as native 

VICs. After incubation with primary antibodies, cells were centrifuged at 100 xg and 

resuspended in serum replacement medium (80 µL/107 cells) and secondary IgG 

conjugated with magnetically capturable microbeads (Miltenyi Biotech, Auburn, CA) (20 

µL/107 cells) at 370C for 30 min with gentle rocking. Cells were centrifuged again and 

resuspended in phosphate buffer saline with 2 mM ethylenediaminetetraacetic acid and 

0.5% bovine serum albumin for maintaining cell viability (both Fisher Scientific). Cell 

suspension was then flown through magnetic columns (Miltenyi Biotech) along with 

OctoMACS magnet (Miltenyi Biotech). Magnetically labelled cells were retained by 

magnet and remained in the column. Unlabeled cells, not captured by magnet, were 

collected as negative cells. Magnetically labeled cells were then eluted from the column 

and collected as positive cells. Negative, positive and native cells were centrifuged at 100 

xg and resuspended in culture medium.  
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To validate the magnetic separation process, a 1:1 mixture of adipose derived stem cells 

(ADSCs) and VICs were separated following same protocol using 10 µg/mL CD34 

antibody as ADSC marker. Approximately 56% positive cells after separation from this 

ADSC-VIC mixture was expected as ADSCs are positive for CD3435,42,43 and 6% of VICs 

have been found positive for CD3417. Cell counting was performed using a hemocytometer 

(Fisher Scientific) after diluting cell solution with 0.4% trypan blue (Fisher Scientific). 

Concentration of pVIC in VIC population was counted as ratio of number of positive VICs 

to the sum of numbers of positive and negative VICs. 

A parallel batch of VIC incubated without antibodies was used for native VIC culture. 

Positive VICs collected using magnet and native VICs were mixed in a 1:1 ratio for 

supplemented culture. Negative VICs, not caught by magnet, were used for negative 

culture. Native, supplemented and negative cultures were started on cover glass or plastic 

culture plates at 105 cells/cm2 seeding density, continued for 2 days and then used for 

immunofluorescence and immunoblot.  

3.4.3 Immunofluorescence 

Cultures on cover glass were fixed with 2% formaldehyde (Fisher Scientific) for 10 min 

and permeabilized with 0.1% IGEPAL CA630 (Sigma-Aldrich) for 5 min. Nonspecific 

binding was blocked with 1% goat serum (MP Biomedicals, Solon, OH). Incubation with 

primary and secondary antibodies were performed for 2 hours in 0.1% bovine growth 

serum in MES buffer (10mM 2-(N-morpholino) ethanesulfonic acid, 10 mM sodium 

chloride, 1.5 mM magnesium chloride, 10% glycerol and 100 KIU aprotinin at pH 6.2 (all 

Fisher Scientific)). Primary antibodies were anti-CD105 (0.5 µg/mL) as MSC marker and 

anti-α-SMA (0.5 µg/mL) as aVIC marker (all Fisher Scientific). Secondary antibodies used 

are goat anti-mouse and anti-rabbit IgG DyLight 488 0.2 µg/mL and DyLight 550 0.5 

µg/mL (all Fisher Scientific). 1µg/mL DAPI stain (Fisher Scientific) was performed for 1 

min. 3x1 min MES buffer washes were performed after every step. Fluorescent microscopy 

was performed using Leica DMI6000 B system (Leica Microsystems, Buffalo Grove, IL).  
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3.4.4 Immunoblot 

Cells on plastic culture plates were washed with phosphate buffer saline three times. 

Complete extraction buffer (2mM dithiothreitol, 25 μg/mL digitonin, 150 mM sodium 

chloride, 50 mM HEPES (all Fisher Scientific) and 1% IGEPAL CA630) was added at 50 

µL/cm2 of plate area and incubated at 4 0C for 1 hour with gentle rocking. Samples were 

centrifuged at 1100 xg for the removal of insoluble debris. 1% Halt protease inhibitor 

cocktail (Active Motif, Carlsbad, CA) was added to samples. Bicinchoninic acid assay 

(Fisher Scientific) was used following manufacturer's protocol to determine protein 

concentration in samples. 40 µg protein samples were precipitated with 9X volume ethanol 

(Fisher Scientific) at -800C for 4 hours to overnight. Gel electrophoresis was performed at 

300 V for 15 min followed by membrane transfer. Membranes were incubated overnight 

with primary antibodies diluted in 3% nonfat milk in tris buffer saline (10 mM tris base 

(Fisher Scientific), 150 mM sodium chloride at pH 8.0). Primary antibodies were anti-α-

SMA (1:2000), anti-CD105 (1:750), ant-CD117 (1:500) (Novus Biologicals, Littleton, 

CO) and anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:750) (EMD 

Millipore, Temecula, CA). Membranes were incubated with goat anti-mouse and anti-

rabbit IgG (H+L) conjugated with horseradish peroxidase (AnaSpec, Fremont, CA) for 1 

hour. Protein bands were developed using luminol chemiluminescence (Bio-Rad 

Laboratories, Hercules, CA) and were imaged in Chemidoc XRS imager (Bio-Rad 

Laboratories). Band intensities were quantified using ImageJ (Image processing and 

analysis in Java by NIH Image, National Institute of Health, Bethesda, MD) and 

normalized according to GAPDH intensities. 

3.5 Results 

3.5.1 Concentration of pVIC in VIC population 

VICs have distinct phenotypes. Of them pVIC is the least studied and understood 

phenotype. Although subpopulations of pVIC have been identified before, their function 

in VIC pathophysiology remains largely unknown. Here, we focused on isolating two pVIC 

subpopulations resembling MSC and HSC and testing their role in VIC myofibroblastic 

activation. We isolated pVIC subpopulations from porcine aortic valve VICs through 
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magnetic separation technique using molecular markers for MSC and HSC. We used CD90 

as MSC marker and CD34 as HSC marker. Magnetic separation of VICs yielded on average 

4% of VICs positive for both CD34 and CD90 individually. This suggests that 

concentrations of either MSC and HSC subpopulation in native VIC population are roughly 

4%. 

To validate the magnetic separation protocol used in this experiment, we separated a 1:1 

mixture of ADSC and VIC using CD34 as marker. For this validation experiment, we 

considered ADSC as CD34+ and VIC as partially CD34+. Although ADSCs have been 

generally considered CD34- 44,45, recent evidence suggests that ADSC are CD34+ 35,42,43. 

6% of VIC population have also been found to be CD34+ before17. From this ADSC-VIC 

mixture, 61% of cells were separated using magnetic separation as CD34+. A positive 

separation of close to 56% (50% for ADSC + 6% for VIC) indicates that the protocol used 

here includes considerable technical and biological variability with an error of 9%. 

3.5.2 MSC subpopulation is positive for another MSC marker  

To test the validity of our MSC subpopulation separation process, we tested them with 

another MSC marker CD10531,46. We tested CD105 expression in native, supplemented 

and negative cultures prepared using VICs separated using CD90. Supplemented culture 

showed higher expression of CD105 compared to both native and negative cultures 

(p=1.81x10-5 vs native and p=0.0043 vs negative, n=6) (Figure 3-1). Immunofluorescence 

images also showed higher expression of CD105 (green) in supplemental culture compared 

to both native and negative cultures (Figure 3-1). These results validate the effectiveness 

in isolating a pVIC subpopulation of true MSC characteristics. 

3.5.3 HSC subpopulation is positive for another HSC marker  

To test the validity of our CD34+ HSC subpopulation separation process, we tested them 

with another HSC marker CD11732,34. CD34+ VICs showed higher expression of CD117 

compared to both native and negative VICs (p=0.0093 vs native and p=0.0176 vs negative, 

n=4) (Figure 3-2). This validates the effectiveness in isolating a pVIC subpopulation of 

true HSC characteristics. 
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3.5.4 MSC subpopulation does not affect VIC activation 

pVICs resembling MSC subpopulations have been identified before in literature15,16,18,19. 

But not many experiments have been performed to research their role in valvular 

pathophysiology. There are some studies showing a role of MSC subpopulation in inducing 

calcification in VICs19,47. But none has explored the role of MSC subpopulation in a key 

phenomenon in valvular pathophysiology, VIC myofibroblastic activation. Here we 

explored the role of MSC subpopulation in VIC activation by amplifying their function 

using a supplemented culture. MSC subpopulation were separated from a VIC population 

using CD90 marker. This subpopulation was supplemented with native VICs at 1:1 ratio. 

This increased the concentration of MSC in a VIC population from 4% to >50%. CD90+ 

supplemented culture was compared with native and negative (CD90-) cultures. There was 

no significantly different expression of α-SMA among native, supplemented and native 

cultures (Figure 3-1). The immunofluorescence images also do not show differential 

expression of α-SMA (red) among these native, supplemented and native cultures. These 

results suggest, MSC subpopulation does not play a direct role in VIC activation even if 

their concentration is amplified in a VIC culture. To further investigate pVIC function, we 

assessed the HSC subpopulation. 

3.5.5 HSC subpopulation induces deactivation in VICs 

Like the MSC subpopulation, HSC subpopulation has also been identified in valves 

before13–15. And knowledge of HSC subpopulation function in valvular pathophysiology is 

also lacking. To test the function of HSC subpopulation in VIC myofibroblastic activation, 

supplemented cultures with amplified HSC concentration were created. The supplemented 

culture has HSC concentration increased from 4% to >50%. VICs were separated using 

CD34 marker to isolate the HSC subpopulation. Supplemented culture was created by 

mixing CD34+ VICs with native VICs at 1:1 ratio. CD34+ supplemented culture was 

compared with native and negative (CD34-) cultures. Supplemented cultures showed 

significantly lower expression of aVIC marker α-SMA compared to native and negative 

cultures (p=0.0054 vs native and p=4.51x10-4 vs negative, n=5) (Figure 3-2). The 

corresponding immunofluorescence images also show a lower expression of α-SMA (red) 
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in supplemented culture compared to both native and negative cultures (Figure 3-2). These 

results suggest that pVIC subpopulation with HSC characteristics play a role in 

deactivation of VIC when their concentration is amplified. 

3.6 Discussion 
Distinct subpopulations of pVICs have been identified and isolated before. Among the 

identified pVIC subpopulations are HSC13–15, MSC15,16,18,19, pericyte15, endothelial 

progenitor cell17,24–26, dendritic cell17,27 etc. There is minimal knowledge about their 

function in valvular pathophysiology, specially related to function in VIC activation. Here, 

we identified and separated MSC and HSC subpopulations of pVIC and explored their role 

in VIC activation. We found that HSC subpopulation induces deactivation in VICs and 

MSC subpopulation showed no such effect. 

The concentrations of either MSC and or HSC subpopulation in native VIC population 

resulted to be 4%. Previous studies of pVIC subpopulation resulted in 7%15 and 10%46 of 

VICs positive as MSC and 5%15 and 6%17 of VICs positive as HSC using other markers. 

These numbers suggest that pVICs reside in VIC population in small concentrations. 

MSCs are adult stem cell found in different tissues36 and show several positive and negative 

markers (STRO-1+, CD90+, CD105+ and CD34-)31,37,38. CD90 was used as a marker for 

isolation of MSC subpopulation in this experiment. Lack of CD34 expression has been 

generally used to distinguish MSC from hematopoietic cells31,37,38. But several studies have 

questioned CD34 as negative marker for MSC35,39. Because of this uncertainty, we used a 

second MSC marker, CD105, to verify that the isolated MSC subpopulation shows MSC 

characteristics. Significantly higher expression of CD105 in supplemented MSC 

subpopulation culture verifies our effectiveness in MSC subpopulation isolation (Figure 

3-1). There is also evidence that MSCs become CD34- with increasing subcultures35. So, 

the MSC subpopulation in this experiment should also be CD34- due to subculturing of 

VICs. 

In this study, MSC subpopulation did not show any function in VIC activation, even when 

their concentration in VIC population is amplified (Figure 3-1). Two studies regarding 
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MSC subpopulation function have shown their ability to induce osteogenic calcification in 

valvular cell and tissue models19,47. MSCs from bone marrow also have the ability to 

differentiate into osteoblasts37. This suggests MSC subpopulation may be involved in 

osteoblastic transformation of VIC, which was not the focus of our study. A combined 

study looking at both myofibroblastic and osteoblastic VIC transformation may provide us 

with better insight into MSC subpopulation function. 

Although, in our study, MSC subpopulation did not show any effect on VIC activation, 

MSCs have been shown to affect myofibroblastic activation on other cell types. In liver 

fibrosis, hepatic stellate cells become myofibroblastic similarly to aVIC. Adult stem cells 

from bone marrow48,49, specifically MSCs50, have been shown to be the source of this 

fibroblastic and myofibroblastic cell types. MSCs also modulate stellate cell activation via 

paracrine signaling50. MSCs play both positive and negative role in pathophysiology of 

liver fibrosis50–53. Activated carcinoma-associated fibroblasts contribute to tumor growth 

and cancer progression. Bone marrow derived MSCs have also been shown to be a source 

of this cell type54,55. MSCs also activate this cell type in vitro via paracrine signaling56. 

MSCs contribute to cutaneous wound repair57,58 and regeneration of ischemic 

myocardium59,60 using paracrine signaling. 

The HSC subpopulation of pVIC was isolated using CD34 as marker. CD34 is universally 

considered an HSC marker in literature and has been widely used for HSC detection and 

isolation29–34. However, new studies are emerging arguing against CD34 as an HSC 

marker35. That is why, to make sure the CD34+ VICs isolated in this experiment represent 

a true HSC population, we tested it with another HSC marker CD117. CD117, also known 

as c-Kit, is a receptor for hematopoietic growth factors responsible for HSC survival and 

proliferation32–34. Results show that CD34+ VICs have a significantly higher expression of 

CD117 compared to both native and CD34- VICs (Figure 3-2). This suggests that the 

CD34+ subpopulation of VIC represent a true HSC population as it is positive for a second 

HSC marker.  
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In this experiment we tested the role of HSC subpopulation in myofibroblastic activation 

of VICs. The HSC subpopulation of pVIC did show a role in VIC deactivation. When the 

effect of HSC subpopulation on VIC population was amplified using a supplemented 

culture, activation in VICs decreased significantly (Figure 3-2). Previous studies show that 

an HSC subpopulation of pVIC travel from bone marrow to heart valves and become 

valvular residents13,14. Same study showed that healthy valves have a higher concentration 

of this bone marrow derived HSC subpopulation compared to transplanted valves14. This 

suggests HSCs play a role in valvular homeostasis. Our results also suggest that HSC 

subpopulation maintains valvular physiology by keeping VIC activation and subsequently 

degeneration in check.  

HSC paracrine signaling has not been fully elucidated but several developmentally 

conserved signaling pathways have been shown to be involved in HSC renewal and 

differentiation29. These pathways include Notch, Wnt and TGF-β/Smad. Notch and Wnt 

signaling have been shown to induce HSC proliferation and self-renewal in vitro29,61,62. 

TGF-β works as an inhibitor of HSC growth29. These three pathways are heavily involved 

in valvular development and pathophysiology as well63. In adult valves, Notch1 plays an 

inhibitory role to calcification64. Both Wnt and TGF-β are involved in myofibroblastic 

activation in VICs and in degenerative diseased valves65–67. Functions of these pathways 

in both HSC and valvular biology suggest that, they may be involved in HSC subpopulation 

mediated deactivation of VICs seen in this study. A low concentration (4%) of HSC 

subpopulation in a VIC population also suggests that HSC subpopulation interacts with 

VICs using paracrine signaling mechanism to induce deactivation. This myofibroblastic 

deactivating function of pVIC could be used in valvular tissue engineering approaches as 

well. Valvular tissue engineering needs to maintain physiologically quiescent phenotype 

of VICs68,69. This HSC subpopulation could be used as a cellular approach to induce 

deactivation in tissue engineered valves.  

Despite the significant finding of pVIC function in VIC deactivation, there exists some 

limitations to this study. Although subpopulations resembling MSC and HSC were 

separated using molecular markers, we did not test their differentiation abilities. 
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Differentiation abilities are often necessary to more accurately validate isolation of 

particular stem cell populations. The magnetic cell separation technique used in this 

experiment has some technical limitations due to non-specific binding of antibodies to 

negative cells producing false positives. Also, not all the cells containing antigens are 

always captured by antibodies resulting in false negatives. Despite these possible 

limitations, the concentrations of positive cells found after the separation process is correct 

as detected by our validation study.  

3.7 Conclusions 
Here we isolated two subpopulations of VICs, MSC and HSC, and tested their role in 

mediating myofibroblastic activation in VICs. Magnetic separation was used to separate 

pVIC subpopulations form porcine VICs. CD90 and CD34 were used for MSC and HSC 

markers respectively in the magnetic separation process. MSC and HSC subpopulations 

were validated using secondary MSC and HSC markers CD015 and CD117 respectively. 

Supplemented cultures were created by amplifying pVIC concentration in VIC population 

to >50%. They were compared with native cultures containing native pVIC concentration 

and negative cultures containing no pVIC. Cultures were tested with stem cell markers for 

validation of pVIC separation process and with α-SMA for VIC phenotype determination. 

Supplemented culture with MSC subpopulation did not have any effect on VIC activation. 

Supplemented culture with HSC subpopulation induced deactivation in VICs. This is a 

very important finding, which could lead to important changes in how valvular diseases 

are treated in the future. If progenitor valvular cells are indeed capable or reversing disease, 

this will tremendously impact clinical practice and how we design and engineer devices. 

This is the first study showing function of pVIC subpopulation in VIC activation. pVIC 

research is in its infancy and this study could open the door to new pVIC function based 

studies and valvular tissue engineering techniques using pVICs. 
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Figure 3-1: VICs were separated using CD90 marker to isolate an MSC subpopulation of 
pVIC. This subpopulation was supplemented with native VICs at a 1:1 ratio. CD90+-
supplemented culture was compared with native and negative (CD90-) cultures. A: 
Immunoblot bands are shown. B: Quantification of immunoblots normalized by GAPDH 
bands are shown in bar graphs for both CD105 and α-SMA. Supplemented culture showed 
a significantly higher expression (p=1.81x10-5 vs native and p=0.0043 vs negative, n=6) of 
MSC marker CD105 compared to both native and negative cultures. However, there was 
no significantly different expression of α-SMA among native, supplemented and native 
cultures separated using CD90. C: The corresponding immunofluorescence images are 
shown with green representing CD105 at the top and red and blue representing α-SMA and 
nucleus respectively at the bottom. Immunofluorescence figures show higher expression 
of CD105 in supplemented culture but no differential expression of α-SMA. 
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Figure 3-2: VICs were separated using CD34 marker to isolate an HSC subpopulation of 
pVIC. This subpopulation was supplemented with native VICs at 1:1 ratio. CD34+ 
supplemented culture was compared with native and negative (CD34-) cultures. A: 
Immunoblot bands comparing the expression of another HSC marker CD117 among 
native, CD34+ and negative VICs. B: Quantification of immunoblots in A normalized by 
GAPDH bands. It shows positive (CD34+) VICs have a significantly higher expression of 
CD117 compared to both native and negative VICs (p=0.0093 vs native and p=0.0176 vs 
negative, n=4). C: Immunoblot bands comparing the expression of myofibroblastic 
activation marker α-SMA among native, supplemented and negative cultures. D: 
Quantification of immunoblots in C normalized by GAPDH bands are shown in bar graphs 
for α-SMA. Supplemented culture shows significantly lower expression of α-SMA 
compared to both native and negative cultures (p=0.0054 vs native and p=4.51x10-4 vs 
negative, n=5). E: The corresponding immunofluorescence figures are shown with red and 
blue representing α-SMA and nucleus respectively. Immunofluorescence figures also show 
lower expression of α-SMA in supplemented culture compared to both native and negative 
cultures.  
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Chapter 4 
 

A survey of membrane receptor regulation in valvular interstitial 
cells cultured under mechanical stresses 

This study was published in the Experimental Cell Research by Ali et al1. 

4.1 Abstract 
Degenerative valvular diseases have been linked to the action of abnormal forces on valve 

tissues during each cardiac cycle. It is now accepted that the degenerative behavior of 

valvular cells can be induced mechanically in vitro. This approach of in vitro modeling of 

valvular cells in culture constitutes a powerful tool to study, characterize, and develop 

predictors of heart valve degeneration in vivo. Using such in vitro systems, we expect to 

determine the exact signaling mechanisms that trigger and mediate propagation of 

degenerative signals. In this study, we aim to uncover the role of mechanosensing proteins 

on valvular cell membranes. These can be cell receptors and triggers of downstream 

pathways that are activated upon the action of cyclical tensile strains in pathophysiological 

conditions.  

In order to identify mechanosensors of tensile stresses on valvular interstitial cells, we 

employed biaxial cyclic strain of valvular cells in culture and quantitatively evaluated the 

expression of cell membrane proteins using a targeted protein array and interactome 

analyses. This approach yielded a high-throughput screening of all cell surface proteins 

involved in sensing mechanical stimuli. 

In this study, we were able to identify the cell membrane proteins which are activated 

during physiological cyclic tensile stresses of valvular cells. The proteins identified in this 

study were clustered into four interactomes, which included CC chemokine ligands, 

thrombospondin (adhesive glycoproteins), growth factors, and interleukins. The expression 

levels of these proteins generally indicated that cells tend to increase adhesive efforts to 

counteract the action of mechanical forces. This is the first study of this kind used to 

comprehensively identify the mechanosensitive proteins in valvular cells. 
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4.2 Background and aim of the study 
Heart valve diseases are a major cause of morbidity and mortality 2. Non-bacterial aortic 

and mitral valve disorders together account for 77,000 hospital discharges annually in the 

US 2. Stenosis and regurgitation of heart valves can be considered direct consequences of 

valvular cell and molecular changes, triggered by chemical and mechanical stresses. Recent 

in vitro studies of mechanical stimuli application to valve cells or tissues in culture have 

demonstrated that valvular degenerative processes can be triggered in short timespans and 

mimic cell transformation in pathological processes 3–7. These studies have demonstrated 

that valvular interstitial cells (VIC) undergo transformation from quiescent (qVIC) to 

activated (aVIC) and/or osteoblastic (obVIC) phenotypes 8,9. Each of these is responsible 

for distinct valvular pathologies, with aVIC largely characterizing myxomatous 

transformation of mitral valves and a mixture of obVIC and aVIC characterizing calcific 

aortic valves.  

Quiescent VICs are the main resident cells within a normal heart valve leaflet, other than 

endothelial cells. They are responsible for maintaining valve homeostasis and possess 

fibroblastic characteristics. Osteoblastic VICs express inflammatory cytokines as well as 

classic bone markers such as osteocalcin, osteopontin and Runx2 10. Activated VICs, on 

the other hand, are myofibroblastic and typically identified by high expression levels of α-

smooth muscle actin (α-SMA), embryonic smooth muscle myosin heavy chain, bone 

morphogenetic proteins, transforming growth factor β (TGFβ) and serotonin signaling 

proteins, among others 11,12. Recently, however, the expression of α-SMA has been 

questioned as the major indicator of aVIC transformation 13. These studies have indicated 

that the population of cells expressing high α-SMA might not be directly responsible for 

active signaling mechanisms involved in phenotype transformation and degeneration, but 

rather, cells that have already committed to aVIC properties. This suggests variable stages 

of aVIC transformation, which has not yet been described in detail in the current literature. 

In any case, together, aVICs and obVICs orchestrate a cascade of changes that culminate 

in different degenerative valvular pathologies. Among those changes, the extracellular 

matrix (ECM) undergoes progressive macromolecular disorganization, which culminates 
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in loss of mechanical strength in the tissue environment. At the onset of valvular 

transformation, VICs express matrix metalloproteinases (MMPs), which result in collagen 

and elastin fibers fragmentation, along with proteoglycan/glycosaminoglycan 

accumulation 10,13. These ECM changes are suspected to create a feedback loop, which 

further contributes to weakening of the leaflet and enhancement of tissue degeneration.  

Abnormal forces or strain on heart valves have recently been regarded as major triggers of 

tissue degeneration 14,15. The strain ranges endured by normal left-heart valves are 3-9% 

circumferentially and 16–25% radially 16–18. For diseased valves these values are 

drastically increased. Recent studies cyclically stretching living valves in culture have 

shown VIC activation, synthesis of matrix proteolytic enzymes, and ECM disorganization 
5,6,19, similarly to the pathology of degenerative valves. To further build on the mechanical 

strength hypothesis, other circumstantial evidence exists that weakened ECM can be the 

cause of valvular degeneration, such as Marfan syndrome patients 20,21.  

Other than the previously-mentioned protein markers and signaling mechanisms, little is 

known regarding the exact molecular pathways linking changes in mechanical environment 

to the intracellular signaling of valvular degeneration. Thus, it is hypothesized here that a 

change in the extracellular environment mechanical strength can activate 

mechanoreceptors on the cell surface, which in turn trigger cellular transformation, via a 

multiplicity of intracellular signals. In other words, it is known from the top-down that 

abnormal mechanical strains can cause in vitro-induced tissue degeneration. It is also 

known from the bottom-up that important signaling pathways and protein markers 

constitute the tissue response to these environments. The main goal of this study is to 

uncover the missing link, i.e. the cell surface proteins that have the ability to sense their 

environment and send consequent intracellular signals.  

In order to identify potential mechanoreceptors that sense tensile stresses on VIC, we 

employed biaxial cyclic strain of VIC monolayer cultures and quantitatively evaluated the 

expression of cell membrane receptors using a targeted protein array. This approach 

yielded a high-throughput screening of all cell surface proteins involved in sensing 
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mechanical stimuli. After evaluating protein expression levels, a protein interaction map 

was built to assess the currently known functional roles of proteins of interest. Only by 

learning specific valvular interstitial cell mechanoreceptors, it will be possible to slow 

down or reverse valvular cell transformation to a quiescent state, thus preventing disease 

before the loss of valve function.  

4.3 Materials and methods 

4.3.1 Cell cultures  

Hearts were collected from young adult pigs within 4 h of slaughter and transported from 

the abattoir to the laboratory on ice. Aortic valve leaflets were excised from the hearts in 

aseptic conditions, washed with excess sterile phosphate buffered saline (137 mM sodium 

chloride (Fisher Scientific, Waltham, MA), 2.7 mM potassium chloride, 4.3 mM sodium 

phosphate dibasic (Fisher Scientific) and 1.46 mM potassium phosphate monobasic (Fisher 

Scientific)) and underwent complete collagenase digestion (600 U/mL collagenase (Sigma-

Aldrich, St. Louis, MO) in culture medium at 37 oC, 5% CO2 humidified, overnight) after 

endothelial cell layer removal. Endothelial cells were removed in the same collagenase 

solution as above, for a 10 min digestion period followed by manual scraping. Primary 

VICs were isolated from digested valve leaflets and primary cultures were established on 

plastic dishes. At 80% confluence, cells were trypsinized with 0.125% (w/v) trypsin 

(Sigma-Aldrich) solution and passage 2 cells obtained here were used for stretch 

experiments. The cell culture medium used for all experiments consisted of Dulbecco's 

modified eagle medium (Mediatech, Corning, Manassas, VA) supplemented with 10% 

bovine growth serum (Atlanta Biologicals Inc., Flowery Branch, GA) and 1% 

antibiotics/antimycotics (10,000 units/mL penicillin G, 10 mg/mL streptomycin sulfate and 

25 μg/mL amphotericin B) (Quality Biologicals, Gaithersburg, MD). All cell cultures were 

seeded at 104 cells/cm2 and incubated in a humidified chamber at 37 oC in 5% CO2.  

4.3.2 Preparation of stretch chamber and stretch application  

Flexcell silicone culture plates (Flexcell International Corporation, Burlington, NC) 

underwent ultraviolet treatment for addition of the crosslinker sulfo-SANPAH 
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(sulfosuccinimidyl 6-(4'-azido-2'-nitrophenylamino) hexanoate) (Thermo Scientific, 

Waltham, MA). For this treatment, 0.25 mM sulfo-SANPAH solution coated the surface 

and was exposed to 1.9 mW/cm2 ultraviolet irradiance for 30 min. 200 µg/mL collagen 

(Advanced Biomatrix, San Diego, CA) was then linked to the sulfo-SANPAH surface for 

4 – 16 h at 37 oC. After collagen crosslinking, cells were then seeded at 104 cells/cm2 and 

incubated until 80% confluence was reached. Cell cultures were subjected to 15% cyclic 

sinusoidal strain on Flexcell® FX-5000™ Tension system at 0.5 Hz for 48 hours. Two 

groups were tested, one stretched (ST) and one non-stretched (NS). The reasoning behind 

the static control is the activation of cell surface mechanoreceptors due to 15% equibiaxial 

strain (pathological) when compared to a static collagen-coated soft surface, holding VIC 

in the quiescent state (physiological) 19.  

4.3.3 Validation of VIC quiescence after stretch  

After stretch, stretched (ST) and non-stretched (NS) cell cultures underwent protein 

extraction directly after a phosphate buffered saline wash of culture plates. Cells in wells 

were lysed with 0.5 mL extraction buffer (150 mM sodium chloride (Fisher Scientific), 50 

mM HEPES salt (Fisher Scientific), 2 mM dithiothreitol (Fisher Scientific), 1% Igepal 

CA360 (Sigma-Aldrich) and 1% Halt protease inhibitor cocktail (Active Motif, Carlsbad, 

CA)) with gentle rocking at 4 oC for 1 h. Samples were centrifuged at 11,000 xg at 4 oC for 

20 min to separate soluble proteins from insoluble debris. Concentration of protein solution 

was determined using the bicinchoninic acid assay (Thermo Scientific, Waltham, MA) 

following manufacturer’s protocol. Immunoblotting was used to determine abundance of 

α-SMA, β-catenin and Runx2. Equal amounts (40 µg/lane) of protein extract from each 

sample were separated by one-dimensional electrophoresis and transferred to nitrocellulose 

membranes. Membranes were incubated in 3% no-fat dry milk in tris-buffered saline 

(10mM tris base (Fisher Scientific) and 150 mM sodium chloride) overnight, along with 

the following mouse monoclonal antibodies: 1 ug/mL α-SMA (Thermo Scientific), 1 

ug/mL TGFβ (Sigma-Aldrich), 32 ug/mL β-catenin (Sigma-Aldrich), 1 ug/mL Runx2 

(Thermo Scientific) and 1 ug/mL glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

(EMD Millipore Corporation, Temecula, CA) loading control. Membranes were rinsed 
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three times with tris-buffered saline and incubated with goat anti-mouse IgG (H+L) 

conjugated with horseradish peroxidase (AnaSpec, Inc. Fremont, CA) for 1 h. Proteins 

were visualized by luminol chemiluminescence (Bio-Rad Laboratories, Inc. Hercules, CA) 

in a Chemidoc XRS imager (Bio-Rad Laboratories, Inc.). Protein band densities were 

quantified on ImageJ (Image processing and analysis in Java by NIH Image, National 

Institute of Health, Bethesda, MD) and normalized to the density of GAPDH.  

4.3.4 Screening and classifying differentially-expressed surface proteins 

Human L507 Array Membranes (RayBiotech, Inc. Norcross, GA) were employed to 

determine expression of cell surface proteins that respond to cyclical tensile stress. This 

array simultaneously probes 507 proteins, including cytokines, chemokines, adipokine, 

growth factors, angiogenic factors, proteases, soluble receptors, soluble adhesion 

molecules and other proteins. Manufacturer’s protocol was used as described briefly below. 

First, 1.7 g of dialyzed protein lysate had their primary amines biotinylated. After blocking, 

biotin-labeled sample was added onto the membrane array pre-printed with capture 

antibodies, and incubated to allow for interaction of target proteins. After incubation with 

horseradish peroxidase-conjugated streptavidin, signals were visualized by 

chemiluminescence. ST and NS pairs of membranes were treated together in pairs, with a 

total of three biological replicates tested for each treatment.  

Membrane images were acquired using luminol chemiluminescence as previously-

described, with exposure parameters that allowed for detection of all spots, but before 

saturation of positive controls. Digital images were then analyzed using Image Studio™ 

Lite software (LI-COR Inc. Lincoln, NE). Images were converted to 16-bit grayscale and 

inverted to black background. A grid was created using circles of identical sizes and large 

enough to completely circle and center each printed spot on the array. Median band 

intensity values were calculated by subtracting local background from total spot intensity 

values. Negative and zero values from negative controls, as well as spots with noisy 

background were discarded. Intensity values were normalized against the average intensity 

of each membrane.  
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Paired spots from a total of three membranes per treatment were normalized, averaged and 

statistically compared using non-parametric Wilcoxon Mann-Whitney test in the Multi-

Experiment Viewer (TM4, Dana-Farber Cancer Institute, Boston, MA). Significant 

differences in protein expression between groups were determined using p-value ≤ 0.05. 

For visualization purposes, a heat map was created for significantly-different proteins, 

where red and green intensity represent expression levels, i.e., more abundant proteins and 

increases in expression appear in red. Hierarchical clustering was employed to validate 

grouping of technical replicates and treatment groups, as well as to sort proteins with 

similar expression levels. In order to determine key biological functions of the proteins 

identified as differentially-expressed, Uniprot accession numbers were used for the 

construction of a protein interaction map in StringDB (Search Tool for the Retrieval of 

Interacting Genes/Proteins). In StringDB, the required confidence for an interaction was 

set at 0.7 and clustering was performed using Markov Clustering algorithm according to 

proximity of predicted functional partners.  

4.4 Results and discussion 

4.4.1 Validation of VIC baseline quiescent phenotype 

For the first step of this study, it was necessary to validate whether VIC were being 

transformed to either aVIC, via expression of α-SMA, or to obVIC, via expression of 

Runx2. This check for the baseline phenotype was required to establish that these 

membrane receptors had their expression levels increased purely due to cyclic tensile 

strains. This approach is thus an effort to discover all membrane receptors that are active 

in cyclic tension conditions, but before VIC activation or osteoblastic-like differentiation. 

Figure 4-1 shows that based on a glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

loading control, neither α-SMA or Runx2 have increased expression levels as seen on 

immunoblots. This indicates that VICs, despite the mechanical stimulation, remain 

quiescent under the experimental conditions applied. This is an important observation as 

15% strain is known to induce cell transformation at the tissue level 5,19. These validation 

results imply that during the 48 h of 15% strain application, VICs have not completely 
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transitioned to aVIC, however, this level of strain application is sufficient to elicit changes 

on receptors at the cell surface. 

4.4.2 Induction of mechanosensitive proteins due to cyclic tensile stress 

The core of this study was a survey for mechanically-regulated proteins on VIC. VIC 

samples with (ST) and without (NS) cyclic mechanical stimulation had their proteins 

extracted and blotted on an antibody array. Figure 4-2 shows a representative pair of 

membranes after chemiluminescence exposure. Each vertical pair of spots in the image 

represents an immobilized antibody against a particular protein. Three pairs of spots at the 

top left and bottom right represent positive controls. Negative controls as well as blank 

spots are also included in the membrane and showed no luminescence. Three pairs of NS 

and ST membranes were used for the quantification of expression levels. All spots 

underwent local background subtraction to minimize exposure errors and overall 

expression levels were normalized against the average expression level throughout each 

membrane. Examples of significantly different proteins as determined by ImageJ are 

highlighted at the bottom of Figure 4-2. 

4.4.3 Construction of heat map for data visualization 

The heat map of significant differentially-expressed proteins is shown in Figure 4-3. After 

analyses of significant changes in expression levels, 38 total proteins remained and were 

represented in the heat map. In this heat map, each row represents a differentially-expressed 

protein present in the array. Each column pair represents data from one membrane, where 

two readings were obtained. As indicated in the hierarchical clusters on top, all non-

stretched groups (NS) are clustered on the left side of the heat map, whereas all stretched 

groups (ST) are clustered on the right side. Black color represents expression levels 

equivalent to the membrane average. Proteins with expression levels higher than average 

are represented in red, whereas proteins with low abundance are represented in green. 

Increased protein expression due to stretch is indicated by a shift from bight green, to black, 

to bright red colors. Grey indicates spots that were removed due to local noise associated 

with chemiluminescence development. Protein rows in the heat map were also clustered to 

identify proteins with similar expression levels. In this heat map, 15 proteins were down-
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regulated, with the largest expression changes observed in matrix metalloproteinase 15 

(MMP-15) and interleukin receptors 4 and 5 alpha (IL-4R and IL-5Ra). Of the remaining 

23 proteins that were up-regulated, the highest expression changes were observed in 

vascular endothelial growth factor B (VEGF-B) and intercellular adhesion molecule 2 

(ICAM-2). The interplay between enhancing adhesion via ICAM-2 and decreasing matrix 

degradation, by decreasing MMP-15, clearly indicates a cellular response to overcome 

environmental strains. 

4.4.4 Visualization of significant proteins in an interaction network 

A protein interaction map was created with StringDB for the determination of the common 

pathways shared by the proteins identified in this study. Fifteen proteins identified as 

significant to this study had no known functional or predicted interactions in the network 

and were hidden. Figure 4-4 shows the remaining proteins of interest in this study clustered 

using the Markov algorithm. Four clusters were formed: CC chemokine ligands, 

thrombospondin (adhesive glycoproteins), growth factors, and interleukins and their 

receptors. A summary of each cluster and their observed interactions is provided below.  

The top cluster on Figure 4-4 includes thrombospondins 1 and 4 (THBS1 and 4), as well 

as tumor necrosis factor alpha-induced protein 6 (TNFAIP6). Thrombospondin 1 is a 

glycoprotein that has the ability to bind to thrombospondin 4 and TNFAIP6, as indicated 

by the solid blue lines on the interaction network. The interactome of thrombospondin 1 is 

complex and indicates its ability to bind to a variety of extracellular matrix proteins, 

membrane receptors, growth factors, and other molecules (integrins, TGFβ1, glycolipids, 

glycosaminoglycans, heparin and calcium ions to name a few) 22. Its ultimate role is to tune 

cell responses to environmental conditions and each response is defined based on the 

interactions present. Thrombospondin 1 plays a major pro-angiogenic role in cancer. 

Down-regulation of THBS1 and 4, identified in this study as due to mechanical stretch, is 

known to increase VEGF and erythropoietin (EPO), and increase angiogenesis in tumors 
23. Stretch-induced expression levels of TNFAIP6, on the other hand, can function as potent 

anti-inflammatory factors and, upon binding with THBS1, form a THBS1-TNFAIP6-

hyaluronan complex 24. This complex can take advantage of increased vascularization to 
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act in response to inflammatory mediators such as TNFα and IL-1. The behavior of this 

cluster during stretch correlates well with a cellular effort to reduce the effect of 

inflammatory cytokines, as discussed later in this section. 

The second cluster of interest in Figure 4-4 is composed by a variety of growth factors, and 

appears linked to the THBS1 cluster via TGFβ1. Binding of these two proteins is known 

(as mentioned above) 22. The proteins in this cluster are mostly linked by activation, as 

represented by the solid green lines on the interaction network. Except for IGF1R and 

FGF17, all proteins in this cluster were up-regulated due to stretch. TGFβ1 can directly 

inhibit vascular endothelial growth factor B (VEGFB) and activate colony-stimulating 

factor 1 receptor (CSF1R), an oncogene. The interaction of TGFβ1-VEGFB is known in 

the context of endothelial cell angiogenesis, where increased TGFβ1 and inhibition of 

VEGFB together induce apoptosis 25. Up-regulation of TGFβ1 inhibits endothelial cell 

differentiation and formation of vascular structures 25. The activation of CSF1R by TGFβ1 

has been shown to increase cell motility and yield a less cohesive tissue morphology due 

to the loss of tight junctions 26. Regulation of VEGFB expression of by CSF1R is less well-

understood and has been proven contradictory depending upon cellular context. It has been 

observed that CSF1R can up-regulate VEGF in monocytes, but down-regulate VEGF and 

MMPs in cancer cells, in this case reducing tumor angiogenesis 27.  

According to our proposed interactome, TGF β1, CSF1R and VEGFB form direct 

connections with TNFSF11, FGF17, IGF1R and FLT4 (VEGFR3). The most 

comprehensively studied tyrosine kinase signaling receptors in this subcluster are IGF1R 

and VEGFR3 28. The expression level changes, up for VEGFR3 and down for IGF1R, are 

paradoxical, as both of these receptors present angiogenic effects 29. The roles of TNFSF11 

are FGF17 less well-studied. Taken together with the data from the previous cluster, it is 

expected that cells are counteracting extracellular effects to reduce differentiation that 

culminates in angiogenesis, not typically associated with quiescent VIC. 

The third cluster of interest in Figure 4-4 includes erythropoietin (EPO), colony-

stimulating factor 3 (CSF3) along with a variety of interleukins and their receptors. This is 
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the largest cluster identified in this study and it is linked to others via TGFβ1. The down-

regulation of EPO in hematopoietic systems is linked to slower production of erythrocytes 

in response to normal oxygen levels 30. CSF3 is a cytokine known to be produced by 

multiple tissues. CSF3 is known to affect the release of bone marrow-derived stem cells 

into the bloodstream, thus pushing for hematopoietic differentiation 31. Interleukins are the 

most common pro-inflammatory cytokines, with multiple roles in the regulation of 

hematopoiesis, including cell motility, growth and differentiation potential upon receptor 

binding. All of these proteins combined have strong pro-inflammatory effects and 

interleukins along with tumor necrosis factor α have long been known to decrease EPO 

levels 32, as identified in this study.  

These cytokines have recently been implicated in multiple disorders (not only of 

hematopoietic origin) 33 and have been shown to trigger a number of intracellular pathways. 

Here, IL7 and IL26 had their expression levels reduced due to stretch, IL5RA and IL4R 

had the largest decrease in expression, whereas other interleukin receptors (IL2RA, IL6R, 

IL12RB1, and IL20RB) had increased expression levels due to stretch. It appears as though 

IL5RA and IL4R had compensatory effects. For the study of valve cell mechanical 

stimulation, this could represent some form of communication between valve cells and the 

surrounding blood. Since these experiments were conducted in a blood-free environment, 

we speculate that valvular cells are trying to fill the role played by blood cells in vivo. 

The fourth cluster in Figure 4-4 is linked to the network via an interleukin receptor and 

includes CC motif chemokine ligands CCL4, 16 and 19. These chemokine ligands are pro-

inflammatory proteins typically expressed by endothelial cells in the central nervous 

system and function as chemoattractants for immune cells, via GPCR signals 34. These 

signals lead to increased cell adhesion and differentiation of immune cell populations, in 

an effort to control cell population balance. In the context of VIC monolayers, these signals 

might work as checkpoints between aVIC, obVIC and qVIC states. Additional 

investigation of the roles of CC motif chemokine ligands in valve interstitial cells is needed. 
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4.4.5 Pathways determined as mechanosensitive in VICs 

We summarize all four mechanosensitive clusters largely as pro-angiogenic and pro-

inflammatory, despite a few opposite trends. Such a survey of these receptors has never 

been previously-conducted and implicates certain VIC behaviors, which are not typically 

appreciated. Angiogenic proteins, in particular, are associated with valvular endothelial 

cells (VEC) undergoing endothelial-mesenchymal transformation 35. It has been previously 

observed that VEC, in fact, undergo transformation to an angiogenic phenotype in vitro on 

soft surfaces, a behavior contrary to that of VIC on equally soft culture surfaces 36. In 

another context, angiogenesis proteins identified here have been largely related to tumor-

like behaviors, which can be linked to myxomatous formations 37. As far as pro-

inflammatory cytokines are concerned, TGFβ has long been known to be induced during 

valvular degenerative diseases and up-regulated during in vitro strain application 20,38–40. It 

is yet unclear why VIC, which are still quiescent, would up-regulate TGFβ simply as a shift 

from a baseline static culture. These findings are relevant because they are the first to 

identify pro-angiogenic and pro-inflammatory effects associated with VIC undergoing 

physiological levels of mechanical stresses, despite the lack of these behaviors in 

degenerative valvular diseases. 

So far, little is known regarding the mechanosensitive proteins on the membranes of VICs. 

It is known that gap junction proteins can sense culture density 41, but a survey of VIC 

surface proteins such as this one has never been conducted. Studies of VEC have reported 

shear-sensitive proteins such as integrins and cadherins 42, which seemed largely 

unaffected based on the results of this study. The results of this study, within and outside 

the interactome network, can have huge implications on our understanding of triggers of 

valvular degeneration. It is important to understand the baseline mechanosensitive proteins 

and how pathological conditions result in a deviation from the original mechanosensing 

pattern. It is also worth highlighting that adhesive efforts play a role in both static and 

dynamic conditions and the initial sensing of strain conditions triggers alternative 

pathways, which might be fulfilled in vivo by paracrine signals from blood via VEC.  
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4.4.6 Limitations and future questions 

Limitations of this study include the proteins present on the arrays. We acknowledge that 

antibody binding might have been imperfect due to species differences, but that is a typical 

issue with model porcine samples. In addition, other surface proteins of interest could have 

been tested. We acknowledge that during harvesting of tissues from slaughter blood is a 

contaminant, but after multiple washes, passages and time in culture, we strongly believe 

that no blood cells are present and thus interfering with the results presented here. 

Regarding TGFβ, we would like to mention that we considered its change in expression as 

a hallmark of valvular change based on multiple studies, without the requirement for high 

expression of α-SMA. However, due to the widespread participation of TGFβ in signaling 

and lack of other aVIC markers, we determined that VIC were quiescent in all treatments, 

which is key for the demonstration that application of strain to VIC elicits 

mechanosensitive protein expression, potentially not associated with pathology.  

The next set of studies to follow this one will contain comparisons of dynamic conditions, 

physiological and pathological strains, as well as include three-dimensional environments 

for VIC culture. Our goal is to establish an in vitro system for profiling VIC and VEC 

behavior, so that fingerprints of environmental conditions can be successfully established.  

4.5 Conclusions 
In this study, we employed biaxial cyclic strain of VIC monolayer cultures to quantify the 

expression of mechanosensitive cell membrane receptors. This approach yielded a high-

throughput screen of all cell surface proteins involved in sensing physiological levels of 

mechanical stimulation. Fifty-three proteins had protein expression changes due to cyclical 

strains. An interaction network was built to verify protein functions. Based on this network, 

sensing of mechanical forces by VIC seemed to largely impact the expression of pro-

angiogenic and pro-inflammatory proteins. These in vitro responses constitute a significant 

baseline for future studies of pathological strains in vitro and consequent investigations in 

three-dimensional environments and with blood cell co-culture systems. 
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4.8 Figures 

 

Figure 4-1: Immunoblotted proteins from non-stretched (NS) and stretched (ST) groups. 
Bands were quantified using imagej software. Bands were normalized using average of NS 
or ST bands of GAPDH. Error bars represent standard deviation of n = 10 for α-SMA and 
RUNX-2. Bar graphs on the left and right represent normalized quantification of Actin and 
RUNX-2 respectively. 
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Figure 4-2: Representative membrane arrays of proteins from non-stretched (NS) and 
stretched (ST) groups. Paired dots represent pre-printed antibodies for a specific protein. 
Examples of proteins with significantly different expression levels between NS and ST are 
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Figure 4-3: Heat map of proteins containing significant differences in expression levels as 
determined by non-parametric Wilcoxon Mann-Whitney test with p-value < 0.05. Grey 
boxes indicate missing values. Red, black and green indicate high, neutral and low express 
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Figure 4-4: Protein interaction network of the significant proteins created using 
STRINGdb. Proteins are clustered in 4 groups based on their known interactions. Proteins 
in the same cluster are connected by solid lines. Proteins of different clusters are connected 
by dotted lines. Line colors represent various types of interactions or action types. End line 
objects (arrow, bar and circle) represent action effects. Down-regulated proteins are shown 
underlined, whereas up-regulated proteins are not. 
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Chapter 5 
 

High throughput proteomic analysis of mitral valve tissue under 
physiological stretch and the effect of endothelium. 

5.1 Abstract 
Heart valves reside in a dynamic mechanical environment experiencing a multitude of 

forces. These forces have been shown to play a key role in valvular pathophysiology. 

However, knowledge of proteins involved in valvular mechanobiology is limited to only a 

few proteins of interest, namely, α-smooth muscle actin, transforming growth factor β etc. 

Valvular endothelium mediates valvular homeostasis and controls valvular interstitial cell 

phenotype transformation. But, how endothelium mediates valvular response to dynamic 

forces is also unknown. In this study, proteomic analysis of mitral valve anterior leaflets 

under 10% cyclic radial strain was performed. Endothelium from these samples was 

removed to test how endothelium mediates mitral valve response to stretch. Results show 

that stretch downregulated cytoskeletal proteins and proteins involved in energy 

metabolism such as glycolysis and oxireductase activity. Stretch upregulated calcification 

and extracellular matrix-related proteins. Endothelium removal resulted in downregulation 

of extracellular matrix and cell-matrix adhesion proteins. Removal of endothelium also 

resulted in upregulated of translation-related and chaperone proteins. Overall, this high 

throughput study provides insights into new protein groups that may be involved in mitral 

valve response to mechanical stretch and loss of endothelium. 

5.2 Keywords 
Mitral valve, mechanical stretch, endothelial cells, mechanobiology, mechanotransduction, 

proteome, interactome, mass spectrometry. 

5.3 Introduction 
Heart valves consist of leaflets, which are made of two types of cells: valvular endothelial 

cell (VEC) and valvular interstitial cell (VIC). Both cell types play active roles in 

maintaining valvular homeostasis1,2. VICs reside within the 3D leaflet matrix. During 

valvulogenesis, VICs maintain an activated or myofibroblastic phenotype while 



Texas Tech University, Mir Ali, August 2018 

126 
 

proliferating and secreting extracellular matrix (ECM) to form the leaflets3. In adult valves, 

VICs maintain a quiescent or fibroblastic phenotype, neither proliferating nor synthesizing 

ECM3. However, with the onset of injury or abnormal mechanical forces these quiescent 

phenotypes can become activated myofibroblasts and take part in valve repair and 

remodeling1,4. Activated VICs are contractile and proliferative, and synthesize and remodel 

the ECM1,5. VICs remaining in activated state culminate in degenerative disorders such as 

myxomatous degeneration and calcification1,3. There is another phenotype of VIC, called 

osteoblastic VIC, which show properties of osteoblast and take part in dystrophic and 

osteogenic valve calcification1,4,6. The osteoblastic phenotype has been shown to arise from 

quiescent VICs in osteogenic medium in vitro1.  

Heart valves reside in a dynamic hemodynamic environment experiencing different types 

of forces. Mechanical forces have been shown to be a major cause of degenerative diseases 

of the valves7–10. In physiological conditions, porcine mitral valve anterior leaflet 

experience peak tensile strains of 2.5-3.3% in the circumferential direction and 16-22% in 

the radial direction11,12. During pathological conditions such as hypertension or ventricular 

remodeling, mitral valves experience up to 50% increase in peak strains9,13. VICs have 

been extensively studied under mechanical stretch in vitro14–20. Aortic10,21–23 and mitral7–

9,24 valve leaflets have also been mechanically stretched in vitro. Mitral valve tissue stretch 

in vitro resulted in elevated expression of activated phenotype markers α-smooth muscle 

actin, matrix catabolic enzymes, ECM components, neurotransmitter serotonin and 

vasoconstrictors7–9,24.  

The valvular endothelium plays a key role in valvular pathophysiology. The endothelium 

maintains valvular homeostasis via cellular transformation25, mechanotransduction2 and 

VEC-VIC interaction26–29. VECs line the outer surface of valve leaflets and experience 

shear, tensile and compressive forces2,30. VEC-VIC interaction plays a protective role in 

valvular pathophysiology. VECs suppress VIC transformation to activated26–28 and 

osteoblastic29 phenotypes via paracrine signaling. VEC-derived nitric oxide is involved in 

paracrine signaling possibly working via cyclic guanosine 3′,5′-monophosphate 

pathway26,29. VECs, in osteogenic media in vitro, have been shown to transform into 
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osteoblastic VICs via endothelial to mesenchymal transition31. VIC-VEC interaction also 

suppresses this osteoblastic transition of VECs31. Endothelial dysfunction, due to abnormal 

mechanical forces, denudation and inflammatory responses, also results in valvular 

pathogenesis2,30,32–34. 

Studies of valvular mechanical stretch and the protective endothelial role during stretch are 

limited to a few proteins of interest14–17,23,26–29,35. A thorough study of valvular protein 

expression changes due to mechanical stretch with and without endothelium could open 

the door to new findings and insights into new valvular pathological pathways. To test how 

mechanical stretch and VEC-VIC interactions affect protein expression in mitral valves, 

anterior leaflet sections underwent 10% radial cyclic strain for 48 hours with and without 

endothelium. Label-free nanoflow liquid chromatography tandem-mass spectrometry (LC-

MS/MS) was used to analyze protein expression. Significantly differentially expressed 

proteins were clustered into three groups:  

1. Stretch effect. This group of proteins is affected by cyclic stretch and are potential 

key members and regulators of mitral valve response to stretch.  

2. Endothelium removal (ER) effect. This group of proteins are affected by the 

removal of endothelium from mitral valve tissue. These proteins may be linked to 

VIC-VEC interactions, endothelium maintenance and endothelium mediated 

valvular homeostasis.  

3. Interaction effect. This is the effect of interaction between stretch and ER. This 

group represents proteins that are affected by stretch, only when there is no 

endothelium present. They represent proteins involved in mitral valve response to 

stretch without endothelium protection. 

Proteomic analyses showed that stretch downregulated cytoskeletal proteins and proteins 

involved in energy metabolism such as glycolysis and oxireductase activity. Stretch also 

upregulated calcification proteins. Endothelium removal resulted in downregulation of 

extracellular matrix and cell-matrix adhesion proteins. Removal of endothelium also 

resulted in upregulation of translation and chaperone proteins. 
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5.4 Methods 

5.4.1 Tissue preparation 

Porcine hearts were collected aseptically within 4 hours of death. Mitral valve anterior 

leaflets were excised and washed in sterile phosphate buffer saline (137 mM sodium 

chloride, 2.7 mM potassium chloride, 4.3 mM sodium phosphate dibasic and 1.46 mM 

potassium phosphate monobasic, all Fisher Scientific, Waltham, MA)). 5 mm-wide radial 

strips from the central region of the anterior leaflets were excised (Figure 5-1). In case of 

ER samples, strips were incubated in 600 U/mL collagenase (Sigma-Aldrich, St. Louis, 

MO) in cell culture medium for 10 min at 37 0C. Dulbecco's modified Eagle medium 

(Mediatech, Corning, Manassas, VA) was supplemented with 10% fetal calf serum (Sigma-

Aldrich) and 1% antibiotics/antimycotics (10,000 U/mL penicillin G, 10 mg/mL 

streptomycin sulfate and 25 μg/mL amphotericin B (Quality Biologicals, Gaithersburg, 

MD)). After incubation with collagenase, the strips were briefly vortexed. Endothelium 

from the tissue strips was scrubbed off using a cell scrubber on both sides of the strip. 

5.4.2 Stretch 

Tissue sections with intact or removed endothelium were placed between two clamps of 

CellScale MCT6 uniaxial stretcher (CellScale, Ontario, Canada) (Figure 5-1). Tautness of 

the strips between the clamps was ensured. The gap between clamps was set at 10 mm. 

Mitral valve anterior leaflet has been shown to experience radial strain ranging from 0% to 

16-22% under physiological conditions36. In this experiment, we provided a radial strain 

of 10% to tissue strips at a frequency of 1 Hz for 48 hours. During one cycle, tissue strips 

were elongated to 10% strain in 0.3 sec and remained under 10% strain for 0.2 sec. After 

that they were returned back to 0% strain in 0.3 sec and remained under 0% strain for 0.2 

sec (Figure 5-1). This stretch regime was selected to mimic a cardiac cycle lasting 1 sec at 

1 Hz frequency with systolic and diastolic phases each lasting 0.5 sec. The non-stretched 

tissue sections both with intact or removed endothelium were cultured in 6 well plate 

culture plates for 48 hours. Both stretched and non-stretched cultures were cultured with 

enough culture medium to submerge tissue samples and maintain overall conditions similar 

to the ones in the CellScale device. Samples were classified into four treatments: NS (non-
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stretched with intact endothelium), ST (stretched with intact endothelium), NSER (non-

stretched with endothelium removed) and STER (stretched with endothelium removed).  

5.4.3 Protein extraction 

Treated tissues were minced and incubated with 0.5 mL extraction buffer per 0.1 g of tissue 

at 4 0C for 1 h with rocking. Extraction buffer contained 150 mM sodium chloride, 50 mM 

HEPES salt, 2 mM dithiothreitol, 25 µg/mL digitonin (all Fisher Scientific) and 1% 

IGEPAL CA630 (Sigma-Aldrich). Samples were centrifuged and pellets were removed. 

1% protease inhibitor cocktail (Active Motif, Carlsbad, CA) was added to extracted soluble 

protein samples prior to storage at -20 0C. Bicinchoninic acid assay (Fisher Scientific) was 

used to determine protein concentration and manufacturer protocol was followed.  

5.4.4 LC-MS/MS sample preparation 

For each treatment, 50 ug of protein was fractionated by polyacrylamide gel 

electrophoresis. Three replicate wells were used for each treatment. Coomassie blue stain 

was performed using 1 g/L of Coomassie R250 dye in 45% ethanol and 10% glacial acetic 

acid (all Fisher Scientific) for 1 h. The stain was washed in excess 10% ethanol and 10% 

glacial acetic acid. Coomassie-stained gel bands were cut in 4 sections according to 

molecular weight. Bands were washed with water for 5 min and with acetonitrile (Fisher 

Scientific) for 5 min. Then, bands were reduced with 10 mM dithiothreitol and 40 mM 

ammonium bicarbonate (Fisher Scientific) at 56 0C 1 hour. Bands were then alkylated using 

55 mM iodoacetamide (Sigma-Aldrich) and 4 mM ammonium bicarbonate in dark 1 hour. 

A final wash with acetonitrile for 1 min was followed. Bands were digested using 

sequencing grade modified trypsin (33 µg/ml) (Promega Corporation, Madison, WI. 

Catalog number V5111) at 37 0C overnight to fragment proteins into peptides. Peptides 

were extracted from gel bands twice using 50% acetonitrile and 0.1% formic acid (Fisher 

Scientific) for 15 min and 100% acetonitrile for 1 min. 

5.4.5 LC-MS/MS 

Methods in this section were adapted from Kottapalli et al37. Nano flow LC-MS/MS was 

performed at the Center for Biotechnology and Genomics, Texas Tech University. Dionex 
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nano high-performance liquid chromatography (Ultimate 3000) was used for 

chromatographic separation with a trapping column (C18, 3 μm, 100 Å, 75 μm × 2 cm), 

equilibrated with solvent A (1% acetonitrile and 0.1% formic acid) and a reverse phase 

column (C18, 2 μm, 100 Å, 75 μm × 15 cm, nanoViper). Equal sample sizes of all treatment 

groups were individually injected first into the trapping column and washed for 10 min 

with solvent A at a flow rate of 300 nL/min. reverse phase chromatography was used to 

elute peptides using a linear gradient with decreasing solvent A (2% acetonitrile and 0.1% 

formic acid) and increasing solvent B (98% acetonitrile and 0.1% formic acid). The 

gradient was 120 min, kept constant for the first 10 min at 5% solvent B, followed by a 

linear increase to 20% solvent B in 55 min. Solvent B was further increased to 30% in 25 

min, followed by another increase to 50% over 20 min. Solvent B was then immediately 

increased to 80% in 1 min and kept at 80% for another 4 min. Peptides were fed to linear 

ion trap mass spectrometer (Fisher Scientific) at 2 kV capillary voltage. Scanning of 

resulting spectra were performed over mass range of 400−2000 atomic mass units. Scan 

settings included choosing six most intense ions with dynamic exclusion list size of 200, 

exclusion duration of 90 s, mass width of ±1.5 m/z, repeat count of 2 and repeat duration 

of 30 s. Collision-induced dissociation at a normalized collision energy of 35% were used 

while generating mass spectra. 

5.4.6 Bioinformatic analyses of mass spectrometry data  

‘.raw’ files from LC−MS/MS were uploaded to MaxQuant software (Max Planck Institute 

of Biochemistry, Germany) and searched against a protein database of Sus scrofa obtained 

from UniProt (The Universal Protein Resource Consortium). Default search parameters in 

MaxQuant for label free quantification were used except minimum ratio count was set to 

1 and in advanced identification setting, match between runs was turned on. Setting 

minimum ratio count to 1 means only one peptide ratio between samples is necessary for 

intensities of a protein to be compared across samples38. Matching between runs allowed 

peptides not identified in all samples to be used for protein quantification by matching their 

mass and aligned retention times38. The search result detected total 3782 proteins. This 

protein list was then uploaded to Perseus (Max Planck Institute of Biochemistry) for 
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subsequent analyses. MaxQuant identified proteins that are potential contaminants, only 

identified by a modification site and reverse identifications (false positives). After filtering 

out these three types, 3437 proteins remained. Only the proteins which had at least two 

replicates of intensity values across all treatment groups were selected. This resulted in a 

list of 1333 proteins. The missing intensity values of the third replicate were replaced with 

random numbers drawn from a normal distribution. The default parameters for this 

operation from Perseus were used.  

The list of 1333 proteins was uploaded to Multi-Experiment Viewer39 (MeV) (TM4 

Microarray Software Suite) to perform statistical analysis. Assuming normal distribution 

of data, two-factor analysis of variance was performed with stretch and ER being the two 

factors. A cutoff p-value of 0.01 and a minimum fold change in expression level of 1.5 was 

chosen. This analysis resulted in three groups of significantly differentially expressed 

proteins. We identify them throughout this study as stretch effect, ER effect and interaction 

effect groups. From a list of 1333 proteins, numbers of significantly differentially 

expressed proteins were 202 due to stretch, 155 due to ER and 111 due to interaction 

between stretch and ER. Among these proteins, there are 21, 25 and 12 uncharacterized 

proteins in stretch, ER and interaction effect groups respectively. Differentially expressed 

proteins from each group were visualized by generating heat maps (Figure 5-2, Figure 5-3 

and Figure 5-4). Proteins from each group (except uncharacterized ones) were uploaded 

onto STRING v1040 (Search Tool for the Retrieval of Interacting Genes/Proteins, STRING 

Consortium 2017) for the generation of protein interaction maps. STRING identifies and 

predicts functional interactions between proteins based on previous database knowledge as 

well as genomic context predictions, high-throughput lab experiments, co-expression, 

automated textmining etc41. STRING provides a confidence score between 0 and 1 for each 

interaction that estimates the validity of the interaction41. In this experiment, a minimum 

confidence score of 0.9 was set. Markov Cluster Algorithm using proximity of predicted 

functional partners was also performed to produce clusters of proteins in the interaction 

maps (Figure 5-6, Figure 5-7 and Figure 5-8). PANTHER (Protein ANalysis THrough 

Evolutionary Relationships, http://www.pantherdb.org/) classification system was used 
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with Gene Ontology (GO; http://www.geneontology.org) to identify molecular functions 

of proteins42,43 (Table 5-1). For proteins with multiple functions, a function resulting in 

lowest p-value in PANTHER classification system was selected. 

5.5 Results 

5.5.1 Proteins identified  

After selecting proteins with at least two replicates of intensity values for each treatment, 

1333 proteins were identified and quantified in this study. After two factor analysis of 

variance, three groups of proteins were generated according to the effects of stretch, ER 

and their interaction. Heat maps show intensities of proteins differentially expressed 

(p<0.01) in these groups (Figure 5-2, Figure 5-3 and Figure 5-4). The number of 

significantly differentially expressed proteins with a minimum 1.5-fold intensity change 

are 202 for stretch effect, 155 for ER effect and 111 for interaction effect. Among these 

proteins, there are 21, 25 and 12 uncharacterized proteins in stretch, ER and interaction 

effect groups respectively. 

5.5.2 Protein functions  

After analyzing all significantly differentially expressed proteins in PANTHER and Gene 

Ontology, proteins were classified according to their functions in Table 5-1. Stretched 

tissue had lower expressions of cytoskeletal, translational, metabolic and chaperone 

proteins than static tissue. Stretched tissue had higher expression of ECM, calcium binding 

and signal transduction proteins than static tissue. Removal of endothelium downregulated 

adhesion and oxidative phosphorylation proteins, while upregulating translation and 

chaperone proteins. Except collagen VI and fibrillin 1, ECM proteins were downregulated 

due to ER. Interaction effect between stretch and ER upregulated ECM, calcium binding, 

signal transduction and translation proteins. Interaction effect downregulated glycolysis 

and oxidative phosphorylation proteins. 

A pie chart showing relative abundance of proteins of these functions in the three groups 

are shown in Figure 5-5. In terms of number of proteins differentially expressed, stretch 

affected cytoskeletal, calcification, glycolysis and oxireductase proteins in greater 
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percentages. ER affected ECM, adhesion, translation, oxireductase and chaperone proteins 

mostly. Interaction effects have higher percentages of calcium binding, signal transduction, 

translation and glycolysis proteins. 

5.5.3 Protein interaction maps 

Pie charts in Figure 5-5 provide information about the proteins and their functions that are 

affected by stretch, ER and stretch-ER interaction. However, they don’t show us how these 

proteins are interacting with each other in the same and different functional groups. Protein 

interaction maps (Figure 5-6, Figure 5-7 and Figure 5-8) produced using STRING show 

how differentially expressed proteins in this study interact in the same and between other 

functional groups. Although all significantly differentially expressed proteins (except 

uncharacterized proteins) from each group were used for analysis in STRING, not all of 

them appear in the interaction maps. This is due to lack of evidence in literature for their 

confident functional association with other proteins in the group. Only the proteins that 

resulted to have at least one functional association with other proteins in the group are 

shown in the interaction maps.  

The protein interaction map for stretch effect (Figure 5-6) contains 8 clusters. There is a 

mixed function cluster where cytoskeletal proteins microtubule-associated protein 

(MAPRE1) and vinculin (VCL) are connected to nuclear transport protein Exportin-1 

(XPO1) via signal transduction protein β-catenin (CTNNB1). Another mixed function 

cluster connects ECM protein collagen (COL6A1) to neural cell adhesion molecule 1 

(NCAM1) to cytoskeletal protein spectrin (SPTB and SPTAN1) to vesicular transport 

proteins (TMED10 and USO1). A oxireductase cluster shows interaction between 

hydroxyacyl and hydroxysteroid dehydrogenases (HADHA and HAD17B10) with electron 

transfer flavoproteins (ETF-A, B). Another oxireductase cluster connects alcohol and 

aldehyde dehydrogenases (AKR1A1 and ALDH-7A1, 9A1) to cytosolic dipeptidase 

(CNDP2) and metabolic enzymes (amine oxidase (AOC3) and catechol O-

methyltransferase (COMT)). There is an energy metabolism cluster in the form of 

downregulated glycolysis proteins. A protein folding related cluster contains molecular 

chaperone heat shock proteins (HSP-A2, CA) and chaperone prostaglandin E synthase 
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(PTGES3) connected to oxireductase protein carbonyl reductase 3 (CBR3). A cluster with 

upregulated proteins contains dehydrogenases. 

Protein interaction map for ER effect (Figure 5-7) contains 9 clusters. The two big clusters 

contain upregulated molecular chaperone and upregulated translation related ribosomal 

protein. Chaperone cluster involved in protein folding connects molecular chaperone T-

complex proteins (CCT-3, 4, 5, 7, 8 and TCP1) to molecular chaperone heat shock proteins 

(HSP-E1, CB). Translation related cluster shows interaction between ribosomal proteins 

(RPL-5, 7A, 11 and RPS-3, 9, 13) and eukaryotic translation initiation factor (EIF2S3). 

There are four ECM and adhesion protein clusters. The ECM-adhesion cluster shows 

interaction between adhesion protein nidogen 2 (NID2) and ECM proteins laminin 

(LAMB2), versican (VCAN) and chondroitin sulfate proteoglycan 4 (CSPG4). 

Oxireductase cluster contains proteins involved in acetyl-CoA transferase and acyl-CoA 

dehydrogenase activities (ACAT1, ACADM and HADHA). 

Protein interaction map for interaction effect (Figure 5-8) contains 6 clusters mostly 

showing interactions within cluster. The biggest cluster contains upregulated translation 

related proteins connecting ribosomal proteins (RPL-5,8,9,11,12, RPS-A,4,16,19,20) to 

eukaryotic translation initiation factor 6 (EIF6). 

5.6 Discussion 

5.6.1 Stretch effect 

Physiological amount of radial strain induced the lowest expression of cytoskeletal proteins 

in this study (Table 5-1). Cytoskeletal protein expression suggests VIC quiescence under 

stretch and VIC activation under static condition5. VIC phenotypes also represent 

corresponding physiological and pathological conditions of the tissue. Previous studies of 

valve tissue and VICs under physiological stretch also report VIC quiescence in vitro14,20,22 

whereas proteomic studies of myxomatous mitral valve reveal an upregulation in 

cytoskeletal proteins44. One cytoskeletal protein with higher expression under static 

compared to under stretch is filamin C. Mutations in filamin gene develops into 

myxomatous mitral valves in human and mice45–47. Mutations in filamin A leads to VIC’s 
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inability to efficiently organize ECM at fetal stage resulting in adult myxomatous valve47. 

Filamin C is part of a filamin group of proteins that crosslink actin filaments into a dynamic 

3D structure45,48. Filamins also facilitate transmembrane and cytoplasmic signaling 

molecule adhesion to cytoskeleton in mechanical stress related cytoskeletal 

remodeling47,49. Here, upregulation of filamin C in static culture suggest filamin induced 

cytoskeletal reorganization in a mechanical stress environment. 

Compared to static condition, physiological stretch also induced lower expression of 

ribosomal proteins and stress related heat shock proteins (Figure 5-6 and Table 5-1). 

Ribosomal proteins are involved in protein translation. Heat shock proteins, involved in 

protein folding after translation, are upregulated when cells are under stressful conditions50. 

Together, their downregulation again suggests a quiescent state of VICs represented by 

reduced protein synthesis rates.  

We observed that energy metabolism proteins have lower expression under physiological 

stretch and higher expression under static condition (Figure 5-6 and Table 5-1). Among 

them are proteins involved in glycolysis. There is a lack of studies linking valvular 

pathophysiology directly to energy metabolism. However, a previous proteomic study have 

identified metabolic proteins to be upregulated in myxomatous mitral valve from dogs44. 

A glycolysis protein, L-lactate dehydrogenase A, downregulated by stretch in this 

experiment was found to be upregulated in myxomatous mitral valves44. Proteomic 

analysis of atrial tissue of patients suffering from combined atrial fibrillation and valvular 

disease have shown downregulation in metabolic proteins compared to healthy tissue51,52. 

Dysregulated metabolic activity in metabolic syndrome has also been implicated in 

progression of aortic valve calcification53,54 and degeneration of bioprosthetic valve55. This 

suggests that metabolic proteins may be key regulators of valvular pathophysiology, 

despite being understudied. This may also suggest that the tissue under physiological 

stretch is in a quiescent state and there is less energy demand. A differentially expressed 

protein in the glycolysis cluster (Figure 5-6) is GAPDH. GAPDH has been widely used as 

loading control in immunoblot experiments. However, a transcriptomics analysis of 

valvular cells56 and a gene array study57 have also found GAPDH to be differentially 
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expressed across treatments. Cytoskeletal protein tubulin is also often used as loading 

control. But tubulin was downregulated by stretch in this experiment. Tubulin, being a 

cytoskeletal protein, has been shown to be affected by mechanical stretch previously. Lung 

adenocarcinoma cells show a 50% reduction in polymerized tubulin when 10% strain is 

applied58. Tubulin has been shown to be a key member in cellular realignment process due 

to cyclic strain59,60. These results suggest that cytoskeletal and metabolic proteins should 

be avoided for using as loading controls in experiments involving valvular 

mechanobiology. 

Upregulation of collagen (COL6A1), hyaluronan and proteoglycan link proteins, decorin 

and collagen fibrillogenesis protein fibromodulin61,62 (Table 5-1) due to stretch suggests 

that there is active ECM synthesis. Previous experiments of cyclic stretch on mitral VICs 

also show upregulated ECM synthesis17,63. In addition to an upregulation of ECM proteins, 

we saw a downregulation of catabolic enzyme cathepsin B (Table 5-1) which degrade and 

remodel ECM64. A downregulation of catabolic enzyme also suggests greater activity in 

ECM synthesis. Upregulation of adhesion proteins neural cell adhesion molecule 1 and 

nidogen 2 (Table 5-1) suggests elevated cellular interaction with surrounding ECM due to 

mechanical stretch.  

Calcium binding proteins or calcium mediated phospholipid and membrane binding 

proteins were upregulated under stretch compared to static condition (Table 5-1). They are 

annexin 1, 2, 4, 6, 7 and S100A1065,66. Annexin activities are regulated by calcium ion 

(Ca2+) concentration67–69. But annexins themselves also function as ion channel regulators, 

regulating intracellular Ca2+ concentration69,70. Aortic VICs, in vitro, transform into 

obVICs and form calcific nodules by depositing calcium phosphate71. This transformation 

to obVIC and calcium deposition, in vitro, have been shown to be mediated by mechanical 

stretch18,19,23 and by stretch mediated intracellular Ca2+ concentration19. Intracellular Ca2+ 

is important in the context of electrophysiology and contractility. But we suggest that 

increased intracellular Ca2+ concentration through upregulated calcium binding proteins 

combined with stretch in this study may have induced calcification in the tissue. Previous 

proteomic study on mitral valve identified calcium binding proteins annexin A-1, 5, 6 to 
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be downregulated in myxomatous valves44. These suggest a complex role of annexins in 

pathology of valvular calcification and myxomatous degeneration and requires more 

research.  

We also saw higher expression of signal transduction protein transforming growth factor β 

under stretch compared to static (Table 5-1). Transforming growth factor β induces VIC 

activation72,73. But its upregulation in this study can be explained by its role in VIC 

calcification. Transforming growth factor β has been shown to induce dystrophic 

calcification in VICs74,75. Studies have shown that mechanical stretch can induce 

calcification in VICs18,23. Transforming growth factor β also augments this stretch induced 

calcification in VICs under both physiological and pathological strains18,23. Calcification 

is also mediated via cell-ECM interaction and matricrine signaling76–78. So, upregulation 

of transforming growth factor β and other cell-ECM adhesion proteins together due to 

stretch suggest a secondary role in calcification of stretched mitral valve tissue. 

Figure 5-6 and Table 5-1 also show a downregulation in oxireductase activity under stretch 

compared to static. Previous studies have shown that oxidative stress potentiates 

calcification in aortic valves29,79,80. Increased oxidative stress in aortic valves have been 

shown to increase due to downregulation of antioxidant enzymes79. Oxireductase enzymes 

being downregulated by stretch, specially two antioxidants peroxiredoxins (PRDX-2, 6) 

(Table 5-1) suggest that there is increased oxidative stress in the tissue. This could further 

suggest that tissue is in a pro-calcific state under stretch.  

Calcification is very common in aortic valve and valvular calcification literature data 

encompasses aortic valve only. However, our data suggest that calcification proteins can 

also be upregulated in mitral tissue and this could be a good starting point to study the 

pathobiology of mitral valve calcification. 

5.6.2 Endothelial removal effect 

Among differentially expressed proteins due to endothelium removal, the major impact is 

seen in ECM proteins and cell-ECM adhesion proteins (Table 5-1). Downregulation of 

ECM proteins with loss of endothelium suggests an endothelial role in maintaining an 
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intact basal layer and ECM81,82. Downregulation of cell-ECM interaction proteins seen 

with endothelium removal further supports an endothelial role in maintaining ECM 

homeostasis. However, ECM proteins collagen VI and fibrillin 1 were upregulated with 

endothelium removal. The synthesis of these proteins could be the first response to loss of 

basement membrane by VICs. A transcriptomics study of valvular cells experiencing 

variable stiffness also identified similar results where some ECM proteins including 

fibrillin 1 are upregulated and some are downregulated with VIC activation56. The 

perplexing bidirectional results of ECM protein expression trends could be due to the short 

48-hour timespan of these studies. Valvular response to external stimuli in terms of ECM 

loss, synthesis or remodeling may require longer experimentations to study them. 

Fibrillin 1 assembles into microfibrils that play important role in elastic fiber formation 

and maintenance83,84. Fibrillin 1 also plays crucial role in regulating cytokine signaling85. 

Fibrillin 1 mutations leading to disruption in its structural and cytokine signal regulating 

functions result in valvular diseases from Marfan syndrome86,87. Endothelium removal 

related fibrillin 1 upregulation in this study points to VIC’s response to upregulate ECM 

elastic structure reorganization and cytokine signaling.  

Similar to static tissue, endothelial removal upregulated translation via ribosomal proteins 

and protein folding activity via chaperone proteins compared to physiologically stretched 

intact endothelium tissue (Table 5-1, Figure 5-6 and Figure 5-7). Together, they suggest 

upregulated protein synthesis, hence an activated state in VICs due to the removal of 

endothelium. 

5.6.3 Effect of interaction between stretch and endothelium removal 

Proteins in this group are differentially expressed due to the combined action of stretch and 

ER. Similar to stretch effect, interaction effect downregulated glycolysis proteins and 

upregulated calcium binding and signal transduction proteins. And similarly to ER effect, 

interaction effect downregulated adhesion and oxidative phosphorylation proteins and 

upregulated translation related ribosomal and collagen VI proteins (Table 5-1). These 
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suggest that interaction between stretch and ER augments the effect stretch or ER alone 

has on proteins of these particular functions.  

We also observed that if an interaction effect protein is also in stretch effect or ER effect 

group, the fold change in interaction effect is greater (Table 5-1). For example, interaction 

effect has a greater fold change in glycolysis proteins L-lactate dehydrogenase A, 

phosphoglycerate kinase 1 and triosephosphate isomerase compared to stretch effect. And 

interaction effect has a greater fold change in translation related ribosomal proteins RPL5, 

RPL11 and RPS4 compared to ER effect. This suggests that the interaction between stretch 

and ER has a greater combined effect on these proteins than stretch or ER effect alone. 

However, an exception to this observation is signal transduction protein transforming 

growth factor-β. It’s fold change in upregulation due to stretch is reduced when stretch is 

combined with ER. This suggests that valvular endothelium may play an important role in 

signal transduction via this protein.  

The downregulation of cytoskeletal proteins suggests a quiescent VIC phenotype due to 

interaction effect (Table 5-1). We saw that calcium binding proteins are upregulated by 

both stretch and ER effect (Table 5-1). This means that proteins of this function are 

upregulated by stretch with or without the presence of endothelium. This suggests 

endothelium has minimal effect on the pro-calcific state observed due to stretch in this 

experiment. Translation-related ribosomal proteins were upregulated in both ER and 

interaction effect. A few of these ribosomal proteins (RPL-5,11, RPS4) show greater fold 

change in interaction effect than ER effect. This suggests that stretch and ER combined 

augments the upregulation in protein synthesis activity seen due to ER alone. 

5.7 Limitations 
Mitral valve tissue experiences a variety of dynamic and anisotropic forces in their native 

environment. These forces, together, may result in different response compared to response 

against single force of radial strain only. Trends in expression changes of several protein 

functions in this study suggest particular VIC phenotypes. However, widely used marker 

proteins for VIC phenotypes such as α-smooth muscle actin, matrix metalloproteinases, 
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Runx-2 etc. were not identified in this study. Excised mitral valve strips under static culture 

for 2 days were used as control for this study. But this duration away native valve 

environment may have compromised their physiological relevance. Also, experimentation 

duration greater that 2 days may have resulted in different findings. Despite the limitations, 

results from this study provide insights into new protein groups that may be involved in 

valvular mechanotransduction and endothelial mediation of mechanotransduction. 

5.8 Conclusions 
Thorough studies of mitral valve response to dynamic mechanical stimuli are lacking. 

Knowledge of how the endothelium affects mitral valve responses to mechanical stimuli is 

also missing. In this study, proteomic analysis of mitral valve anterior leaflets under 10% 

physiological radial cyclic strain was performed. The endothelium from these samples was 

removed to test how endothelium mediates mitral valve mechanoresponse. Differentially 

expressed proteins due to these treatments were classified into three groups: stretch effect, 

endothelium removal effect and effect of interaction between stretch and endothelium 

removal. Results showed downregulation in cytoskeletal and energy metabolism proteins 

due to stretch suggesting quiescent state. There is upregulation in calcium binding proteins 

due to stretch suggesting pro-calcific state. Endothelium removal downregulated ECM and 

cell-ECM adhesion proteins suggesting protective role of endothelium in ECM 

homeostasis. Endothelium removal also upregulated protein synthesis activities. 

Interaction between stretch and endothelium resulted in quiescent and pro-calcific state as 

well as upregulated protein synthesis activity. Overall, high throughput studies of mitral 

valve protein expression provide insights into mitral mechanotransduction in 

pathophysiological conditions. 
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5.11 Figures 

 

Figure 5-1: Schematics of tissue stretch and stretch regime. 5 mm wide radial strips from 
porcine mitral valve anterior leaflets were excised. Samples were stretched radially at 10% 
strain and 1 Hz for 48 hours according to the stretch regime shown in the bottom figure. 
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Figure 5-2: Heat map of intensity values of a group of significantly differentially expressed 
(p<0.01) proteins due to stretch effect. Blue, white and red colors correspond minimum, 
median and maximum intensity values of 1.7x105, 9.5x107, and 5.3x1010 respectively. Each 
row represents a protein. Each treatment group (NS, NSER, ST and STER) has three 
replicates.  
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Figure 5-3: Heat map of intensity values of a group of significantly differentially expressed 
(p<0.01) proteins due to ER effect. Blue, white and red colors correspond minimum, 
median and maximum intensity values of 1.7x105, 9.5x107, and 5.3x1010 respectively. Each 
row represents a protein. Each treatment group (NS, NSER, ST and STER) has three 
replicates.  

 

Figure 5-4: Heat map of intensity values of a group of significantly differentially expressed 
(p<0.01) proteins. These proteins are affected by interaction effect between stretch and ER. 
Blue, white and red colors correspond minimum, median and maximum intensity values of 
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1.7x105, 9.5x107, and 5.3x1010 respectively. Each row represents a protein. Each treatment 
group (NS, NSER, ST and STER) has three replicates.  

 

Figure 5-5: Pie charts showing percentages for number of proteins of different functions 
affected by stretch, endothelium removal (ER) and interaction between stretch and ER. 
Stretch affects cytoskeletal, calcification, glycolysis and oxireductase proteins in greater 
percentages. ER mostly affects ECM, adhesion, translation, oxireductase and chaperone 
proteins. Interaction effects have higher percentages of calcium binding, signal 
transduction, translation and glycolysis proteins. 
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Figure 5-6: Interaction network for proteins affected by stretch. Downregulated proteins 
are underlined whereas upregulated proteins are not. Protein interaction map for stretch 
effect contains 8 clusters. There are cytoskeletal-nuclear transport and cytoskeletal-ECM 
clusters where cytoskeletal proteins are downregulated. There is an energy metabolism 
cluster in the form of downregulated glycolysis proteins. There are two oxireductase, one 
heat shock and one proteasome cluster where proteins are downregulated. A cluster with 
upregulated proteins contain dehydrogenases. 
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Figure 5-7: Interaction network for proteins affected by ER. Downregulated proteins are 
underlined whereas upregulated proteins are not. Protein interaction map for ER effect 
contains 9 clusters. The two big clusters contain upregulated molecular chaperone and 
translation related ribosomal protein. There are four ECM and adhesion protein clusters. 
The dark green collagen and pink adhesion protein clusters are upregulated whereas light 
green ECM-adhesion and purple glycoprotein clusters are downregulated. Other clusters 
in this map include upregulated oxireductase proteins, downregulated oxidative 
phosphorylation proteins and mixed ribonucleoproteins. 
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Figure 5-8: Interaction network for proteins affected by interaction between stretch and 
ER. Downregulated proteins are underlined whereas upregulated proteins are not. Protein 
interaction map for interaction effect contains 6 clusters. The biggest cluster contains 
upregulated translation related ribosomal proteins. Among downregulated clusters are 
cytoskeletal, glycolysis and oxidative phosphorylation protein clusters. Upregulated 
clusters include ECM and histocompatibility antigen proteins. 
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5.12 Tables 
Table 5-1: Functional classification of significantly differentially expressed proteins. Fold 
change represents ratio of average intensity values of treatment to control. 

Table 5-1 continued 
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Cytoskeletal proteins 
  

CAP1 adenylyl cyclase-associated protein 1 0.64 
  

CFL2 cofilin 2 0.58 
  

CORO1B coronin 1B 0.53 
  

DSTN destrin 0.50 
  

FLNC filamin C 0.34 
  

FSCN1 fascin 0.36 
  

MACF1 microtubule-actin crosslinking factor 1 0.39 
  

MAPRE1 microtubule-associated protein RP/EB family member 1  0.57 
  

NCKAP1 NCK associated protein 1 0.61 
  

SPTAN1 spectrin 0.57 
  

SPTB spectrin 0.53 
  

TAGLN transgelin 0.49 
  

TLN1 talin 1 0.49 
  

TUBA1A tubulin 0.55 
  

TUBB4B tubulin 0.58 
  

VCL vinculin 0.58 
 

0.54 
ACTC1 actin α cardiac muscle 1  0.28 0.22 
LCP1 lymphocyte cytosolic protein 1 0.46 
ECM proteins 

   

COL6A1 collagen VI 2.16 2.53 2.49 
COL6A2 collagen VI 1.98 

 

COL6A3 collagen VI 3.09 3.32 
COL14A1 collagen XIV 0.08 

 

FMOD fibromodulin 3.03 
 

3.36 
DCN decorin 2.23 

  

HAPLN1 hyaluronan and proteoglycan link protein 1 2.90 0.31 
 

HAPLN3 hyaluronan and proteoglycan link protein 3 2.59 
  

CTSB cathepsin B 0.20 
  

FBN1 Fibrillin-1 21.48 
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Table 5-1 continued 

EFEMP1 EGF-containing fibulin-like extracellular matrix protein 1 0.47 
 

LAMB1 Laminin subunit beta 1 0.60 
 

OLFML3 Olfactomedin like 3 0.26 
 

TNXB tenascin XB 0.05 
 

VCAN versican  0.17 
 

Cell-ECM adhesion 
  

NCAM1 neural cell adhesion molecule 1 1.93 
  

NID2 nidogen 2 2.05 0.14 
 

PCOLCE procollagen C-endopeptidase enhancer 0.17 0.03 0.02 
LUM lumican  1.74 

 

APOE apolipoprotein E 0.49 
 

EMILIN1 emilin 1 0.08 
 

FBLN1 fibulin  
 

0.36 
 

FBLN5 fibulin  
 

0.09 
 

POSTN periostin  0.55 
 

THBS4 thrombospondin 4 0.19 
 

VTN vitronectin  0.35 
 

VWF von Willebrand factor  0.32 
 

THBS2 thrombospondin 2 2.15 
Calcium binding 

   

ANXA1 Annexin A1 3.66 
  

ANXA2 Annexin A2 1.83 
 

1.87 
ANXA4 Annexin A4 1.91 

 
1.92 

ANXA6 Annexin A6 2.58 
  

ANXA7 Annexin A7 1.89 
  

ANXA8 Annexin A8 2.13 2.75 
ANXA11 Annexin A11 

 
1.72 

ANXA13 Annexin A13 0.53 
  

S100A10 S100 calcium binding protein A10 2.41 
  

Signal transduction 
  

CTNNB1 β-catenin  1.63 
  

GJA1 gap junction protein 2.09 
 

3.11 
TGFBI transforming growth factor β induced  2.33 

 
1.85 

THY1 Thy-1 cell surface antigen  1.75 
 

1.89 
STAT1 Signal transducer and activator of transcription 1 0.58 

  

ENG Endoglin 2.29 
 

OGN osteoglycin  2.04 
 

PROCR endothelial protein C receptor  
 

2.21 
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Table 5-1 continued 

Translation 
EIF4A2 Eukaryotic translation initiation factor 4A isoform 2 0.51 

  

EIF5A Eukaryotic translation initiation factor 5A 0.42 
  

RPA1 Ribosomal protein A1 0.37 
  

RPL4 Ribosomal protein L4 0.54 
  

RPL23 Ribosomal protein L23 0.42 
  

EIF2S3 Eukaryotic translation initiation factor 2S isoform 3 2.31 
 

RPL5 Ribosomal protein L5 2.02 2.75 
RPL7A Ribosomal protein L7A 2.01 

 

RPL11 Ribosomal protein L11 2.10 2.93 
RPS4 Ribosomal protein S4 3.21 3.26 
RPS7 Ribosomal protein S7 2.69 

 

RPS9 Ribosomal protein S9 2.60 
 

RPS13 Ribosomal protein S13 2.53 
 

EIF3E Eukaryotic translation initiation factor 3E 1.78 
RPL8 Ribosomal protein L8 2.10 
RPL9 Ribosomal protein L9 2.15 
RPL12 Ribosomal protein L12 1.88 
RPSA Ribosomal protein SA 1.90 
RPS16 Ribosomal protein S16 1.79 
RPS19 Ribosomal protein S19 1.88 
RPS20 Ribosomal protein S20 1.79 
Glycolysis 

    

FBP1 fructose-1,6-bisphosphatase 1  0.64 
  

GAPDH glyceraldehyde-3-phosphate dehydrogenase 0.52 
 

0.52 
LDHA L-lactate dehydrogenase A 0.48 

 
0.40 

PGAM1 Phosphoglycerate mutase 0.53 
  

PGK1 Phosphoglycerate kinase 1 0.61 
 

0.44 
PGM1 Phosphoglucomutase 1 0.53 

  

RANBP1 RAN binding protein 1 0.60 
  

TALDO1 Transaldolase 0.28 
  

TPI1 Triosephosphate isomerase 0.44 
 

0.38 
Oxireductase activity 

  

DHFR Dihydrofolate reductase 2.67 
  

NDUFB8 NADH dehydrogenase 1 beta subcomplex subunit 8 1.74 
  

NDUFS2 NADH oxidoreductase core subunit S2 1.58 
  

AIFM1 Apoptosis-inducing factor, mitochondrion-associated 1 1.80 
  

AKR1A1 Alcohol dehydrogenase 0.56 
  

ALDH9A1 4-trimethylaminobutyraldehyde dehydrogenase 0.32 
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Table 5-1 continued 

CBR3 Carbonyl reductase 3 0.16 
  

CYB5B Cytochrome b5 type B 0.25 
  

ETFA Electron transfer flavoprotein alpha subunit 0.56 
  

ETFB Electron transfer flavoprotein subunit beta 0.48 
  

GPX1 Glutathione peroxidase 1 0.52 
  

HADHA Hydroxyacyl-coenzyme A dehydrogenase 0.58 1.88 
 

HSD17B10 Hydroxysteroid 17-beta dehydrogenase 10 0.63 
  

MDH1 Malate dehydrogenase 0.42 
  

MTHFD1 Methylenetetrahydrofolate dehydrogenase 0.48 
  

PGD 6-phosphogluconate dehydrogenase 0.38 1.72 
 

PRDX2 Peroxiredoxin 2 0.62 
  

PRDX6 Peroxiredoxin 6 0.40 
  

ACADM Medium-chain specific acyl-CoA dehydrogenase 1.58 
 

FMO1 Flavin-containing monooxygenase 1 2.09 3.10 
HMOX1 Heme oxygenase 1 1.90 2.51 
MAOB Amine oxidase 1.59 

 

NDUFA4 Mitochondrial NDUFA4 0.52 0.34 
SOD3 SUperoxide dismutase 0.22 

 

Oxidative phosphorylation 
  

COX4I1 Cytochrome c oxidase subunit 4 isoform 1 0.28 0.17 
COX5A Cytochrome c oxidase subunit 5A 0.44 0.25 
UQCRC1 Ubiquinol-cytochrome c reductase core protein I 0.55 0.49 
Protein folding, chaperone 

  

HSP90A Heat shock protein HSP 90-alpha 0.60 
  

HSPA2 Heat shock protein family A (Hsp70) member 2 0.45 
  

HSPA4 Heat shock protein family A (Hsp70) member 4 0.42 
  

CCT3 T-complex protein 1 subunit gamma 1.67 
 

CCT4 T-complex protein 1 subunit delta 2.06 
 

CCT5 T-complex protein 1 subunit epsilon 1.98 
 

CCT7 Chaperonin containing TCP1, subunit 7 2.23 
 

CCT8 Chaperonin containing TCP1 subunit 8 2.24 
 

HSP90AB1 Heat shock protein 90 alpha family class B member 1 1.85 
 

HSPA1L Heat shock 70 kDa protein 1-like 1.61 
 

HSPA6 Heat shock 70kDa protein 6 1.72 
 

HSPE1 Heat shock 10kDa protein 1 1.99 
 

TCP1 T-complex protein 1 2.51 
 

HSPA9 Heat shock protein family A (Hsp70) member 9 2.25 
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Chapter 6 
 

Proteomic analysis of phenotype transformation and 
mechanotransduction in valvular interstitial cells cultured on 2D 

substrate of variable stiffness 

6.1 Abstract 
Most prevalent cells in heart valves, valvular interstitial cells (VICs), maintain valvular 

pathophysiology. VICs have distinct phenotypes. They can be fibroblast like quiescent 

cells. They can also become activated like myofibroblast. Activated VICs proliferate, 

become contractile and synthesize and remodel extracellular matrix. 2D in vitro studies 

have shown that VICs transform their phenotypes according to substrate stiffness. VICs 

change their activation above and below a threshold substrate stiffness range of 

approximately 4-7 kPa. Molecular pathways through which VICs sense substrate stiffness 

and change phenotypes are unknown. Here a thorough proteomic study of VIC phenotype 

transformation according to 2D polyacrylamide hydrogel substrate stiffness was performed 

to provide new knowledge of VIC mechanotransduction and phenotype transformation. 

Stiffness for soft and stiff substrates were chosen to be 1 and 8.3 kPa respectively. Label 

free liquid chromatography tandem mass spectrometry was used to analyze protein 

expression. Cytoskeletal, cellular signal transduction, oxidative stress and translation-

related proteins were upregulated due with increasing substrate stiffness. Cytoskeletal 

protein upregulation suggests phenotypical activation in VIC on stiff substrate. 

Upregulation in proteins of other functions on stiff substrate also suggests their involved 

in mechanotransduction pathways. Extracellular matrix proteins were downregulated on 

stiff substrate suggesting matrix remodeling to be a secondary response of VICs to stiff 

substrates.  

6.2 Keywords 
Valvular interstitial cell, phenotype, activated, myofibroblastic, quiescent, substrate 

stiffness, hydrogel, proteomics, interactome. 
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6.3 Introduction 
Valvular diseases are a major cause of morbidity and mortality. Every year, around 5 

million people are diagnosed with heart valve diseases in the USA1 with an annual death 

rate of about 50000 2. Heart valves consist of three main components: valvular interstitial 

cell (VIC), valvular endothelial cell (VEC) and extracellular matrix (ECM). VICs are the 

major cell type present throughout the valve leaflets. VICs are responsible for valve 

formation3, maintenance4 and pathologic remodeling5. VICs have distinct phenotypes4. 

Quiescent VICs (qVIC) are present in adult heart valves5. They have properties of 

fibroblasts5. qVICs do not proliferate or synthesize ECM. qVICs can become activated due 

to biochemical or mechanical cues and upon transformation are called activated VICs 

(aVIC)5. aVICs are present in developing and diseased valves5. aVICs proliferate and 

synthesize ECM. They are also contractile6,7. aVICs show high expression of cytoskeletal 

α smooth muscle actin (α-SMA), transforming growth factor β (TGF-β) and catabolic 

enzymes such as matrix m metalloproteinases5.  

Substrate stiffness plays an important role in phenotype transformation of VICs in vitro8. 

VICs on 2D hydrogels become activated above a threshold substrate stiffness and become 

deactivated below that threshold. Kloxin et al9 tested VIC phenotype activation over a 

substrate stiffness range of 7-32 kPa. It was observed that VICs on substrates with stiffness 

above 15 kPa were activated and below that value, VICs were quiescent. Later publications 

from the same group have shown this threshold stiffness to be more close to 7 kPa10–13. 

Quinlan et al14 tested VIC phenotype transformation by varying substrate stiffness over a 

range of 0.15-150 kPa. Their observation of the threshold stiffness range for VIC activation 

and deactivation is 4.8-9.6 kPa. In addition, TGF-β induces activation of VIC in vitro15, 

however Chen et al16 suggested that it depends on substrate stiffness as they showed that 

TGF-β fails to activate VICs on substrate with stiffness below 11 kPa. aVICs, showing 

high α-SMA expression, are also found in healthy valves near outer edges of fibrosa and 

ventricularis which are relatively stiffer areas17. All these data suggest 2D substrate 

stiffness range for VIC activation or deactivation to be 4-7 kPa. 
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Molecular pathways through which VICs sense substrate stiffness and change phenotypes 

are largely unknown. As valvular degenerative diseases are known to be associated with 

mechanobiology9,14,18, knowledge of new mechanotransduction pathways for substrate 

stiffness in VICs could lead to molecular drug targets for medicine. Goal of this study was 

to perform high throughput analysis of proteomic changes involved in VIC phenotype 

transformation due to substrate stiffness variability to generate new knowledge of VIC 

mechanotransduction and phenotype transformation. Here we performed a proteomic study 

of VICs cultured on soft vs stiff 2D substrates. Polyacrylamide hydrogel was used as 

substrate because its stiffness can be varied easily within the stiffness range of valves (2-

100 kPa)19,20 by changing the monomer or crosslinker concentrations. Stiffness for soft and 

stiff substrates were chosen to be 1 and 8.3 kPa respectively. These soft and stiff substrates 

fall below and above the 4-7 kPa stiffness range for VIC deactivation and activation 

respectively. Label free nano flow liquid chromatography tandem mass spectrometry (LC-

MS/MS) was used to analyze protein expression.  

6.4 Methods 

6.4.1 Hydrogel preparation and rheology 

Aqueous solutions containing 6% or 18% acrylamide, 0.05% or 0.15% bis (both Bio-Rad 

Laboratories, Hercules, CA), 0.05% ammonium persulfate and 0.002% 

tetramethylethylenediamine (both Fisher Scientific, Waltham, MA) were prepared. 

Solutions were placed in cassettes of 0.75mm gap width for 4 hours to prepare 0.75 mm 

thick sheet of polyacrylamide gel. Polyacrylamide gels with 6% acrylamide were used as 

soft substrate and with 18% acrylamide were used as stiff substrate.  

Rheometry (ARES, TA Instruments, New Castle, DE) was used for substrate stiffness 

measurements. Parallel plate geometry of 40mm diameter with stainless steel top and 

bottom surface was used. Tetramethylethylenediamine initiator was added to acrylamide 

solution and mixed thoroughly seconds before pouring on lower plate. Upper plate was 

lowered to a gap of 500 µm. Following protocol from Calvet et al21, dynamic frequency 
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sweep tests were performed with a constant strain mode (𝛾𝛾0=0.01) maintained over a 

frequency range of 0.1-100 rad/s at 20°C. Storage and loss modulus values were obtained. 

6.4.2 Cell culture  on polyacrylamide gels 

VICs were extracted from porcine aortic heart valves. Aortic valve leaflets were digested 

using 600 U/mL collagenase (Sigma-Aldrich, St. Louis, MO) in culture medium for 10 min 

and scrubbed to remove VECs. VECs suspended in collagenase medium were removed 

using centrifugation and rest of the scrubbed leaflets were digested overnight with 

collagenase again. Passage 2 VICs were cultured on polyacrylamide gels. Cell seeding 

density of 2.5x104 cells/cm2 was used.  

Prior to cell seeding, gels were treated with 0.25mM sulfosuccinimidyl 6-(4'-azido-2'-

nitrophenylamino) hexanoate crosslinker (Fisher Scientific) and exposed to ultraviolet 

light (302 nm wavelength) at an irradiance of 1.9 mW/cm2 for 30 min. Immediately gels 

were incubated with 200 µg/mL collagen (Advanced Biomatrix, San Diego, CA) at 370C 

for at least 4 hours. Then 30 min ultraviolet light treatment with collagen solution was 

performed for sterilization purposes. A final phosphate buffer saline (137 mM sodium 

chloride, 2.7 mM potassium chloride, 4.3 mM sodium phosphate dibasic and 1.46 mM 

potassium phosphate monobasic (all from Fisher Scientific)) wash was performed before 

cell seeding. 

Dulbecco's modified eagle medium (Mediatech, Corning, Manassas, VA) was 

supplemented with 10% fetal calf serum (Sigma-Aldrich) and 1% antibiotics/antimycotics 

(10,000 U/mL penicillin G, 10 mg/mL streptomycin sulfate and 25 μg/mL amphotericin B 

(Quality Biologicals, Gaithersburg, MD) for cultures. At 80% confluence VICs were 

collected using 200 U/mL collagenase in culture medium incubation at 370C for 30 min 

and then 0.125% trypsin in phosphate buffer saline incubation at 370C for 15 min. 

Collagenase was used to aid cell detachment from collagen coated surfaces before further 

detachment using trypsin. These cells were used for protein analyses. 
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6.4.3 Protein sample preparation 

Cells were lysed using lysis buffer (2mM dithiothreitol, 25 μg/mL digitonin and 1% igepal 

(Sigma-Aldrich), 150 mM sodium chloride in 50 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) (all Fisher Scientific unless noted)). Protein concentration 

of the extracts was determined using bicinchoninic acid protein assay kit (Fisher 

Scientific). 1% protease inhibitor cocktail (Active Motif, Carlsbad, CA) was added to 

extracts. Polyacrylamide gel electrophoresis was performed with 50µg of protein loaded to 

each well. Three technical replicates wells for each treatment were used. Coomassie blue 

stain was performed using 1 g/L of Coomassie R250 dye in 45% ethanol and 10% glacial 

acetic acid (all Fisher Scientific) for 1 h. The stain was washed in 10% ethanol and 10% 

glacial acetic acid 4 x 30 min. Four Coomassie-stained bands were cut throughout different 

molecular weights on the gel. Bands were digested for mass spectrometry using water 5 

min and 50% acetonitrile (Fisher Scientific) 5 min for washing, 10 mM dithiothreitol and 

40 mM ammonium bicarbonate (Fisher Scientific) at 560C 1 hour for reduction, water 1 

min for washing, 55 mM iodoacetamide (Sigma-Aldrich) and 4 mM ammonium 

bicarbonate in dark 1 hour for alkylation, 50% acetonitrile 1 min and 100% acetonitrile 1 

min for washing, trypsin (1:29 dilution) (Promega Corporation, Madison, WI) at 370C 

overnight for digestion, 50% acetonitrile and 0.1% formic acid (Fisher Scientific) 2x15 

min and 100% acetonitrile 1 min for peptide cleanup. The liquid samples digested from 

band samples are dried in vacuum centrifuge for 1 hour and used for mass spectrometry.  

6.4.4 LC-MS/MS 

Nano flow LC-MS/MS was performed at the Center for Biotechnology and Genomics, 

Texas Tech University following a previously published protocol22. Briefly, Dionex nano-

HPLC (Ultimate 3000) was used for chromatographic separation with a trapping column 

(C18, 3 μm, 100 Å, 75 μm × 2 cm) equilibrated with solvent A (1% acetonitrile and 0.1% 

formic acid) and a reverse phase column (C18, 2 μm, 100 Å, 75 μm × 15 cm, nanoViper). 

Peptides were injected to trapping column and washed for 10 min with solvent A at a flow 

rate of 300 nL/min. Reverse phase column was used to elute peptides using solvent B (2% 

acetonitrile and 0.1% formic acid) as well as solvent B (98% acetonitrile and 0.1% formic 



Texas Tech University, Mir Ali, August 2018 

170 
 

acid). The gradient was of 120 minutes and kept constant for the first 10 min at 5% solvent 

B, followed by a linear increase to 20% solvent B in 55 min. Solvent B was further 

increased to 30% in 25 min, followed by another increase to 50% over 20 min. Solvent B 

was then immediately increased to 80% in 1 minutes and kept at 80% for another 4 minutes. 

Peptides were fed to an LTQ-XL ion trap mass spectrometer (Fisher Scientific) at 2 kV 

capillary voltage. Scanning of resulting spectra were performed over mass range of 

400−2000 atomic mass units. Scan settings included choosing six most intense ions with 

dynamic exclusion list size of 200, exclusion duration of 90 sec, mass width of ±1.5 m/z, 

repeat count of 2 and repeat duration of 30 s. Collision-induced dissociation at a normalized 

collision energy of 35% were used while generating mass spectra. 

6.4.5 LC-MS/MS data analysis 

Raw files from LC−MS/MS were uploaded to MaxQuant (Max Planck Institute of 

Biochemistry, Germany) and were searched against a protein database of Sus scrofa 

obtained from UniProt (The Universal Protein Resource Consortium). The protein list from 

search results was then uploaded to Perseus (Max Planck Institute of Biochemistry) for 

statistical analysis. Proteins identified as potential contaminants, only identified by site and 

reverse were filtered out. Then a log base 2 transformation was applied to intensity values. 

Proteins with zero intensity values in at least one treatment group were filtered out. This 

list of protein intensity values was uploaded to multi experiment viewer23 (MeV) (TM4 

Microarray Software Suite). Two types of clustering were performed. Quality threshold 

clustering24 was performed using maximum cluster diameter of 0.5 and minimum cluster 

population of 5. Self-organizing map clustering25,26 was applied using following 

parameters: dimension x 3, dimension y 3, 2000 iterations, alpha 0.05, radius 3, 

initialization using random proteins, Gaussian neighborhood and hexagonal topology. 

Clustering yielded groups of proteins that have different expression levels across 

treatments visualized on heat maps (Figure 6-2 and Figure 6-3). Differentially expressed 

proteins visible in heatmaps were tested for statistical significance using two sample t-test 

with cutoff p-value of 0.05 and minimum intensity ratio of 2 for intensity valued without 

log transformation. Statistically significant proteins from each groups were uploaded to 
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STRING v1027 (Search Tool for the Retrieval of Interacting Genes/Proteins, STRING 

Consortium 2017) together against a database of Sus scrofa. A minimum confidence for 

interaction was set to 0.9 and Markov clustering using proximity of predicted functional 

partners was performed to generate interaction maps. PANTHER (Protein ANalysis 

THrough Evolutionary Relationships, http://www.pantherdb.org/) classification system 

was used with Gene Ontology (GO; http://www.geneontology.org) to identify molecular 

functions of proteins28–30. 

6.5 Results 

6.5.1 Substrate stiffness measurements 

Figure 6-1 shows the results of rheological measurements on polyacrylamide gels. Storage 

modulus values only between 1-10 rad/s was considered because gel was in polymerization 

process early at low angular frequencies and gels lost water due to evaporation later at 

higher angular frequencies. An average of storage modulus for angular frequency were 

calculated to be approximately 1 kPa for soft gel and 8.3 kPa for stiff gel (Figure 6-1). Loss 

modulus values were two orders of magnitude lower than storage modulus and were 

neglected. 

6.5.2 Proteins identified and their classification 

3782 proteins were identified by MaxQuant by searching the raw files against a UniProt 

Sus scrofa database. After filtering for proteins tagged as potential contaminants, only 

identified by site and reverse, 3437 remained. Maximum, minimum and median intensity 

values for proteins were found to be are 3.1x1010, 2.6x105 and 2.9x107 respectively. 1887 

of these proteins had at least replicate with zero intensity value. After filtering out these 

proteins, 1550 remained. Quality threshold clustering and self-organizing map clustering 

resulted in two groups of proteins with heat maps showing differential protein expression 

levels (Figure 6-2 and Figure 6-3). These groups are upregulated and downregulated on 

stiff substrate. Two sample t-test, comparing soft vs stiff substrate treatments, was 

performed for each group and proteins with minimum two-fold change in intensities were 

reported. Number of significant differentially expressed proteins are 127 for upregulated 
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and 56 for downregulated. Uncharacterized proteins from Uniprot Sus scrofa database are 

also included in these proteins. Number of uncharacterized proteins are 56 for upregulated 

and 29 for downregulated. These uncharacterized proteins are not shown in heatmaps 

(Figure 6-2 and Figure 6-3). 

6.5.3 Protein function identification 

Proteins identified in this study have functions as cytoskeletal and ECM components 

(Table 6-1). They also have functions of mediating oxidative stress, signal transduction, 

proteolysis and protein translation (Table 6-1). Except for ECM proteins, proteins 

associated with all other functions were upregulated on stiff substrate. Upregulation of 

cytoskeletal proteins is a clear indication of VIC activation suggesting increased 

contractility. Upregulation of signal transductions proteins suggest increased paracrine 

signaling on stiff substrate. Among proteins of this function, upregulated transforming 

growth factor-beta-induced (TGFBI) clearly indicates VIC activation4,31. Upregulated 

oxidative stress proteins indicate a calcific state of VICs on stiff substrate. Upregulation of 

translation related ribosomal proteins on stiff substrate suggest the role of these proteins in 

VIC activation on stiff substrate.  

6.5.4 Interaction map 

Differentially expressed protein names, both upregulated and downregulated, were 

uploaded in STRING to generate protein interaction map (Figure 6-4). Among 183 

differentially expressed proteins, only 42 were identified in the cluster having known 

interactome within the database for Sus scrofa. A big cluster in the interaction map involves 

translation related proteins (Figure 6-4). All proteins in this cluster are upregulated 

suggesting their role in VIC activation. The cluster contains 11 ribosomal proteins (RPL- 

7A, 8, 15, 18, 18A, 23, 24, 27A, 31, RPS18). The next big cluster contains proteins of 

mixed functions. The translation related cluster is connected to a subcluster via a translation 

initiation factor (EIF4G1) (Figure 6-4). The subcluster contains transcription related 

proteins such as pre-mRNA processing factor (PRPF19) and nuclear ribonucleoprotein 

(HNRNPA1) and other nuclear components DNA polymerase (POLD1) and nucleoside 

diphosphate kinase A (NME1). Among the mixed protein cluster is a subcluster containing 
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oxidative related proteins such as peroxiredoxin (PRDX2), thioredoxin (TXNRD1 and 

TXN) and cystathionine gamma-lyase (CTH) (Figure 6-4). Except for cystathionine 

gamma-lyase, proteins in this subcluster were upregulated on stiff substrate suggesting a 

role of oxidative stress in VIC activation due to substrate stiffness. A growth factor cluster 

contains of upregulated growth factor (GRB2) and cytoskeletal actinin (ARPC2) and 

downregulated mannose-6-phosphate receptor (IGF2R) (Figure 6-4). Upregulated growth 

factor and cytoskeletal protein indicate VIC activation. A similar cluster containing growth 

factors and their receptors have been previously observed in aortic VICs experiencing 

physiologic strain32. A cluster contains three proteasomes (PSMA3, PSMB1 and PSME3) 

(Figure 6-4), two of which are upregulated on stiff substrate (PSMB1 and PSME3) which 

suggest proteasomes have a positive effect on VIC activation. 

6.6 Discussion 
Upregulation in cytoskeletal proteins such as α-SMA is a hallmark of aVICs. VICs on stiff 

substrate and under other mechanical stimuli become activated9,14, stiffer and contractile6,7. 

Upregulation in signal transduction proteins such as cytokines TGF-β have also been 

shown to play key role in activation of VICs15. So, cytoskeletal protein and TGF-β 

expression results indicate that VICs on our stiff and soft substrates correspond to aVICs 

and qVICs respectively. When cells adhere to stiff substrates, more traction forces are 

generated because of matrix resistance to cellular forces33. This strains the cells and cells 

respond by cytoskeletal α-SMA incorporation into stress fibers and altering integrin and 

focal adhesion10,34,35. These changes in turn have an impact on cellular signaling pathways 

and may change the phenotype of VICs34,36.  

Upregulation in signal transduction proteins was observed in VICs on stiff substrate (Table 

6-1). These proteins include transforming growth factor-beta-induced, growth factor 

receptor bound protein 2 and signal recognition particle. VICs can sense their mechanical 

environment by communicating to other VICs and ECM37. TGF-β signaling has also been 

shown to be involved VIC activation6,14,15,38. Liu et al6 showed that wound edge VICs are 

more activated and express more TGF-β. This suggest that valvular tissue injury may 

induce a stiffening and subsequently increase in TGF-β expression and activation.  
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VICs also showed upregulation in oxidative stress related proteins due to culture on stiff 

substrate (Table 6-1). Oxidative stress has been previously implicated in VIC 

calcification39–41. Oxidants have been shown to dominate around calcifying foci in VIC41. 

These suggest the presence of another phenotype, osteoblastic VIC (obVIC) on our stiff 

cultures. obVICs are responsible for valvular calcification42. Presence of obVICs on stiff 

substrate also suggests that transformation into obVIC phenotype is substrate stiffness-

dependent as has been previously demonstrated43,44.  

Proteasomes and translation related proteins were also upregulated in VICs on stiff 

substrates (Table 6-1). Translation related proteins also dominate the interactome map 

(Figure 6-4). The biggest cluster in the interactome show upregulated interactions between 

ribosomal translation related proteins and other nuclear proteins. A proteasome cluster also 

appears in the interactome map (Figure 6-4). These suggest involvement of proteolysis and 

translation related activities in VIC mechanotransduction. VICs on stiff substrate showed 

a downregulation in ECM proteins and ECM remodeling enzymes (Table 6-1). ECM 

synthesis is a characteristic of aVICs. But upregulated cytoskeletal proteins and TGF-β 

indicate that VICs on stiff substrate were activated. This may suggest that ECM synthesis 

is a secondary and slow response of VICs to higher substrate stiffness and more research 

is needed on ECM synthesis in activated VICs. 

The polyacrylamide gels were coated with collagen to improve cell viability. But VIC 

activation has been shown to be dependent on types of ECM proteins VICs attach to38. 

Substrate environments containing native valvular ECM proteins in their original spatial 

distributions should be more ideal for a substrate stiffness study. VIC activation with 

varying substrate stiffness studies in 3D environment shows contradictory results from 2D 

studies. In 3D environment, VICs become less activated inside stiffer substrates34,45,46 

owing to crosslinking density of polymers46. Since native VICs reside in 3D environments, 

VIC mechanotransduction studies should be performed in 3D environments as well. 

Despite the limitations, this study gives us important insights into the overall 

mechanotransduction and components involvement in VIC’s interaction with substrate 

stiffness. 
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6.7 Conclusions 
VICs have distinct quiescent and activated phenotypes. qVICs don’t proliferate or 

synthesize ECM. They can become myofibroblastically active. aVICs are contractile and 

proliferate and synthesize and remodel ECM. VICs in 2D in vitro cultures become 

activated or deactivated above or below a substrate stiffness range of 4-7 kPa. Here 

proteomic analysis using LC-MS/MS was performed to study VIC phenotype 

transformation due to substrate stiffness and corresponding mechanotransduction 

pathways. Results show that cytoskeletal, cellular signal transduction, oxidative stress and 

translation related protein expression and their interactome clusters were upregulated due 

to stiff substrate. This suggests phenotypical activation in VIC and corresponding proteins 

involved in mechanotransduction pathways. Extracellular matrix proteins were 

downregulated on stiff substrate suggesting matrix remodeling to be a secondary response 

of VICs to stiff substrates. 
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6.11 Figures 

 

Figure 6-1: Storage modulus of polyacrylamide hydrogels from rheological measurements. 
An average of storage modulus for angular frequency between 1-10 rad/s was calculated 
to be approximately 1 kPa for soft gel and 8.3 kPa for stiff gel.  
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Figure 6-2: Heat map of intensity values of proteins upregulated on stiff substrate. Blue, 
white and red colors correspond minimum, median and maximum intensity values of 
3.1x1010, 2.6x105 and 2.9x107 respectively. Each row represents a protein. Each treatment 
group (stiff and soft) has two replicates. For each protein, intensity in stiff is significantly 
different (p<0.05) intensity in stiff. On differentially expressed proteins, there is also a 
minimum two-fold intensity change with substrate stiffness change.   

 

Figure 6-3: Heat map of intensity values of proteins downregulated on stiff substrate. Blue, 
white and red colors correspond minimum, median and maximum intensity values of 
3.1x1010, 2.6x105 and 2.9x107 respectively. Each row represents a protein. Each treatment 
group (stiff and soft) has two replicates. For each protein, intensity in stiff is significantly 



Texas Tech University, Mir Ali, August 2018 

183 
 

different (p<0.05) intensity in stiff. On differentially expressed proteins, there is also a 
minimum two-fold intensity change with substrate stiffness change. 
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Figure 6-4: Interaction map of significantly differentially expressed proteins in VICs due 
to culture on soft vs stiff substrates. Line colors represent various types of interactions or 
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action types. End line objects (arrow, bar and circle) represent action effects. Down-
regulated proteins are shown underlined, whereas up-regulated proteins are not. Among 
clusters in this figure containing at least four proteins include translation related proteins 
(yellow spheres), proteasomes (green spheres), growth factor proteins (red spheres) and 
proteins with mixed function (blue spheres) clusters. 
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6.12 Tables 
Table 6-1: Significantly differentially expressed proteins in VICs cultured on stiff vs soft 
substrates are grouped according to their functions 

Table 6-1 continued 
 

Upregulated on stiff substrate Downregulated on stiff substrate 

 Gene 

name 

Protein name Gene 

name 

Protein name 

C
yt

os
ke

le
ta

l p
ro

te
in

 

CNN2 Calponin 2 TWF1 Twinfilin 

MYL6 Myosin, light chain 6, 

alkali, smooth muscle and 

non-muscle 

 
 

MYO1D Myosin ID 
  

ACTN2 Actinin, alpha 2 
  

CAPZA2 F-actin-capping protein 

subunit alpha-2 

  

ADD1 Adducin 1 (alpha) 
  

LARP4 La ribonucleoprotein 

domain family, member 4 

  

E
C

M
 

FNDC3A Fibronectin type III 

domain containing 3A 

COL6A2 Collagen, type VI, alpha 2 

  
FBN1 Fibrillin 1 

  
FBLN1 Fibulin 1 

  
SAFB Scaffold attachment factor 

B 
  

CSPG4 Chondroitin sulfate 

proteoglycan 4 

Si
gn

al
 

tr
an

sd
u  TGFBI Transforming growth 

factor-beta-induced 
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Table 6-1 continued 

GRB2 Growth factor receptor 

bound protein 2 

  

SRP68 Signal recognition 

particle 

  
St

re
ss

 r
el

at
ed

 TXNRD

1 

Thioredoxin reductase 1 
  

PRDX2 Peroxiredoxin 2 
  

TXN Thioredoxin 
  

Pr
ot

ea
so

m
e 

PSME2 Proteasome activator 

complex subunit 2 

PSMA3 Proteasome subunit alpha 

type 3 

PSMB1 Proteasome subunit beta 

type 1 

  

PSME3 Proteasome activator 

complex subunit 3 

  

T
ra

ns
la

tio
n 

re
la

te
d 

RPS7 Ribosomal protein S7 EIF3C Eukaryotic translation 

initiation factor 3, subunit 

C 

RPS18 Ribosomal protein S18 
  

RPL18A Ribosomal protein L18a 
  

RPL8 Ribosomal protein L8 
  

RPL27A Ribosomal protein L27a 
  

RPL7A Ribosomal protein L7a 
  

RPL24 Ribosomal protein L24 
  

RPL23 Ribosomal protein L23 
  

RPL18 Ribosomal protein L18 
  

RPL31 Ribosomal protein L31   
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Table 6-1 continued 

EIF4G1 Eukaryotic translation 

initiation factor 4 gamma 

1 

  

EIF5A Eukaryotic translation 

initiation factor 5A 

  



Texas Tech University, Mir Ali, August 2018 

189 
 

Chapter 7 
 

Estimation of double orifice creating Mitraclip related changes to 
diastolic left ventricle using fluid structure interaction based 

computational modeling. 

7.1 Abstract 
Mitral regurgitation is the most common mitral valve disease and a major cause of 

morbidity and mortality. Edge to edge repair is a surgical treatment of mitral regurgitation 

where mitral leaflets are sutured together to improve coaptation. Due to this repair, single 

orifice mitral annulus becomes double orifice during diastole. Mitraclip uses this technique 

and can be administered via minimally invasive technique. Treatment using Mitraclip has 

also shown to unpredictively reverse left ventricular remodeling. Here a computational 

model of diastolic left ventricle was developed to estimate left ventricular blood flow, wall 

motion and stress related changes due to Mitraclip. We used fluid structure interaction to 

account for the interaction between blood flow and passive myocardial wall motion and 

deformation. We saw that there are localized vortices and localized higher velocities inside 

left ventricle due to Mitraclip associated double orifice. Mitraclip also induces 4.5-7% 

higher stress on left ventricle wall. However, the simulation failed to match actual human 

left ventricle pressure-volume loop characteristics such as volume expansion. Despite 

limitations of this study, the model resulted in a realistic simulation of left ventricular 

filling phase and can be used to simulate other left ventricular diastolic phenomena. 

7.2 Keywords 
Mitraclip, mitral regurgitation, mitral annulus, computational modeling, fluid structure 

interaction, left ventricle, diastole, left ventricular remodeling. 

7.3 Introduction 
The heart is responsible for circulating blood in our body at an average rate of 5 L/min1. 

Left side of the heart provides bulk of the pumping power. Left heart has two chambers: 

left atrium and left ventricle (LV) and two valves: mitral and aortic. Mitral valve allows 

blood flow from left atrium to LV and restrict flow in the opposite direction. Aortic valve 
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allows blood flow out of LV through aorta and restrict back flow. Heart cycle is divided 

into two phases: systole and diastole. During systole, LV contracts and pumps blood out 

through aorta and right atrium collects blood from pulmonary circulation. During diastole, 

blood gets transferred from left atrium to LV through gravity and atrial contraction.  

Mitral regurgitation (MR) is the second most frequent valve disease in the USA affecting 

almost 2.5 million people every year2–5. During MR, two leaflets of mitral valve, anterior 

and posterior, fail to coapt properly during systole. As a result, there is regurgitating back 

flow to left atrium. Primary causes of MR are anomalies in mitral apparatus, mostly due to 

myxomatous degeneration6. MR due to secondary cause of left ventricular remodeling is 

called functional MR6–8. Mild and moderate MR can remain asymptomatically and has 

mortality rate of 22% 5. Severe MR is symptomatic and can cause ventricular volume 

overload, dilatation and contractile dysfunction5. Surgery is the standard of symptomatic 

MR5. One surgical treatment is edge to edge repair (EER) of MV leaflets, introduced by 

Alfieri9,10. During EER, mitral valve anterior and posterior leaflet edges are sutured to 

improve coaptation during systole. This however creates a double orifice instead of an 

original single orifice and decreases the orifice area during diastole (Figure 7-1). During 

the last decade, a technique has emerged that can perform EER with a simple clip called 

Mitraclip (Abbott, Menlo Park, CA)11,5. Mitraclip can be introduced to the heart with a 

minimally invasive transcatheter based process. EER repair with Mitraclip has shown 

significant MR reduction in 60% of patients, and is being used extensively5,12,13.  

MR has been associated with left ventricular remodeling7. Human population based studies 

and animal models show that left ventricular remodeling can occur because of MR and vice 

versa14,15. Studies involving 44-800 patients show that following treatment of MR with 

Mitraclip, there is a reversal in left ventricular remodeling in approximately 77% of 

patients16–18. However, reversal in left ventricular remodeling following Mitraclip 

treatment is not always seen in patients and is difficult to predict19–21. A possible cause for 

this reversal of left ventricular remodeling could be the change in blood flow pattern and 

stress on the LV wall due to the introduction of the double orifice opening in MV during 

diastole.  
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With the goal of estimating left ventricular blood flow, wall motion and stress related 

changes due to Mitraclip, a computational model of diastolic LV was developed. Changes 

in blood flow due Mitraclip treatment affects diastole and LV most. Computational fluid 

dynamics and finite element analysis combined with fluid structure interaction (FSI) were 

used for the simulation. The simulation compared changes in fluid flow and wall stress due 

to the introduction of double orifice by Mitraclip.  

7.4 Methods 

7.4.1 LV structural and fluid model and meshing 

Abaqus 6.14-2 software (Dassault Systèmes, 3DS, Waltham, MA) was used for creating 

geometry, meshing and simulation. A LV solid geometry was created by rotating to 

concentric quarter ellipses around their major axis. The dimensions of the outer ellipse are 

major axis 16 cm and minor axis 5 cm. The dimensions of the inner ellipse are major axis 

14 cm and minor axis 3.6 cm. The volume between the two ellipses represents the LV wall 

with 1 cm thickness as the apex and 0.7 cm thickness at the base. The volume created by 

rotating the inner ellipsoid was considered the fluid volume. The basal surface of the fluid 

volume has either one or two elliptical areas considered as mitral valve orifice during 

diastole. Normal LV has single orifice whereas LV with EER has double orifice. The single 

orifice ellipse has sizes of major axis 2.6 cm and minor axis 1.6 cm located on left side of 

heart. The double orifice contains two ellipses of major axis 1.3 cm and minor axis 1.1 cm. 

Like the single orifice ellipse, these two ellipses are also located on the left side of LV. The 

major axis of the two ellipses fall on the line. There is a 30% reduction in orifice area, from 

3.27 cm2 to 2.25 cm2, due the EER. The right heart side of LV base was assumed to be a 

closed aortic valve. Tetrahedral meshing was performed for fluid volume with 1500 

elements. Hexahedral meshing was performed for solid volume with 500 elements.  

7.4.2 Boundary and initial conditions 

Following previously used parameters in a diastolic LV simulation by Cheng et al22, 

diastole period was assumed to be 5 seconds with three phases: rapid filling, diastasis and 

atrial contraction. The corresponding duration for these phases were assumed to be 2, 1.5 
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and 1.5 sec respectively. Pressure and velocity boundary conditions were provided only at 

the orifice area. The pressure was assumed to be linearly increasing at different rates during 

different diastole phase (Figure 7-3). Although at the start of diastole the LV pressure is 

not zero (Figure 7-3), an initial zero pressure was applied to help with simulation 

convergence purpose23. The cardiac output was assumed to be 2 L/min for both single and 

double orifice. As a result, fluid velocities through double orifice were higher (Figure 7-3). 

Fluid velocities from atrium to ventricle were higher during rapid filling and atrial 

contraction compared to diastasis. No slip boundary conditions were assumed for LV inner 

wall and the base surface area excluding mitral orifice area. The base of the solid LV wall 

was considered rigid and fixed with zero motion. 

7.4.3 Simulation methods  

Projection method with staggered grid was selected for computational fluid dynamics of 

fluid and dynamic implicit method was selected for finite element analysis of solid. Fluid-

structure interaction was used for data interaction between computational fluid dynamics 

and finite element analysis between each iteration. Solid material was assumed elastic with 

elastic modulus increasing linearly from 0.1-1 MPa over an assumed diastolic period of 5 

sec24. Density of solid was selected as 1200 kg/m325. Poisson’s ratio was selected to be 

0.4926. Fluid was considered Newtonian and viscosity and density were selected as 3.16 cP 

and 1050 kg/m322. Fluid flow was assumed laminar. A gravitational acceleration of 9.8 

m/s2 was selected. Data for volume, pressure, wall motion, wall stress and fluid velocities 

of LV were gathered.  

7.5 Results 

7.5.1 Fluid flow patterns 

The fluid flow patterns in the LV (Figure 7-4) showed a vortex appearing near the aortic 

valve side of the base and on the right side for both normal and EER during rapid filling 

(0.18 sec) and diastasis (0.24 sec). However, towards the end of atrial contraction, the 

vortex appeared only for EER (0.49 sec). The vortex plane was parallel to the major axis 

of the mitral orifice ellipses. Higher flow velocity values were observed near the orifice 
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area. Fluid velocities near the left side of LV were higher for EER But simulation results 

for without EER did not show that. Fluid pressure acted like static pressure in a closed 

vessel. The fluid pressure on the LV wall matched the applied pressure through mitral 

orifice. The applied pressure in mitral orifice cascaded down to apex and quickly became 

the overall pressure on all surfaces of LV. 

7.5.2 LV wall deformation and stress 

The solid deformation (Figure 7-5) showed unusual wave formation in the LV wall 

travelling from base to apex. The wave starts halfway through rapid filling and ends at 

early diastasis. The LV wall expands outwards during rapid filling and atrial contraction 

and does not expand during diastasis. The inner side of the LV wall is stressed more than 

the outer side. The maximum stress on the wall is observed during atrial contraction, as 

shown by end diastolic (0.5 sec) stress in Figure 7-5. Maximum radial and circumferential 

stress on wall in normal LV are 2.4 and 4.3 kPa respectively. In case of LV with EER, the 

maximum radial and circumferential stresses increase by 7% and 4.5% respectively.  

7.5.3 Pressure volume loop  

LV volume and pressure data were collected to generate a pressure volume loop (Figure 

7-6). Pressure-volume loop diagram shows very limited increase of 1.5% in the LV volume 

during diastole. This a big anomaly because in adult human, LV volume increases by nearly 

100%27. The wavy nature of the pressure-volume diagram from simulation results (Figure 

7-6, right side plot) is similar to the waves we saw in LV wall during late rapid filling and 

early diastasis (Figure 7-5, 0.2 sec). The diagram shows that LV volumes expands more in 

EER compared normal. This matches the result of higher stress on LV wall with EER. 

7.6 Discussion 
Results of the ventricular wall motion show that stress on LV wall is greater near LV base 

compared to LV apex (Figure 7-5). This could be due to the fact that, fluid velocities are 

greater near LV base compared to near LV apex (Figure 7-4). This vortex formation has 

also been observed to be close to LV base in previous diastolic LV simulations22,28,23,29. 

We saw that, due to the introduction of double orifice in EER, there is 7% and 4.5% 
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increase in maximum radial and circumferential stress on LV wall respectively (Figure 

7-5). We also saw that there is a greater vortex formation in ventricular fluid flow due to 

EER (Figure 7-4). The vortex formation could be a cause for this increase in wall stress. 

An increase in vortex formation due to EER has been found in another LV simulation30. 

We observed end diastolic circumferential stress of 4.3-4.5 kPa. This is comparable but 

higher than observed value of 3.6 kPa in humans31. The pressure in the LV showed 

characteristics of a closed system pressure. LV pressure matched left atrium pressure 

instantly. The maximum stress on LV appeared at the end of diastole when the LV pressure 

is maximum. This suggests pressure in LV dictates LV wall motion and stress. 

This simulation is limited in various aspects. The pressure-volume loop of the simulation 

show large contradiction from actual pressure-volume loop in human (Figure 7-6). A 

volume expansion of only 1.5% was observed compared to an expansion of about 100% in 

human27. The reason for lack of expansion could be the improper selection of LV wall 

material properties. Heart walls are anisotropic hyperelastic materials32 but for the sake of 

simplicity, the material chosen here are isotropic elastic material with a linearly increasing 

elasticity. This improper material may also be the reason for the wavy expansion of LV 

wall seen towards the end of rapid filling (Figure 7-5). Improper pressure boundary 

conditions may also be another reason for these waves. The atrial pressure at the start of 

diastole was assumed zero for convergence purpose23. This is not realistic, because actually 

there is a finite non-zero atrial pressure. The MV leaflets bend into the LV and there are 

also chordae tendineae in the LV. The absence of these structures should be included for a 

more realistic simulation. LV is connected to other part of the heart and its motion is 

affected by them. So, a simulation of the whole heart including both systole and diastole 

phases would be best for more ideal results.  

7.7 Conclusions 
EER based Mitraclip device is being extensively used as a transcatheter based minimally 

invasive treatment of MR. As a result of this treatment, single orifice mitral valve annulus 

becomes double orifice during diastole. Unpredictable reversal left ventricular remodeling 

has also been associated with Mitraclip treatment. Using fluid structure interaction, we 
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developed a computational model of diastolic LV to estimate left ventricular blood flow, 

wall motion and stress related changes due to Mitraclip. We saw that there are localized 

vortices and localized higher velocities inside the LV due to Mitraclip associated double 

orifice. Mitraclip also induces 4.5-7% higher stress on LV wall. However, the simulation 

failed to match actual human LV pressure-volume loop characteristics such as volume 

expansion. Despite limitations of this study, the model resulted in a realistic simulation of 

left ventricular filling phase and can be used to simulate other left ventricular diastolic 

phenomena. 
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7.10 Figures 

 

Figure 7-1: Bottom left: Edge to edge repair (EER) of mitral valve. EER sutures the two 
leaflets to create a double orifice opening during diastole. Bottom middle: Mitraclip is 
being placed in MV through a minimally invasive procedure for EER. Bottom right: 
Mitraclip attached to leaflets of MV. 
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Figure 7-2: Model of left ventricle. A LV solid geometry was created by rotating to 
concentric quarter ellipses around their major axis. The dimensions are in cm. The volume 
created by rotating the inner ellipsoid was considered the fluid volume. The basal surface 
of the fluid volume has either one or two elliptical areas considered as mitral valve orifice 
during diastole. Normal LV has single orifice whereas LV with EER has double orifice. 
The right heart side of LV base was assumed to be a closed aortic valve. Tetrahedral 
meshing was performed for fluid volume with 1500 elements. Hexahedral meshing was 
performed for solid volume with 500 elements. 
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Figure 7-3: Simulation parameters. Top figure is Wiggers diagram showing Left ventricle 
and left atrium pressure in a cardiac cycle. Middle table and graph show pressures values 
provided as boundary condition at the mitral orifice in reference to Wiggers diagram. 
Bottom table and graph show velocity boundary conditions specified in reference to Cheng 
et al22 to match fluid flow through mitral orifice during the three phases of diastole. 
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Figure 7-4: Fluid flow simulation results. Top: Vortex appeared near the right side of base 
both normal and EER during rapid filling (0.18 sec) and diastasis (0.24 sec). However, 
towards the end of atrial contraction, the vortex appeared only for EER (0.49 sec). Vortex 
plane was parallel to the major axis of the mitral orifice ellipses. Higher flow velocity 
values were observed near the orifice area. Fluid velocities near the left side of LV were 
higher for EER compared to a distributed velocity throughout LV without EER. Color bars 
on left velocities in m/sec. Bottom: The fluid pressure on the LV wall matched the applied 
pressure through mitral orifice. Color bars on the left represent pressure in Pa. 

 

Figure 7-5: LV wall deformation and stress results. Unusual wave formation in the LV wall 
appeared. The wave starts at halfway through rapid filling and ends at early diastasis. The 
LV wall expands outwards during rapid filling and atrial contraction and does not expand 
during diastasis. The inner side of the LV wall is stressed more than the outer side. The 
maximum stress on the wall is observed during atrial contraction. Maximum radial and 
circumferential stress on wall in normal LV were obtained as 2.4 and 4.3 kPa respectively. 
In case of LV with EER, the maximum radial and circumferential stress increases by 7% 
and 4.5% respectively. Color bars on left represent stress in Pa. 
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Figure 7-6: LV Pressure-volume loop of a cardiac cycle. Y and X axis represent LV 
pressure and LV volume respectively. The left figure represents LV pressure-volume graph 
for a full cardiac cycle. Part I of cardiac cycle is LV filling represented by the line at the 
line at the bottom (shown by arrow). The right figure represents simulation result for 
pressure-volume graph for LV filling. Increase in the LV volume is limited to 1.5% only 
on the right compared to 100% on the left. This suggests a lack of volumetric expansion in 
simulation. There is a wave in the pressure-volume graph on the right similar to the waves 
we saw in LV wall during late rapid filling and early diastasis. The diagram shows that LV 
volumes expands more in EER compared normal. This matches the result of higher stress 
on LV wall with EER. 
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