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ABSTRACT 

 

A MULTIFACETED APPROACH TO ENHANCE THE CURRENT 

UNDERSTANDING AND TREATMENT OF CALCIFIC AORTIC VALVE 

DISEASE 

 

BY 

 

DENA CARMELITA WILTZ 

 

Calcific aortic valve disease (CAVD) is a serious condition with unclear 

mechanisms driving this disease.  This research focused on investigating the role of 

lysophosphatidylcholine (LPC) in CAVD and evaluating the efficacy of Raman 

spectroscopy (RS) to aid in current tissue engineering methods of heart valve 

replacements used to treat CAVD.   

  Appropriate culture conditions for in vitro studies of CAVD were established.  

Specifically, the application of gentamicin in valvular interstitial cell (VIC) cultures was 

determined to significantly decrease mineralization of VICs in vitro in both normal and 

pre-calcified VIC culture conditions.   

 Next, in vitro studies were conducted examining the role of LPC in a comparison 

of aortic and mitral VIC mineralization.  Results indicated a higher percentage of LPC in 

calcified regions of tissue compared to non-calcified regions.  In addition, 104 nM LPC 

led to an increase in VIC mineralization, and aortic VICs displayed greater mineralization 
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compared to mitral VICs.   

 The role of the ryanodine receptor (RyR) in LPC-induced mineralization was 

evaluated.  The presence of RyR isoforms 2 and 3 were confirmed in VICs.  Next, in the 

presence of 10 µM LPC, the RyR was blocked and mineralization in VIC cultures 

significantly decreased compared to LPC treated cultures in which the RyR was not 

blocked.   

 Several strategies exist for utilizing mesenchymal stem cells (MSCs) for tissue 

engineering of heart valves (TEHV) for valve replacement therapies.  In this research, RS 

was able to detect distinct molecular characteristics of MSCs from different sources.  

 This research has a significant impact on the study and understanding of CAVD.  

It suggests that gentamicin be used cautiously with in vitro studies of calcification, and 

suggest that mechanisms by which gentamicin acts in VICs may reverse calcification.  In 

addition, these results showed that LPC has the capacity to promote VIC calcification, by 

interacting with the RyR, and that aortic VICs have a greater propensity for 

mineralization compared to mitral VICs.  Also, RS may be used in future research to 

characterize MSCs prior to their use in TEHV.  This research has highlighted the need for 

future investigations of LPC and the use of RS in understanding and treating CAVD.            
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CHAPTER 1 

 

INTRODUCTION 

 

The heart is a complex organ that consists of four main valves that help ensure 

proper blood flow through the heart.  When these valves become compromised, however, 

improper blood flow can occur.1,2  There are many conditions that can cause a valve to 

stop functioning properly.  One of these conditions is known as calcific aortic valve 

disease (CAVD).  CAVD affects the aortic valve, which is located on the left side of the 

heart.  It is characterized by deposition of calcific nodules in the valve that can cause 

thickening and narrowing of the valvular structure.  If this disease is left untreated, it can 

lead to patient mortality.  Due to the uncertainty of the exact causation of CAVD, there 

are no pharmacological treatments to stop or reverse the disease; the current gold 

standard of treatment is aortic valve replacement.1,3,4  In an effort to better understand and 

treat this disease, investigating the biological aspects of the aortic valve in both a healthy 

and diseased state is of utmost importance.             

 

Heart Valve Anatomy 

 

Structure of the aortic valve 

 

 The aortic valve, attached at the aortic root, is located between the left ventricle 

and the aorta (Figure 1.1 A).5,6  It is composed of three semilunar leaflets and the sinuses 



2 
 

 
 

located behind the leaflets (Figure 1.1 B).5,7  Aortic valve leaflets, less than 1 mm thick 

and approximately 13 mm in length, are attached at their peripheries and have one free 

edge that is located at the sinotubular junction.5,8,9  The leaflets are layered structures 

consisting of three main zones—ventricularis, spongiosa, and fibrosa—each having a 

distinct composition.5,10,11  The ventricularis is the layer most closely located to the 

ventricle, followed by a layer of spongiosa and then a layer of fibrosa (Figure 1.1 C).11,12  

There is also a thin, fourth layer, the arterialis, located on the aortic side of the fibrosa.  

This layer contains loosely arranged fibers, and its function is currently unknown.10  The 

ventricularis is largely composed of elastin, whereas proteoglycans and collagen 

dominate in the spongiosa and fibrosa, respectively.7,11  On each leaflet, there is a portion 

of the ventricularis that is unique in that the elastin organizes with collagen to form a 

nodule, the nodule of Arantius.  The aortic valve, in its entirety, is composed of 43-55% 

collagen, mainly type I, and 11-13% elastin.10  This heterogeneous composition of the 

valve provides the necessary mechanical structure needed to perform normal valve 

function.   

 The sinuses, termed sinuses of Valsalva, are a critical part of the aortic valve.  

During ventricular systole, the valve leaflets open into the sinuses.13  Two of these 

sinuses give rise to coronary artery orifices (Figure 1.1 B), while the third sinus is termed 

the non-coronary sinus for its lack of an orifice.8,14  The sinuses containing coronary 

artery orifices predominantly consist of the aortic wall with a minute amount of 

ventricular muscle at its base; whereas, the non-coronary sinus is composed mainly of the 

aortic wall with fibrous tissue at its base.13  The structure of these sinuses is of great 
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importance for the correct positioning of the aortic valve leaflet during normal blood 

flow.14         
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Figure 1.1 Porcine aortic valve location and structure 
The aortic valve A. is located between the left ventricle and the aorta (reproduced from 
the National, Heart, Lung, and Blood Institute of the National Institutes of Health)1 and 
B. contains three semilunar leaflets (porcine aortic valve leaflets shown).  The leaflets 
consist of three main layers: C. the ventricularis (V), the spongiosa (S), and the fibrosa 
(F) as shown with histological staining of a porcine aortic valve leaflet (scale bar = 200 
µm, adapted and reproduced with permission from Chen et al.).12   
 

B. 

C. 

Nodule of Arantius 

Valve Leaflet 

Coronary Artery Orifice 

A. 
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Normal function of the aortic valve  

 

 The aortic valve serves to ensure one-way blood flow in the heart.  Opening and 

closing of the valve is partially mitigated by pressure differences between the ventricle 

and ascending aorta.  A higher pressure in the ventricle, compared to the ascending aorta, 

causes the valve to open, and a lower pressure is an indication for valve closure.  During 

ventricular systole, the aortic valve leaflets open into the sinuses to allow blood flow 

from the ventricle through the aorta.  Eddy currents that are initiated at the sinotubular 

junction form from the blood movement in the sinus to prevent blocking of the coronary 

artery orifices by the leaflets and to aid in keeping the leaflets in the position needed for 

proper valve closure at the end of systole.14  During ventricular diastole, the edges of the 

leaflets meet to close the valve, preventing retrograde flow of the blood into the 

ventricle.6  It is clear that the aortic valve serves an important function in maintaining 

proper blood circulation between the ventricle and ascending aorta.           

 

Structure of the mitral valve 

 

 The mitral valve is a complex structure located between the left atrium and the 

left ventricle of the heart.  It is composed of two main leaflets (anterior and posterior), an 

annulus, chordae, and the papillary muscles attached to the leaflets by the chordae.15–17  

The anterior leaflet has a fibrous continuity with the aortic valve at its annulus and a 

rounded leading edge, readily distinguishable from the long, narrow posterior leaflet.16,17  

The leaflets meet at commissures.18  Like the aortic valve leaflets, the mitral leaflets 



6 
 

 
 

consist of multiple layers.  The layers, from the left atrium to the left ventricle, are the 

atrialis, spongiosa, fibrosa, and ventricularis.  The atrialis consists of elastic fibers.  The 

composition of the leaflet is similar to the aortic valve leaflets with the spongiosa, 

fibrosa, and ventricularis being highly composed of proteoglycans, collagen, and elastin, 

respectively.  Collagen, predominantly type I, makes up the majority of the leaflets.19  

The composition of the leaflets plays a critical role in the normal functioning of the valve. 

 The leaflets are not the only components of the valve that aid in its normal 

functioning.  The annulus, chordae, and papillary muscles come together with the leaflets 

to create the entire mitral valve.  The annulus is a saddle-shaped structure that forms a 

“D”  around  the  atrioventricular  junction.    It  is  mainly  composed  of  fibrous  tissue  and  acts  

as a support for the leaflets of the mitral valve.  The chordae (Figure 1.2) are categorized 

based on their insertion points: primary—arising from the papillary muscles and 

attaching into the free edge of the leaflets, secondary—arising from the papillary muscles 

and attaching into the ventricular side of the anterior leaflet, basal—arising from 

muscular areas, non-papillary, in the left ventricle and attaching to the ventricular side of 

the posterior leaflets.16  The chordae tendinae are composed of collagen and elastin.18,20  

The chordae tendinae is the link between the papillary muscles and the mitral valve 

leaflets.  Chordae tendinae attach to the papillary muscles at one end and to the leaflets at 

the other end.17  Mitral valve leaflets, chordae tendinae, papillary muscles, and an 

annulus function together to ensure proper one-way blood flow across the atrio-

ventricular junction. 
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Figure 1.2 Dissected porcine mitral valve  
The dissected porcine mitral valve shows the anterior and posterior leaflets, along with 
attached chordae tendinae. 
 

 

 

 

 

 

 

 

Anterior Leaflet 

Posterior Leaflet 

Chordae Tendinae 
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Normal function of the mitral valve 

 

 The mitral valve, like the aortic valve, serves to help ensure one way blood flow 

through the heart.  In particular, it allows blood to flow from the left atrium to the left 

ventricle and prevents any retrograde flow.17,21  The annulus not only serves as an anchor 

for the leaflets but also undergoes shape changes that could possible affect stress 

distribution on the mitral valve, reducing peak leaflet stress.18,22  The leaflets separate and 

coapt to open and close the orifice at the atrio-ventricular junction.15,16  The structures 

attached to various parts of the leaflets, the chordae, can have various functions, based on 

their insertion points, including controlling the amount of movement of the leaflet 

curvature/ensuring  the  leaflets  closure  and  preventing  prolapse  of  the  leaflets’  free  

margin.16,21  The papillary muscles serve as a support for the leaflets, via the chordae 

tendinae.17  Each component of the mitral valve must function properly in order to ensure 

proper blood flow in the heart.   

 

Cardiac Valve Interstitial Cells 

 

The two main cell types associated with the leaflets are endothelial cells and 

interstitial cells.  Endothelial cells populate the surface of the leaflets.23,24  Interstitial 

cells, however, can be found throughout the layers of the aortic valve and secrete most of 

the  aortic  valve  leaflets’  extracellular matrix.10,25  The interstitial cell population is 

thought to be heterogeneous, having cells with distinguishable phenotypes and have an 

ability to communicate with one another via gap and adherens junctions.24–27  In addition, 
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two distinct morphologies have been observed when culturing interstitial cells.24,26  When 

cultured and confluent, a majority of interstitial cells exhibit an elongated phenotype 

(Figure 1.3).  Though less likely, there are some instances of interstitial cells exhibiting a 

cobblestone appearance.27  The different characteristics of the interstitial cell population 

are believed to allow the cells to take part in complex valve functions.      
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Figure 1.3 Elongated porcine aortic valve interstitial cell 
Typically, porcine aortic valve interstitial cells elongate when cultured.  Morphological 
observations can be a first step in identifying normal valvular interstitial cell behavior in 
vitro.  Image taken using a Nikon TE-300 inverted microscope (Nikon Instruments Inc., 
Melville, NY) and a Canon EOS Rebel T1I camera (Canon U.S.A., Inc., Melville, NY)   
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There are various methods used to characterize the phenotypes observed in 

interstitial cell populations.  Liu et al. describe the phenotypes of valvular interstitial cells 

(VICs) based on their role in heart valve biology, finding four types in heart valve 

leaflets: quiescent—cells that maintain normal valve structure and function, activated—

myofibroblast-like cells that display smooth muscle alpha actin (αSMA) and are activated 

due to injury and/or stress, progenitor—cells that are able to transdifferentiate into 

activated VICs, and osteoblastic—cells that have undergone osteoblastic differentiation 

and have the ability to promote calcification.25  Others, however, have taken a different 

approach in identifying the phenotypes found within the interstitial cell population, 

characterizing  the  phenotypes  based  on  the  cells’  composition.    Taylor  et  al.  describe  

three different phenotypes of interstitial cells: myofibroblast—cells containing stress 

fibers and thought to be involved in proliferation and migration, cells containing 

synthetic and secretory organelles involved in prolyl-4-hydroxylase expression, and 

smooth muscle cells.24  Blevins et al.  used attachment and adhesion rates to observe 

distinct phenotypes in a valvular interstitial cell population and observed different 

phenotypes  based  on  the  cells’  roundness,  growth rate, and abundance of αSMA.28  

Regardless of the method used to describe the different phenotypes found within a 

population, it is evident that cardiac VICs are a unique population due to this phenotypic 

heterogeneity observed between cells within the population. 
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Calcific Aortic Valve Disease  

 

 It is possible for the aortic valve to progress to a disease state.  One such disease 

that can occur in the aortic valve is calcific aortic valve disease (CAVD).  CAVD is a 

condition of the heart characterized by thickening and calcification of the aortic valve 

(Figure 1.4).4,29  In particular, osteoblastic bone formation, with the presence of 

hydroxyapatite and certain bone matrix proteins, has been observed in calcified valves.30  

Although the exact causation of CAVD is unknown, Stewart et al. identified increased 

age, male gender, smoking, and a history of hypertension as possible risk factors for 

CAVD.31  A bicuspid aortic valve is also believed to be a risk factor for CAVD.32  CAVD 

is the most common indication of aortic stenosis, narrowing of the aortic valve, that leads 

to obstruction of left ventricular outflow, and is the second leading cause for cardiac 

surgery in the United States.2,29,33,34  The current, standard treatment for CAVD is heart 

valve replacement, although the use of various pharmacological treatments, originally 

designed to treat other diseases, are being investigated to treat CAVD.4,35,36  The 

mechanisms of CAVD need to be elucidated for future efforts in preventing and/or 

reversing this disease.      
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Figure 1.4 Calcified aortic valve leaflets 
Excised diseased aortic valve leaflets show significant calcium deposits within the valve 
tissue.  The calcium deposits are marked by mineralized nodule formation.  The yellow 
nature of these valves may possibly mark the presence of lipid deposition.      
 

 

 

 

 

 

 

Calcium 
Deposition 
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Diagnosis and current treatments 

 

  An echocardiographic reading is usually performed to confirm severely stenotic 

valves.37  Once identified, calcific deposits are typically most prevalent on the aortic side 

of the non-coronary cusp, although all leaflets can be affected.38  There are no current 

treatments to stop the progression of or reverse CAVD.  The gold standard in treating 

severely stenotic valves is valve replacement therapy.39  The type of valve used in 

surgical  replacement,  is  determined  based  on  a  patient’s  age  and  condition.    There  are  

four main types of valves used in replacement therapy—mechanical, xenografts, 

homografts, and autografts.40  

Each valve has advantages and disadvantages.  A mechanical valve has a low risk 

of failure yet a high risk for thromboembolism, which requires patients to use 

anticoagulation therapies.  Xenograft, bioprosthetic valves—typically constructed from 

porcine aortic valves or bovine pericardium— have a lower risk of thromboembolism but 

can degenerate, especially in younger patients.  Due to their degeneration capabilities, 

bioprosthetic valves are generally given to patients whose likelihood of outliving their 

valve replacement is low.  Another option for patients is homografts from donors.  These 

replacements seem to be a suitable option—having a low risk for thromboembolism and 

good hemodynamics—but are limited due to the lack of donors.40  One of the more 

standard replacements in children is an autograft formed from the patient’s  pulmonary  

valve, known as the Ross procedure.  This procedure allows for growth potential with the 

patient, as well as similar benefits that a homograft provides—low risk for 

thromboembolism and good hemodynamics.  The Ross procedure, however, requires a 
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lengthy surgery on two valves and concerns include autograft dilation and autograft 

dysfunction.41  For younger patients, the Ross procedure or the use of a mechanical valve 

may be more suitable for valve replacements, whereas for older patients a mechanical or 

bioprosthetic valve may be more appropriate.    

 

Characteristics of calcified valves 

 

 CAVD has similar characteristics with atherosclerosis, a condition characterized 

by the buildup of plaques in an artery.  Lipid accumulation, lipid oxidation, calcification 

and inflammatory response are all seen in both CAVD and atherosclerosis.  There are 

differences, however, between the diseases including the degree and time of onset of 

calcification, cell types found in the diseased tissues, and certain clinical risk factors.4,42  

Despite the differences between the diseases, the similarities warrant investigation of the 

diseases in a similar manner.  Employing the use of two-dimensional cell culture of VICs 

can aid in elucidating mechanisms that drive CAVD.  One of the more compelling 

aspects of CAVD that may be investigated in two-dimensional VIC cultures is the 

accumulation of lipids.  Before in vitro analysis of lipid accumulation on VIC 

mineralization can occur, proper culture conditions, including the use of antibiotics, must 

be optimized. 
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Gentamicin 

 

 Antibiotics are commonly used in cell culture to prevent unwanted contamination.  

Gentamicin, in particular, is an aminoglycoside often used to prevent contamination by 

gram-negative bacteria.43,44  It acts as an antibiotic by binding to the ribosome in cells and 

preventing normal protein synthesis.45    In addition to its antibacterial capabilities, 

gentamicin has shown to affect the lipid and calcium levels in a variety of cell types46–50 

and therefore needs exploration before use in studies conducted on lipids and cellular 

mineralization.  

 

Lysophosphatidylcholine 

 

 Lysophosphatidylcholine (LPC) is a phospholipid that is formed through the 

hydrolysis of phosphatidylcholine.51  It can be found in plasma, as well as in cell 

membranes.52  Lipids are of special interest in the study of CAVD since research has 

shown the prevalence of lipid deposition in the lesions and adjacent fibrotic areas of 

stenotic aortic valves.53  LPC, in particular, warrants investigating in CAVD.  LPC has 

shown to increase intracellular calcium and upregulate osteogenic genes in cells.54,55  

Therfore, it is important to elucidate the effects LPC may have on VIC mineralization.  

Furthermore, understanding the mechanisms by which LPC may affect mineralization, 

specifically calcification, are important.  Therefore, it is crucial to explore the interaction 

of LPC with cellular components that help regulate calcium levels in the cell. 
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Ryanodine Receptor 

 

 The ryanodine receptor (RyR) is a calcium release channel that has three 

isoforms—1, 2, and 3.  It has been studied in a variety of cell types, but its 

characterization in VICs needs further elucidation.56  RyRs have a molecular mass greater 

than 2 MDa, are found on the sarcoplasmic and endoplasmic reticulum in cells, and are 

regulated by a variety of molecules.56–59  RyRs are important channels to investigate in 

CAVD studies involving LPC.  LPC has shown to affect the opening time of the RyR.60  

In addition, increased concentrations of ryanodine have shown to inhibit LPC-induced 

calcium increases in rat cardiomyocytes.54  Therefore, it is pertinent to explore the 

interaction of LPC and the RyR in VIC mineralization.   

 

Raman Spectroscopy 

 

 Raman spectroscopy (RS) is a non-invasive, non-destructive, label-free method 

used to detect the molecular composition in cells and tissues.  Techniques like RS may be 

used to characterize cells used in the study and treatment of CAVD.  During RS, spectral 

intensities are obtained through the shifting of photons in molecular bonds of the 

measured sample.  A laser is applied to the sample, and the photons are able to shift due 

to the vibrational frequency in their bonds.  This shifting gives information on the relative 

presence of various molecules in a sample.61  The main components of a RS system 

consist of a microscope for viewing the sample being measured, a laser, and cameras for 

visualizing the sample, visualizing the laser, and collecting the spectra (Figure 1.5).  
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Briefly, a sample is placed on an objective lens.  A laser is then directed onto the sample 

through coupled mirrors.  The excitation from the laser causes scattering, elastic and 

inelastic, of the photons in the sample.  The inelastic scattering is known as Raman 

scattering.  These photons from inelastic scattering pass through a filter that separate the 

Raman scattering from the excitation light.  For each wavelength, the photons are 

collected and an intensity measurement is given.62   
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Figure 1.5 Raman spectroscopy system, reproduced with permission from Pudlas et 
al.63 
The Raman spectroscopy system uses a laser coupled with mirrors to apply a force onto 
the sample.   
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Objectives 

 

 Two global objectives are featured in this work: 1. to investigate the role of lipids 

in CAVD and 2. to evaluate the efficacy of spectral techniques to aid in current tissue 

engineering methods for heart valves.  These objectives were explored in chapters 2 

through 5. 

 In chapter 2, the effects of gentamicin on VIC mineralization were explored.  It 

was important to establish the in vitro culturing conditions for subsequent studies 

analyzing VIC mineralization.  In particular, it was necessary to establish whether or not 

certain antibiotics commonly used in vitro would affect the mineralization of the cells.   

 After establishing proper culture conditions in chapter 2, chapter 3 highlighted the 

two-dimensional in vitro experiments observing the effects of LPC on mineralization in 

VIC cultures.  Specifically, the dose dependent effects of LPC on VIC mineralization 

were observed.  In addition, a comparison of the mineralization potential of VICs from 

the mitral and aortic valve was conducted in both a baseline control environment and in 

the presence of mineralization-inducing agents.    

 Chapter 3 explored the mineralization capacity of VICs both in the presence and 

absence of LPC.  Chapter 4 explored the RyRs as a possible mechanism by which LPC 

induced mineralization in VICs.  Initially, the presence of the RyR isoforms two and 

three were confirmed in VICs.  Next, in vitro studies were conducted to determine the 

mineralizing effects of blocking the RyR when LPC is applied to VIC cultures.   

 Chapter 2 aimed to provide appropriate culture conditions for in vitro studies of 

possible mechanisms driving CAVD.  Chapters 3-4 explored, in vitro, LPC as a possible 
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mechanism driving CAVD.  While these studies enhance the knowledge of CAVD 

needed to develop pharmaceutical therapies to treat the disease, there are still 

uncertainties of the exact causation of the disease.  Therefore, methods to improve the 

current treatment of CAVD, valve replacement therapy, are needed.  Chapter 4 explored 

the use of RS to identify differential molecular composition of stem cells.  This study 

aimed to test the efficacy of RS as a tool to distinguish characteristics of stem cells from 

different locations.  The efforts from chapter 4 can be used in future studies of heart valve 

replacements that utilize stem cells.   

 The work conducted in chapters 2-5 explored CAVD from both a mechanistic and 

a treatment standpoint.  This research showed the relevance of defining appropriate 

culture conditions for in vitro studies concerning VIC mineralization.  Also, these studies 

showed the relevance of LPC and possible mechanisms by which LPC acts to induce 

mineralization in VICs.  Finally, this work established RS as a possible tool to select stem 

cells that can be used in heart valve replacements.  This research has greatly impacted the 

understanding of CAVD, as well as highlighted Raman spectroscopy as a possible tool 

that can aid in valve replacement therapies for CAVD.   
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CHAPTER 2 

 

GENTAMICIN REDUCES CALCIFIC NODULE FORMATION BY AORTIC 

VALVE INTERSTITIAL CELLS IN VITROa
 

 

Introduction 

 

The use of antibiotics can cause unintended side effects that alter cellular 

behavior.  One such antibiotic whose side effects have warranted investigation is 

gentamicin, an aminoglycoside antibiotic that is widely used in vitro to prevent cell and 

tissue culture contamination.64  Numerous in vitro studies have shown, however, that 

gentamicin can affect lipid levels and calcium uptake in cells.46,48,50,65,66  For example, 

both porcine kidney epithelial and rabbit proximal tubular cells treated with gentamicin 

showed dose-dependent increases in the content of phospholipids,46,65 which aid in 

initiation and regulation of calcium hydroxyapatite formation in normal and pathological 

mineralization.67,68  Gentamicin has also been shown to reduce mitochondrial calcium 

uptake, block calcium channels, or otherwise compete with calcium binding dose-

dependently in kidney and liver cells,48,69 nerve terminals50 and cardiac and vascular 

tissue.66  Thus, if gentamicin is used as an antimicrobial agent in studies in which the 

mechanisms of calcification are being investigated, the results may be inadvertently 

                                                 
a This chapter was published as Aditya Kumar*, Dena C. Wiltz*, and K. Jane Grande-Allen.    “Gentamicin  
Reduces Calcific Nodule Formation by Aortic Valve Interstitial Cells In Vitro.”    Cardiovascular 
Engineering and Technology.  December 2012. 
*These authors contributed equally to this work 
An erratum was submitted for this article.  This chapter includes the article with corrected content from the 
erratum. 
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influenced by the gentamicin.  

One such area that is garnering attention regarding the mechanisms of 

calcification is calcific aortic valve disease (CAVD).  CAVD is a degenerative disease 

with a prevalence of 2-3% in persons over the age of 75 years,70 and is the second most 

common indication for cardiac surgery.34  CAVD was originally believed to be due to 

passive accumulation of hydroxyapatite mineral in thickened, sclerotic valves, but recent 

evidence indicates an active cellular process in calcific remodeling.71  Though the 

identification of potential therapies has been hampered by a limited number of animal 

models that faithfully replicate the key histological features of CAVD,29  numerous 

studies have employed in vitro 2-D culture of valvular interstitial cells (VICs) to generate 

“calcific”  nodules that stain positively for lipids, calcium, and phosphate.72  These in 

vitro nodules demonstrate certain constituents found in human calcified valves, including 

alkaline phosphatase, osteopontin, bone morphogenetic protein 2, and matrix Gla 

protein.30,72  Indeed, analysis of nodules produced by aortic VICs cultured with 

pathological stimuli, such as cholesterol or angiotensin peptides, has delineated several 

aspects of the complex mechanism underlying CAVD development.34,72  Additional in 

vitro studies investigating other regulatory pathways associated with CAVD have 

demonstrated the influence of RhoA and Rho kinase, Wnt/LRP5, Notch1, and a multitude 

of additional pathways on nodule formation by porcine VICs.73–75 Although this 2D cell 

culture model is simplistic,72 the analysis of in vitro nodule formation has proven to be a 

useful tool in the study of the mechanisms of CAVD.  

Although it does not appear that gentamicin has been previously employed in 

investigations of CAVD in vitro, the reported effects of gentamicin on calcium uptake in 
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other cell types offer a compelling motivation to examine its effects on VIC cultures, 

especially in studies of mineralization.  The nephrotoxicity and ototoxicity associated 

with gentamicin may limit its clinical use.76,77  Nonetheless, investigating the effect of 

gentamicin on VICs would complement the growing interest in the role of mitochondrial 

calcium uptake on the progression of CAVD, especially regarding altered oxidative stress 

and the production of superoxides,78,79  which recruit inflammatory cells and likely  

contribute to extracellular matrix remodeling and calcification.4  Thus, the development 

of a therapeutic solution that targets mitochondrial calcium uptake could potentially curb 

the progression of CAVD. 

Therefore, the purpose of this research was to assess the effect of gentamicin on 

the formation of calcific nodules by porcine aortic VICs (pAVICs) in vitro.  Calcification 

was evaluated by staining for calcium and phosphate, the primary constituents of 

mineralized valvular calcium deposits, as well as by quantifying the enzyme alkaline 

phosphatase, which can cause the release of inorganic phosphate.80  Alkaline phosphatase 

plays a key role in the formation of the bone-like mineralization found in CAVD and the 

genes regulating alkaline phosphatase production are among the first expressed in the 

process of calcification.80,81  Two different studies were performed.  First, to investigate 

the ability of gentamicin to prevent calcification, pAVICs were grown in gentamicin 

concentrations ranging from 0 mM to 0.2 mM; the standard working concentration is 0.1 

mM according  to  manufacturer’s  instructions.  Second, to investigate the ability to halt or 

reverse calcification, calcified pAVIC cultures were generated and then treated with 

gentamicin during varied time periods. 
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Methods 

 

Cell isolation and culture 

 

Porcine hearts from healthy 6-month-old pigs were obtained from a local 

commercial abattoir (Fisher Ham and Meats, Spring, TX).  Valves from multiple hearts 

were pooled together (between 2 and 5 hearts per cell harvest) and used to isolate 

pAVICs according to a two-step collagenase digestion as previously described.82  The 

isolation of primary cells was performed on at least two different occasions.  pAVICs 

were passaged twice (P2) before experimentation. 

 

Effects of gentamicin on cellular mineralization, proliferation, and apoptosis 

 

To determine the effects of gentamicin on the production of calcific nodules by 

pAVICs, P2 cells were plated in 24-well or 48-well plates at a density of 50,000 cells/cm2 

and cultured in Dulbecco’s  Modification  of  Eagle’s  Medium  (DMEM containing 1 g/L 

glucose, Mediatech Inc., Manassas, VA)  with  Ham’s  F-12 nutrient mixture (50:50, 

Hyclone, Logan, UT), 1.6% HEPES (Hyclone) , 1% antibiotic-antimycotic (ABAM, 

Mediatech) and 1% bovine growth serum (BGS, Mediatech).  The media also contained 

either 0 (control group), 0.01, 0.05, 0.1, or 0.2 mM gentamicin (Mediatech).  The cells 

were cultured for 8 days, with medium changes every 48 hours.   

 To determine whether gentamicin affects pAVIC proliferation, a repeat of the 8 

day gentamicin concentration study was performed.  On day 8, cell number in each well 
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was determined via the Methylthiazol Tetrazolium (MTT) assay.  A 50 µL volume of 

MTT (5 mg/ml in ddH2O, Sigma-Aldrich, Saint Louis, MO) was added directly to 500 µL 

of 1% BGS media in each well of a 24-well plate and incubated at 37°C for 4 hours.  The 

media and MTT reagent were removed, and 500 µL of 0.1N HCl in anhydrous 

isopropanol was then added.  100 µL of the solution was transferred to a 96-well plate.  

MTT content was determined by measuring absorbance at 570 and 690 nm and 

subtracting the latter from the former (Spectramax M2, Molecular Devices, Sunnyvale, 

CA). 

To determine whether gentamicin affects pAVIC apoptosis, which can contribute 

to calcific nodule formation by valve cells,83 another repeat of the 8 day gentamicin study 

was performed.  To assess the content of  two effector caspases involved in the regulation 

of apoptosis,84 caspases 3 and 7,  the Caspase-Glo 3/7 Assay Kit (Promega, Madison, WI) 

was  used  according  to  manufacturer’s  instructions.   Caspase content was normalized to 

DNA content, which was measured using the Quant-iT Picogreen dsDNA Kit (Invitrogen, 

Eugene, OR).  On day 8, cells were lifted with 0.25% trypsin-EDTA (Mediatech) at 37°C 

for 5 minutes, pelleted and resuspended in 1 mL of 10% BGS media.  Volumes of 100 µL 

of the resuspended cells were mixed with 100 µL of Caspase-Glo reagent containing 

picogreen (the picogreen reagent was added directly to the Caspase-Glo reagent at a ratio 

of 1:200) in wells of a 96-well plate and incubated at room temperature for 30 minutes.  

After incubation, the content of caspases 3 and 7 was determined by measuring 

luminescence (Spectramax M2).  Next, the wells were incubated for an additional 30 

minutes at room temperature and DNA content was measured by exciting the samples at 

480 nm and measuring emissions at 520 nm (Spectramax M2).   
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Effects of gentamicin on previously calcified cell cultures 

 

To test the ability of gentamicin to reverse or stop calcification, a 16 day study 

was conducted.   P2 pAVICs were plated as described above and cultured for 8 days in 

DMEM:F12 (1% ABAM, 1% BGS) containing  10  mM  β-glycerophosphate (Sigma-

Aldrich), with changes of medium every other day.  β-glycerophosphate is a substrate for 

alkaline phosphatase,85 which has been associated with CAVD progression,86 and has 

been shown to accelerate calcific nodule formation in cultures of bovine vascular smooth 

muscle cells.85,87  Here,  β-glycerophosphate was added to generate strongly calcified 

pAVIC cultures as a starting point for the second half of the study.  Starting on day 8, the 

β-glycerophosphate treatment was discontinued and gentamicin (0.2 mM) was added in 

different application patterns, with daily changes of medium (Table 1).  These different 

application patterns consisted of treatments for either 0, 1, 4, or 8 days.  The single (1) 

treatment was on day 8.  There were 3 versions of the 4 day gentamicin treatments: one 

day on – one day off (pattern performed 4 times), two days on – two days off (pattern 

performed twice), or four days on – four days off (performed one time).  
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Table 2.1 Application pattern of gentamicin to investigate effect on previously 
calcified VIC cultures 

 

Gentamicin 
Application 

Day 

8 9 10 11 12 13 14 15 

None (Control) - - - - - - - - 

Every day + + + + + + + + 

One time + - - - - - - - 

Every other day + - + - + - + - 

Every 2 days + + - - + + - - 

Every 4 days + + + + - - - - 

 

+ indicates application of gentamicin     

 - indicates no application of gentamicin 
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Calcium detection  

 

At the conclusion of the study (day 8 or day 16), the pAVIC cultures were fixed 

with 10% formalin (500 µL per well) and cells were stored overnight at 4°C.  The 

formalin was removed the next day and each well was washed twice with phosphate 

buffered saline (PBS, pH 7.4).  The calcium content of each well was assessed by adding 

500 µL of 40 mM Alizarin Red S (ARS, MP Biomedicals, Solon, OH, pH 4.1-4.3) and 

gently agitating for 30 minutes on a reciprocal shaker (Lab-Line Instruments, Melrose 

Park, IL) at 125 oscillations/min.  Excess stain was then removed by washing twice with 

PBS.  All of the formed calcific nodules in each well were counted and imaged using an 

inverted microscope (DMIL, Leica Microsystems Inc., Buffalo Grove, IL) and 10X 

images of nodules were captured using a charge coupled device (CCD) camera (DFC 

320, Leica).  To assess calcium content histologically, the areas of the calcific nodules 

were measured from the images using outlining and measuring tools in ImageJ (NIH, 

Bethesda, MD).  Total calcified area was calculated by summing the areas of nodules for 

each well.   

 

Phosphate and alkaline phosphatase detection 

 

In preparation for measurements of phosphate, the pAVIC cultures on the final 

study days were fixed with 10% formalin and stored overnight as described above.  The 

formalin was removed the next day and each well was washed twice with 500 µL of 

ddH2O.  The phosphate content was demonstrated by the von Kossa stain.  A 500 µL 
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volume of silver nitrate solution (Sigma, 1% in ddH2O) was added to each well of the 24-

well plate, which was then exposed to UV light (100W, UVP, LLC, Upland, CA) for 30 

minutes.  After removing the silver nitrate solution, the cells were washed with ddH2O, 

and then incubated with 500 µL of sodium thiosulfate solution (Fisher Scientific, 

Fairlawn, NJ; 5% in ddH2O) for 5 min at room temperature to stop the reaction.  The 

sodium thiosulfate solution was removed and each well was washed twice with ddH2O.  

Phosphate content was quantitatively assessed using the same nodule measurements 

described for the Alizarin Red S.  

To assess alkaline phosphatase content, the SensoLyte FDP Alkaline Phosphatase 

Assay Kit (Anaspec  Inc.,  Freemont,  CA)  was  used  according  to  manufacturer’s  

instructions.  On the final study days, the cell extract of each well in a 48-well plate was 

prepared by first removing the media and then adding 100 µL of 0.2% Triton X-100 to 

each well.  The extract from each well was then placed in a microcentrifuge tube and 

centrifuged for 10 min at 2500g.  50 µL of the 100 µL supernatant was removed and 

placed in a 96-well plate and 50 µL of 3,6-fluorescein diphosphate in DMSO was added 

to each well and incubated for 30 min at 37° C.  The amount of alkaline phosphatase was 

determined by exciting the samples at 485 nm and measuring the emissions at 528 nm. 

 

Statistics 

 

Each experiment was performed in two biological replicates, each with a sample 

size of 5 wells per gentamicin concentration or application pattern.  Data were presented 

as mean ± standard deviation of the combined 10 sample wells.  Statistical comparisons 
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among nodule number, nodule size, total calcified area, alkaline phosphatase, cell 

proliferation and cell apoptosis (caspases 3 and 7) were obtained using one-way ANOVA 

followed by Tukey post-hoc tests using the statistical analysis software JMP (SAS, Cary, 

NC).  The level of significance was set at α  =  0.05. 

 

Results 

 

Effects of gentamicin on cellular mineralization  

 

For the ARS assay, there was a significant reduction in the number of nodules 

with every increasing concentration of gentamicin.  In addition, there was a significant 

increase in the average size per nodule for the 0.1 and 0.2 mM gentamicin groups 

compared to control (representative nodules shown in Figure 2.1 A-B).  The overall 

decrease in nodule number and increase in nodule size from the control group to the 0.2 

mM gentamicin group was 49% and 57%, respectively (Figure 2.2 A-B).  The total 

calcified area was significantly reduced for the 0.05, 0.1, and 0.2 mM gentamicin groups, 

resulting in 21% less calcified area at the highest gentamicin concentration of 0.2 mM 

compared to control (Figure 2.2 C).   
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Figure 2.1 Representative nodules formed during the study of gentamicin on VIC 
mineralization 
Representative calcific nodules stained with Alizarin Red S (A, B) or Von Kossa (C, D).  
The cultures in images A and C were not treated with gentamicin whereas the cultures in 
images B and D were treated with 0.2 mM gentamicin for 8 days.  Scale bar is 100 µm. 
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Figure 2.2 Results for Alizarin Red S staining in VIC cultures with varying 
concentrations of gentamicin 
Use of the Alizarin Red S stain showed that gentamicin concentration dose-dependently 
reduced nodule number (A), increased nodule size (B), and reduced the total calcified 
area (C).  Groups not connected by same letter are significantly different (p < 0.05). 
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Similar to the ARS assay, the von Kossa staining showed a significant decrease in 

nodule number at every increasing concentration of gentamicin and a significant increase 

in nodule size for the 0.1 and 0.2 mM gentamicin groups compared to control (data not 

shown; representative nodules shown in Figure 2.1 C-D).  The overall decrease in nodule 

number and increase in nodule size from the control group to the 0.2 mM gentamicin 

group was 47% and 51%, respectively.  The total calcified area also decreased with 

gentamicin concentration, with the 0.2 mM gentamicin group having 20% less calcified 

area than the control group (Figure 2.3 A).  The same pattern was shown by the alkaline 

phosphatase assay, with the 0.2 mM gentamicin group having 49% less alkaline 

phosphatase compared to control (Figure 2.3 B).  For both von Kossa total calcified area 

and the alkaline phosphatase assay, the 0.1 and 0.2 mM gentamicin groups were 

significantly different from controls. 
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Figure 2.3 Results for von Kossa staining in VIC cultures with varying 
concentrations of gentamicin  
Use of the von Kossa stain showed that gentamicin dose-dependently reduced the total 
calcified area (A) and alkaline phosphatase content (B) of the pAVIC cultures.  Groups 
not connected by same letter are significantly different (p < 0.05). 
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Effect of gentamicin of cellular proliferation and apoptosis 

 

 There was a significant increase in cell number for the 0.1 mM and 0.2 mM 

gentamicin groups compared to control (p < 0.05), with a 47% increase in cell number for 

the 0.2 mM gentamicin group compared to control (Figure 2.4 A).  Similarly, there was a 

significant increase in the content of caspases 3 and 7 for the 0.1 mM and 0.2 mM 

gentamicin groups, with a 78% increase in caspase content in the 0.2 mM gentamicin 

group compared to control (Figure 2.4 B).   
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Figure 2.4 MTT and Caspase3/7 results for VIC cultures with varying 
concentrations of gentamicin 
Use of MTT assay and Caspase 3/7 assay showed that gentamicin dose-dependently 
increased cellular number (A) and apoptosis (B).  Groups not connected by same letter 
are significantly different (p < 0.05). 
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Effects of gentamicin on previously calcified cell cultures 

 

There were two control groups for this experiment.  The first control was the 

initial  control  group,  which  had  been  previously  calcified  by  β-glycerophosphate 

treatment for 8 days.  In addition, a final control 16 day group was included, in which the 

samples  were  allowed  to  calcify  endogenously,  without  β-glycerophosphate or 

gentamicin, for an additional 8 days.  By all measures, the final control group was 

significantly more calcified than the initial control group (Figure 2.5-2.6). 

The ARS assay showed that treatment every day with gentamicin reduced the 

number of nodules and total calcified area compared to the 16 day control.  Interestingly, 

treatment every day reduced the total calcified area and nodule number to 27% and 31%, 

respectively, less than the initial 8-day control (Figure 2.5 A-B).  Treatment for only one 

day, in contrast, reduced nodule number below the final 16 day control but there was no 

significant difference in total calcified area between one day and the final 16 day control.  

The groups in which gentamicin was added for 4 days total (in different application 

patterns) were not significantly different from each other for nodule number, but the 

every 2 day group was significantly different from the every other day group for total 

calcified area.  In addition, all had lower nodule number and total calcified area compared 

to the final 16 day control values.  The two groups that had gentamicin applied for 2 

consecutive days both had fewer nodules than in the initial 8 day control.  There was no 

effect of treatment pattern on average nodule size.  
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Figure 2.5 Alizarin Red S staining results for pre-calcified VICs treated with 
gentamicin in varying dosage patterns   
The application of gentamicin to previously calcified pAVIC cultures reduced the number 
of calcium-containing nodules (A) and the total calcified area (B), as demonstrated by 
Alizarin Red S, depending upon the frequency of treatments.  Groups not connected by 
the same letter are significantly different (p < 0.05). 
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von Kossa staining showed results that were comparable to ARS (Figure 2.6 A-B).  

All gentamicin application patterns resulted in reduced nodule number and total calcified 

area compared to the 16 day control.  Furthermore, gentamicin treatment every day 

reduced these values below the 8 day initial control (reduced 26% for nodule number and 

32% for total calcified area).  As with ARS, there was no significant difference between 

groups for nodule size.  The values for nodule number and total calcified area in the every 

day gentamicin group were significantly lower than for all other groups (p < 0.05).  

With respect to alkaline phosphatase, all treatments of 4 or 8 days total showed 

less content than the 16 day final control, and the content in the every day treatment 

group was lower than all 4 day groups (Figure 2.6 C).  The every day treatment was not 

statistically different from the 8 day initial control. 
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Figure 2.6 Staining for von Kossa and ALP content results for pre-calcified VICs 
treated with gentamicin in varying dosage patterns   
The application of gentamicin to previously calcified pAVIC cultures reduced the number 
of phosphate-containing nodules (A) and the total phosphate nodule area (B), as 
demonstrated by von Kossa, as well as the content of alkaline phosphatase (C), 
depending upon the frequency of treatments.  Groups not connected by same letter are 
significantly different (p < 0.05). 
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Discussion 

 

This study showed that gentamicin has the ability not only to reduce calcification 

in two-dimensional pAVIC cultures but also reduce the calcification in cultures with pre-

existing nodules.  More specifically, it was observed that total calcification and alkaline 

phosphatase significantly decreased in a manner dependent upon the dose or frequency of 

application.  There was also a significant increase in cell proliferation and apoptosis at the 

highest gentamicin concentrations.  This work was the first to demonstrate the effects of 

gentamicin in valvular interstitial cell cultures.  Based on research with other cell types, 

the ability of gentamicin to reduce calcification may be due to interference with Ca2+ 

uptake pathways, such as the calcium uniporter on the mitochondrial inner membrane and 

the calcium channels and superficial binding sites on the plasma membrane.  Because the 

application of gentamicin was also found to reduce calcification below pre-existing 

levels, calcium efflux pathways may have also been involved 

Our results from the 8 day study, showing that there was an overall reduction in 

the total amount of calcification in the pAVIC cultures treated with gentamicin, are 

consistent with published reports of reduced calcium uptake in similarly treated cultures 

of renal epithelial, myocardial, smooth muscle, and neural cells.48,50,65,66  Dystrophic 

calcification is characterized by increased calcium uptake in response to cellular injury; 

thus, reduction of calcium uptake could possibly curb the progression of pathological 

calcification.88,89  For example, mitochondrial calcium uptake decreased by 20% and 40% 

for rat renal cortical cells cultured in media containing 0.025 and 0.25 mM gentamicin, 

respectively.48  The effect of aminoglycosides, such as gentamicin, on mitochondrial 
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calcium uptake appears to be cell-type dependent; gentamicin was shown to induce Ca2+ 

accumulation in rat liver mitochondria at concentrations below 500 µM, but reduced Ca2+ 

accumulation at higher concentrations.69  In a study of porcine kidney cells treated with 1 

mM gentamicin for 4 days, cell-associated Ca2+ content and Ca2+ uptake were reduced by 

approximately 30% and 20%, respectively.65  In an organ culture study, cultured guinea 

pig inner ear tissue treated with 0.5 mM gentamicin had 30% and 20% lower amounts of 

bound calcium in the Organ of Corti and Stria Vascularis, respectively.90  Likewise, rat 

brush-border membrane cells prepared from homogenized renal cortex showed 70% and 

80% reductions in calcium uptake when they were treated with 0.1 mM and 1 mM 

gentamicin, respectively.91  Other aminoglycoside antibiotics, such as neomycin, have 

also been shown to inhibit calcium uptake levels by vascular and neural cells.92,93  

Alkaline phosphatase has also been reported to be affected by gentamicin 

treatment in various cell types.  In one study, alkaline phosphatase production by human 

mesenchymal stem cells cultured in media containing gentamicin decreased in a dose-

dependent manner.94  Alkaline phosphatase was similarly significantly reduced in cultures 

of human fetal osteoblast cells treated with 25 μg/ml (0.05 mM) gentamicin95 and mouse 

myoblast C2C12 cells cultured for 48 hours with gentamicin in concentrations of 12.5–

800  μg/ml  (0.025-1.6 mM).96  The minimum dose of gentamicin required to affect 

calcification does appear to depend on the cell type; we found alkaline phosphatase to be 

significantly decreased in pAVIC cultures treated with gentamicin at concentrations 

greater than 25 µg/mL (0.05 mM), whereas another study of human osteoblastlike cells 

found that a significant decrease in alkaline phosphatase required treatment with 

gentamicin in concentrations of at least 100 µg/mL (0.2 mM).97  However, those cells 
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were only exposed to gentamicin for 4 days as opposed to 8 days in our study.   

One mechanism through which gentamicin may inhibit uptake of calcium is 

through the mitochondrial calcium uniporter (MCU).  Both gentamicin and magnesium 

are capable of inhibiting calcium uptake through the MCU, although not necessarily in a 

competitive manner.48,98  It is thought that gentamicin interferes with calcium uptake 

through the MCU in a manner similar to the inhibitory action of ruthenium red, an 

inorganic dye.  Although ruthenium red does not directly bind to the calcium binding site, 

it inhibits mitochondrial calcium uptake by binding both to a region of high anionic 

density on the cytosolic side of the MCU and to adjacent negatively charged 

phospholipids.99  The binding of ruthenium red to these sites promote conformational 

changes in the MCU that modify the calcium activation site in such a way that the uptake 

cannot be activated.  In the future, it will be important to assess calcium content in the 

mitochondria of valvular interstitial cells since this content is likely to play a key role in 

the development of pathological calcification.  Dystrophic calcification, the primary form 

of calcification found in CAVD, first occurs due to increased influx of calcium into the 

mitochondria, which leads to the accumulation of calcium salt deposits that eventually 

spread throughout the cell.88,89  Additionally, increased mitochondrial Ca2+ content, which 

has been linked to CAVD, leads to mitochondrial oxidative stress, causing increased 

production of reactive oxidative species (ROS).100  ROS such as hydrogen peroxide have 

been shown to accumulate in calcifying valve segments and promote the differentiation 

of vascular cells into vascular osteoblast-like cells, resulting in hydroxyapatite mineral 

formation.  Furthermore, hydrogen peroxide is a pro-inflammatory secondary messenger 

responsible for the recruitment of inflammatory cells, the predominant cell type in early 
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aortic valve lesions.4,101  These cells release cytokines that contribute to extracellular 

matrix formation, remodeling, and local calcification.4  Thus, a means of preventing or 

reducing the influx of calcium into the mitochondria, usually caused by cell injury, could 

potentially curb the progression of dystrophic calcification.  

Gentamicin has also been shown to reduce Ca2+ uptake into the cell by reducing 

the ability of cells to store and accumulate Ca2+.  It is believed that aminoglycosides 

associate with anionic binding sites localized in membrane lipoproteins, resulting in the 

displacement of Ca2+ from superficial membrane sites that reduce the amount of Ca2+ 

available for transmembrane influx.102  Aminoglycosides also compete with Ca2+ for Ca2+ 

binding sites thought to be located at the outer orifice of Ca2+ channels.66  In addition, it 

has been demonstrated that aminoglycoside antibiotics can block stretch-receptor 

channels by reducing Ca2+ influx into muscle cells.  A similar blockage of stretch-

receptor channels in gentamicin-treated VICs would have a detrimental impact since 

mechanical stimulation is so essential to VIC function.103  Indeed, aminoglycoside 

antibiotics were shown to prevent mechanotransduction in murine outer hair cells, both 

by blocking the mechano-electrical transducer channels and by entering the cells through 

these channels.104,105  On the other hand, gentamicin is an agonist of the calcium-sensing 

receptor (CaSR), a G-protein coupled receptor that senses extracellular calcium 

concentration.  Aminoglycoside-induced CaSR activation can result in increased 

intracellular Ca2+ accumulation and mobilization,106,107 although it has been shown for 

human aortic endothelial cells exposed to high extracellular Ca2+ that increased Na+/Ca2+ 

exchanger activity will counteract elevations in intracellular Ca2+ associated with CaSR 

activation, thus masking any bulk cytosolic response.108  
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In the second study, we found that daily gentamicin treatment of previously 

calcified cultures reduced calcification below the starting level.  This finding suggests the 

involvement of mechanisms for calcium removal, as opposed to merely having reduced 

calcium uptake.  Indeed, other studies have provided evidence for a role for gentamicin in 

calcium efflux; the application of gentamicin to rabbit aortic strips results in an increased 

rate of Ca2+ efflux.102,109  Cellular and mitochondrial calcium efflux is governed by Na+-

dependent and Na+-independent mechanisms.110  Treatment with ruthenium red results in 

a slow but complete release of mitochondrial Ca2+, predominantly through the Na+/Ca2+ 

antiporter;111 this antiporter is also thought to offset changes in cellular calcium content 

outside the mitochondria.  In future studies, it will be of interest to evaluate the regulation 

of cytosolic and mitochondrial calcium uptake and efflux in investigations of valvular 

cell calcification.  

The dose-dependent effects of gentamicin on nodule size and cell density, 

observed in the first study, may be due to the reported effects of gentamicin on cell 

proliferation and apoptosis, although these effects appear to be cell-type-specific.  For 

example, cell number was significantly increased in human skin fibroblasts treated with 

100 µg/mL gentamicin,112 although concentrations less than 100 µg/ml did not affect the 

growth rate of human mesenchymal stem cells.113  Schwartz et al. have proposed that 

gentamicin promotes cell proliferation by reducing lipid degradation, resulting in an 

excess of lipids.65 For example, porcine kidney epithelial cells treated for 4 days with 2 

mM gentamicin had 240% greater content of phosphatidylcholine, a phospholipid 

constituent of cell membranes with key roles in cell replication114 and the mitogenic 

signaling of endothelial growth factor and other growth factors via production of 1,2-
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diacylglycerol.115  Furthermore, mesangial cells cultured in 10-5 M gentamicin media 

exhibited not only increased proliferation but also simultaneously increased apoptosis.116  

This effect may be due in part to the agonist activity of gentamicin towards the CaSR, as 

this can upregulate the extracellular regulated protein kinase (ERK), Akt, and p38 MAPK 

pathways, and thus also impact cell proliferation and apoptosis.107  Given that apoptosis 

of valvular interstitial cells is reported to be an early event in calcific nodule development 

in vitro, and that nodule formation and calcification can be decoupled,83 gentamicin-

induced apoptotic pAVICs likely contributed to the dose-dependent increase in nodule 

size observed in the first study, even though the overall amount of calcification was 

reduced by gentamicin.  

 Although analysis of nodules formed from 2-D cell cultures is widely used as a 

model of cell-mediated calcification,72 this approach may be limited in its replication of 

in vivo cellular activity.  Another study limitation was that during the gentamicin 

application period of the second study, the media was changed daily instead of every 

other day as in the first study and in the first 8 days of the second study.  Although this 

frequency of medium change would not affect the results of groups cultured for all 16 

days, it complicates a direct comparison between the two studies.  The method of 

generating  the  calcific  nodules  (endogenous  vs.  β-glycerophosphate) also differed 

between the two studies.  Nonetheless, the effects of gentamicin treatment were 

consistent between studies in depending upon either concentration or frequency of 

application. 

In conclusion, this study of the effects of gentamicin on pAVIC calcific nodule 

formation in vitro has suggested novel directions, namely the regulation of cellular 
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calcium uptake and efflux, for future investigations of the mechanisms of CAVD.  

Moreover, it is evident that gentamicin should be used very cautiously in in vitro studies 

of calcification.  Given the toxic effects of gentamicin and related aminoglycoside 

antibiotics on kidney function and hearing,76,77 treatment with gentamicin is not a 

solution for CAVD.  Admittedly, there are reports that the toxicity of gentamicin can be 

mitigated by supplements such as fish oil and olive oil117 or free radical scavengers such 

as caffeic acid phenethyl ester.118  At the present time, however, it seems that a more 

promising outcome of this line of research would be to develop a better understanding of 

the mechanism by which gentamicin reverses calcification in order to generate new 

treatments for this challenging and prevalent valve disease.  
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CHAPTER 3 

 

DIFFERENTIAL AORTIC AND MITRAL VALVE INTERSTITIAL CELL 

MINERALIZATION AND THE INDUCTION OF MINERALIZATION BY 

LYSOPHOSPHATIDYLCHOLINE IN VITRO 

 

 Based on the findings in chapter 2, gentamicin was not used in the in vitro studies 

highlighted in chapters 3-4. 

 

Introduction 

 

Lipids have shown to play an active role in blood vessel disease,119 but their role 

in valvular diseases, such as calcific aortic valve disease (CAVD), is not fully understood.  

CAVD is a condition characterized by narrowing and thickening of the aortic valve and is 

prevalent in 2-3% of the population over the age of 75 years.4,29,31  It is the primary cause 

of aortic stenosis (AS), which, if left untreated, can lead to heart failure.2,40  Currently, the 

most widely used treatment for AS is heart valve replacement.35  There is no ideal 

pharmacological treatment to stop or reverse the process of CAVD.35,39  This is largely 

due to a lack of knowledge regarding the initiation and progression of CAVD.  Therefore, 

it is essential to gain a better understanding of CAVD in order to prevent and perhaps 

reverse this disease. 

Several factors are being investigated to determine their contribution to the 

progression of valve calcification.  There is evidence suggesting that lipids may play a 
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prominent role in the transformation of the valve from a healthy to a diseased state.  A 

characteristic feature of stenotic aortic valves is the significant prevalence of lipid and 

protein deposition in the lesions and adjacent fibrotic areas of the tissues.53  Some 

investigators hypothesize that it is possible for the binding of lipids by subendothelial 

glycosaminoglycans to promote lipid retention in the valve tissues, with subsequent lipid 

oxidation and other downstream effects; this view is similar to the hypothesis that 

retention of lipoproteins in the arteries is a main factor leading to atherosclerosis.34,120  

The role of one lipid in particular, lysophosphatidylcholine (LPC), which is formed 

during the lipolysis of oxidized phosphatidylcholine by lipoprotein phospholipase A2,51 

warrants investigation since it has been shown to induce inflammation, cell proliferation 

and migration, to increase intracellular calcium, and to upregulate osteogenic 

genes.54,55,121–124  Although the effects of LPC have been studied in a variety of cell types, 

its role in valve cell mineralization has yet to be elucidated.   

The aortic and mitral valves clearly show differences in remodeling in their most 

common disease states. The aortic valve tends to exhibit a more bone-like calcification, 

whereas the mitral valve tends to exhibit a more cartilage-like change.125  Additionally, 

the significant accumulation of calcium within the aortic valve appears approximately 10 

years earlier than comparable changes in the mitral valve.126  This study addresses these 

differences by comparing the concentrations of LPC in calcified and non-calcified 

regions of human aortic valves and the in vitro mineralization of interstitial cells from 

porcine aortic and mitral valves treated with LPC.   

 

 



51 
 

 
 

Methods 

 

Tissue procurement  

 

Human aortic valve tissues were collected from patients undergoing heart valve 

replacement surgeries at the Houston Methodist Hospital.  The aortic valve tissues were 

immediately immersed in PBS:glycerol (50:50) and kept at -20°C before use.  Five aortic 

valve tissue samples were selected.  The selection criteria were: 1) each aortic valve had 

three intact leaflets so that the bicuspid valve could be excluded and 2) the combined 

leaflet area contained roughly equal amounts of normal area and calcific area in 1:1 ratio 

on the fibrotic side. This study fulfilled both institutional ethical guidelines with approval 

from the Houston Methodist Hospital, Baylor College of Medicine, and Rice University, 

and the full consent of the patients. 

 

Lipid extraction from the aortic valve tissueb 

 

In order to remove the glycerol, the valve tissue was rinsed in PBS three times, 

for 30 min on a shaker at 4°C.  After dabbing dry, the tissue was carefully dissected into 

normal, non-calcified areas and calcifed areas with a teasing needle.  The dissected tissue 

was weighed and then homogenized (Brinkmann Polytron, Westbury, NY) in the 

presence of 3 ml of Folch reagent (2:1 chloroform:methanol) on ice.  The homogenate 

was centrifuged at 2500 rpm for 25 min and the lower organic phase was collected.  To 

                                                 
b The methods (lipid extraction from the aortic valve tissue and thin layer chromatography), as well as 
analysis, for determining the percentage of LPC in calcified and non-calcified regions of diseased aortic 
valves were conducted by Richard I. Han, PhD.   
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achieve complete lipid extraction, an additional two rounds of extractions were carried 

out, using 2 mL of the reagent added to the residual pellet, followed by centrifugation at 

2500 rpm for 25 min.  The collected organic phases were pooled together and then 

evaporated using a stream of nitrogen and a heated sand bath.  

 

Thin layer chromatography 

 

The dried extract residue was re-dissolved in 0.5 ml of chloroform/methanol (9:1) 

solution.      After  a  further  1:5  dilution  in  the  same  solution,  10  μl  of  the  lipid  extract was 

loaded onto a thin layer chromatography plate (silica gel 60A, 250 µm thickness, 20×20 

cm, Watman, England) along with L-α-lysophosphatidylcholine standards (from egg 

yolk, Sigma L4129, St. Louis, MO).  The lipids on the plate were first separated in a 

polar solvent (65:25:4 chloroform:methanol:water) for 12 min.  After drying, the lipids on 

the plate were separated in a non-polar solvent (75:35:1 hexane/diethyl ether/acetic acid) 

for 30 min.  The plate was thinly sprayed with 0.05% primuline (Sigma, St. Louis, MO) 

in 80% acetone.  The band detection was performed under fluorescence mode in a Storm 

imaging system (GE Healthcare, CT).  The band analysis and quantification was based on 

integration of band density using ImageQuant TL software (GE Healthcare, CT).  The 

amount of LPC in each sample group was extrapolated from the standards and reported as 

a percentage of the total tissue weight. 
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Cell isolation 

 

Aortic and mitral valves were harvested from adult porcine hearts obtained from a 

local abattoir (Fisher Ham & Meat Company, Incorporated, Spring, TX).  For each cell 

isolation, valves from three to five hearts were pooled.  Porcine aortic and mitral valve 

interstitial cells (paVICs and pmVICs, respectively) were isolated from the aortic and 

mitral valve leaflets via collagenase digestion similar to a previously published 

protocol.82  Briefly, the leaflets underwent a digestion in collagenase II for 30 minutes at 

37° Celsius in a rotating shaker (Barnstead Lab-Line, Melrose Park, IL) set to 150 rpm.  

The tissues were swabbed to remove the outer layer of endothelial cells, minced, and 

placed in a collagenase III digestion solution for 4 hours at 37° Celsius in a rotating 

shaker set to 150 rpm.  After 4 hours, the cells were strained from any remaining tissue 

using a 70 µm filter.     

 

LPC application 

 

paVICs and pmVICs were seeded at a density of 50,000 cells/cm2 in 24-well 

plates (for mineralization staining, cell proliferation, and cell apoptosis assays) or 48-well 

plates  (for  alkaline  phosphatase  activity  and  calcium  content  assays)  in  Dulbecco’s  

Modified Eagle Medium (1 g/L glucose, L-glutamine, and sodium pyruvate) mixed with 

Ham’s  F-12 nutrient mixture, 1.1% HEPES buffer, 1% penicillin-streptomycin-fungicide, 

and 1% bovine growth serum (BGS).  On day 1, the cell cultures were treated with 

medium containing L-α-LPC (Sigma-Aldrich, Inc., St. Louis, MO) at concentrations 
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ranging from 10-1 – 105 nM.  A positive control group was treated with medium 

containing  10  mM  β-glycerophosphate  (βGP,  positive  control)  but  no  LPC.    βGP  has  

shown to induce mineralization in various cell types.127,128  There was an additional 

control group that experienced no LPC or βGP  (baseline  control).    The  cells  were  

cultured for a total of 8 days, at which point nodule formation was observed in all 

cultures, at 37°C, 5% CO2 with changes of the treatment medium occurring on days 3, 5, 

and 7.  For each of the following assays conducted to assess the study outcomes, there 

were two runs conducted with five wells from each group in each run, and the data from 

each run was pooled (ten individual wells total per group) to conduct statistical analysis.   

 

Mineralization staining 

 

Mineralization in cell cultures was visualized using von Kossa histological 

staining.  After removing the medium, the cells were washed three times with phosphate 

buffered saline (PBS).  The cells were fixed overnight with 10% formalin at 4°C.  The 

formalin was then removed, and the cell cultures were rinsed three times with ddH2O. 

The von Kossa staining was used to visualize phosphate deposition in the cell 

cultures.  A 500 µL aliquot of 1% silver nitrate in ddH2O (Sigma-Aldrich Inc., St. Louis, 

MO) solution was added to each well before incubating for 30 minutes under a 100 Watt 

ultraviolet lamp (UVP, LLC, Upland, CA).  After removing the silver nitrate solution, the 

cells were washed three times with ddH2O then incubated with 500 µL of 5% sodium 

thiosulfate in ddH2O (Fisher Scientific, Fair Lawn, NJ) for 5 min at room temperature to 

stop the reaction. The sodium thiosulfate solution was removed and each well was 
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washed two times with ddH2O.         

The observed nodules were imaged using brightfield microscopy with a charge-

coupled device camera (ProgRes C5, Jenoptik, Easthampton, MA) mounted to a Zeiss 

Axiovert 135 inverted microscope (Zeiss, Thornwood, NY).  The areas of the nodules 

were analyzed using ImageJ software (National Institutes of Health, Bethesda, MD).  The 

nodule areas were averaged for each well to obtain average nodule size.  Nodule number 

was determined by counting all the nodules in a given well.  The total calcified area for 

each well was determined by summing the individual areas for each nodule in a given 

well.   

 

Alkaline phosphatase activity   

 

Alkaline phosphatase is an important enzyme that provides free phosphate.129  

Alkaline phosphatase activity (ALPa) was measured using the SensoLyte® FDP Alkaline 

Phosphatase Assay Kit *Fluorimetric* (AnaSpec, Inc., Fremont, CA) per kit instructions.  

Briefly, cells were lysed using 200 µL of a lysis buffer containing Triton X-100 and then 

centrifuged.  50 µL of the supernatant was removed and added to a 96-well plate.  Next, 

50 µL of 3,6-fluorescein diphosphate reaction mixture was added to each well, and the 

wells were incubated away from light at 37°C, 5% CO2 for 30 min.  Afterwards, a stop 

solution was added to each well to stop the reaction for end-point readings.  The wells 

were read on a spectrophotometer (SpectraMax M2, Molecular Devices, Sunnyvale, CA), 

measured in relative fluorescent units (RFU), and normalized to an average (for each 

group) total protein content.    



56 
 

 
 

Calcium content 

 

 Calcium content was measured using the Calcium Arsenazo III Reagent Set 

(Pointe Scientific, Inc., Canton, MI).  On day 8 of culture, a sample aliquot of the media 

from each well was removed and 1 mL of the Arsenazo III reagent was added to each 

sample.  The media-Arsenazo III solution was mixed and incubated at room temperature 

for one min.  The absorbance of the solution was read at 650 nm on a spectrophotometer 

(SpectraMax M2).          

 

Total protein   

 

 Total protein was measured using the Pierce® BCA Protein Assay Kit (Thermo 

Scientific,  Rockford,  IL)  according  to  manufacturer’s  instructions.    Briefly,  cells  from  

identically seeded wells of 48-well plates were lifted using 100 µL of 0.25% trypsin-

EDTA (Mediatech, Manassas, VA) at 37°C for 5 minutes.  100 µL of media containing 

10% BGS was added to trypsinized cells.  The cells were then centrifuged, the 

supernatant was removed, and the cells were resuspended in ddH2O.  Next, 25 µL of the 

suspension was added to a 96-well plate, mixed with a cupric sulfate solution, and  

incubated for 30 min at 37°C.  The wells were cooled to room temperature, and 

absorbance was measured on a spectrophotometer (SpectraMax M2) at 562 nm.  An 

average of total protein for each group was computed and used to normalize ALPa and 

calcium content data.   
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Cell proliferation and apoptosis   

 

Cell proliferation was approximated using 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT, Sigma-Aldrich).  Briefly, 500 µL of medium was 

added to each well, followed by the addition of 50 µL of MTT (5 mg/mL in ddH2O).  The 

wells were incubated for 4 hours at 37°C, 5% CO2.  Next, the solution was aspirated from 

each well and 500 µL of 0.1N hydrochloric acid in anhydrous isopropanol was added.  

100 µL volumes of the resulting solution were transferred to a 96-well plate and 

absorbance was read at 570 and 690 nm using a spectrophotometer (SpectraMax M2).  

Absorbance at 690 nm was subtracted from the absorbance measured at 570 nm and 

readings were expressed in terms of optical density (OD).    

Apoptosis was measured using the Caspase-Glo® 3/7 Assay (Promega 

Corporation, Madison, WI) per kit instructions and normalized to DNA content using the 

Quant-iT™  PicoGreen  ®  dsDNA  Reagent  Kit  (Invitrogen, Eugene, Oregon).  Caspases -

3 and -7 are known to play key roles in apoptosis.130,131  Briefly, cells were detached from 

24-well plates with the addition of 200 µL of 0.25% trypsin-EDTA (Mediatech, 

Manassas, VA) at 37°C for 5 minutes.  200 µL of media containing 10% BGS was added 

to trypsinized cells.  The cells were then centrifuged, the supernatant was removed, and 

the cells were resuspended in 1 mL of medium containing 10% BGS.  100 µL of each cell 

suspension was added to a well of a 96-well plate.  After mixing the picogreen reagent 

directly into Caspase-Glo® reagent at a ratio of 1:200, a 100 µL volume of the combined 

reagent mixture was added to each well prior to incubation at room temperature.  After 30 

minutes of incubation, the luminescence (measure of caspase -3 and -7 activity) was 
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assessed using a spectrophotometer (SpectraMax M2).  Next, the wells were incubated 

for an additional 30 minutes and the fluorescence (measure of DNA content) was 

assessed using a spectrophotometer (SpectraMax M2) with sample excitation at 480 nm 

and emission intensity measured at 520 nm.  The measurements of caspase -3 and -7 

normalized to DNA were expressed in relative luminescence units/relative fluorescence 

units (RLU/RFU). 

 

Statistical analysis 

 

A paired t-test was conducted, using Prism software (GraphPad Software, 

Incorporated, La Jolla, CA), to compare the percent of LPC content in calcified and non-

calcified regions of calcified aortic valves.  To compare the effects of LPC on all 

measures of cellular mineralization, a one-way  ANOVA  followed  by  Tukey’s  post-hoc 

testing was conducted using JMP statistical software (SAS, Cary, NC) for each cell type 

(paVICs  and  pmVICs).    A  Student’s  t-test was conducted to compare differences between 

paVICs and pmVICs.  Statistical significance was determined as p < 0.05.  

 

Results 

 

Calcified regions contain more LPC than non-calcified regions  

 

In the non-calcified regions, LPC accounted for 0.06-0.20% of the total tissue 

weight. In the calcified areas, LPC accounted for 0.39-0.83% of the total tissue weight, at 
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least a 2 fold increase (Figure 3.1).  
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Figure 3.1 Thin layer chromatography results for LPC in differently calcified 
regions of diseased aortic valves  
Regional weight percent of LPC, measured by thin layer chromatography, in calcified 
aortic valves shows a higher percentage of LPC in calcified areas of diseased aortic 
valves compared to non-calcified areas. 
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105 nM LPC treatment resulted in cell death  

 

 All cell culture treatment groups were successfully cultured for 8 days, with the 

exception of the highest concentration of LPC.  Within 24 hours of 105 nM LPC 

application, significant cell detachment occurred.  After 8 days, by visual inspection, all 

cells treated with 105 nM LPC were completely detached from the wells.  Cells treated 

with this high concentration were excluded from all further analyses, including statistical 

analysis. 

 

Increased LPC application resulted in increased phosphate content  

 

Von Kossa stained nodules (representative nodule shown in Figure 3.2) were 

observed within all groups at day 8 (Figure 3.3).  There was no significant difference in 

average nodule size between groups; mean nodule size ranged from approximately 1692 

to 1763 µm2.  

There was, however, a steady increase in nodule number with increasing LPC 

concentration, with a significant increase from baseline control in groups containing102 

nM - 104 nM (paVICs) and 10 nM - 104 nM (pmVICs) LPC (Figure 3.3 A and 3.3 C).  At 

102 nM and 104 nM LPC, paVICs had 44% and 94% more nodules, respectively, than the 

baseline control.  At 10 nM and 104 nM LPC, pmVICs had 51% and 162% more nodules, 

respectively, than the baseline control.  

For both paVICs and pmVICs, there was a significant increase in total 

mineralization in groups containing 101 nM - 104 nM LPC compared to baseline controls 
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(Figure 3.3 B and 3.3 D).  paVICs had 36% and 92% greater total mineralization for 

groups containing 101 nM and 104 nM LPC, respectively, compared to baseline controls.  

pmVICs had 52% and 164% greater total mineralization for groups containing 101 nM 

and 104 nM LPC, respectively, compared to baseline controls.   

Likewise,  βGP  also  exhibited  no  significant  difference  in  nodule  size  but  did  

significantly increase nodule number (44%) for the paVICS compared to baseline 

controls.  In addition, paVICs and pmVICs had 42% and 50% higher total mineralization, 

respectively,  in  βGP  treated  groups  compared  to  baseline  controls  (Figure  3.3).   
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Figure 3.2 Representative nodule observed during von Kossa staining of VIC 
cultures applied with varying concentrations of LPC 
Representative nodule observed from von Kossa staining shows the presence of 
mineralization in VIC cultures. 
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Figure 3.3 Results for von Kossa staining in VIC cultures applied with different 
concentrations of LPC 
von Kossa staining on nodule number (A and C) and total mineralization (B and D) in 
paVICs (A-B) and pmVICs (C-D) showed increasing nodule number and total 
mineralized area with increasing concentrations of LPC compared to baseline controls.  
Groups are represented by means and standard deviations.  Groups not sharing a letter at 
the top of the column are significantly different (p < 0.05).     
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 LPC had a limited effect on alkaline phosphatase activity 

 

There were no significant differences in ALPa between groups for paVICs, except 

for significant  differences  between  the  βGP  and  100 - 101 groups (Figure 3.4 A), or 

between groups for pmVICs (Figure 3.4 B).   

Application  of  βGP  had  no  significant  effect  on  ALPa  compared  to  baseline  

control.      

 

Certain levels of LPC increased calcium content 

 

 An increase in calcium content was observed with the application of 10-1 and 104 

nM LPC in paVICs and with the application of 10-1 and 103 - 104 in pmVICs compared to 

baseline controls (Figure 3.4 C and 3.4 D).  paVICs had 62% and 82% higher calcium 

content compared to baseline controls with the application of 10-1 and 104 nM LPC, 

respectively.  pmVICs had greater than 2 times the calcium content compared to baseline 

controls with the application of 10-1, 103, and 104 nm LPC.          

 Application of  βGP  increased  calcium  content  by  79%  and  156%  compared  to  

baseline controls in paVICs and pmVICs, respectively. 
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Figure 3.4 ALPa and calcium content for VIC cultures applied with varying 
concentrations of LPC  
ALPa and calcium content were measured.  There were no significant differences in 
ALPa  between  groups  for  paVICs,  except  for  significant  differences  between  the  βGP  
and 100-101 groups (A), or between groups for pmVICs (B).  An increase in calcium 
content was seen with the application of 10-1 and 104 nM LPC in paVICs (C) and with the 
application of 10-1 and 103 - 104 in pmVICs (D).  Groups are represented by means and 
standard deviations.  Groups not sharing a letter at the top of the column are significantly 
different (p < 0.05). 
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 LPC dose-dependently increased proliferation 

 

LPC caused proliferation to increase in a dose-dependent manner at days 2, 5, and 

8 for both paVICs and pmVICs.  At the highest viable dose of LPC (104 nM), paVICs had 

54%, 119%, and 98% higher proliferation compared to baseline controls at day 2 (not 

shown), 5, and 8, respectively (Figures 3.5 A, 3.5 C).  Similarly, pmVICs treated with 104 

nM LPC had 56%, 113%, and 81% higher proliferation compared to baseline controls at 

day 2 (not shown), 5, and 8, respectively (Figures 3.5 B, 3.5 D).      

The  positive  control,  βGP  treated  paVICs  and  pmVICs,  also  showed  greater  

proliferation (27-39% greater than baseline control) on days 2, 5, and 8 (Figure 3.5).  
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Figure 3.5 Proliferation for VICs applied with varying concentrations of LPC 
There was a general increase in MTT absorbance on day 5 (A and B), and day 8 (C and 
D) for paVICs (A and C) and pmVICs (B and D) with increasing LPC.  Groups are 
represented by means and standard deviations.  Groups not sharing a letter at the top of 
the the column are significantly different (p < 0.05). 
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High concentrations of LPC increased apoptosis 

 

There were no significant differences between any groups on day 2.  On day 5, 

application of 104 nM LPC resulted in 35% and 40% higher levels of activity of caspases 

-3 and -7 for paVICs and pmVICs, respectively, compared to baseline controls (Figure 

3.6 A and 3.6 B).  On day 8, treatment of paVICs and pmVICs with 104 nM LPC 

increased activity of caspases -3 and -7 (33% and 37%, respectively) compared to 

baseline control (Figure 3.6 C and 3.6 D).   

Application  of  βGP  significantly  increased  (17%)  caspases  -3 and -7 activities 

compared to baseline control on day 8 in pmVIC cultures; no other significant differences 

in  caspase  activity  were  seen  with  the  application  of  βGP  compared  to  baseline  controls  

(Figure 3.6).          
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Figure 3.6 Caspase 3/7 activity for VICs applied with varying concentrations of LPC  
Caspase 3/7 activity on days 5 and 8 for paVICs (A and C, respectively) and pmVICs (B 
and D, respectively) increased with increasing concentrations of LPC.  Groups are 
represented by means and standard deviations.  Groups not sharing a letter at the top of 
the column are significantly different (p < 0.05). 
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paVICs had greater mineralization for von Kossa, ALPa, calcium, proliferation, and 

caspase activity compared to pmVICs 

 

The paVIC and pmVIC results were directly compared in two ways. To evaluate 

the inherent potential for mineralization between cells from the two different valves, the 

baseline  control  groups  were  compared.    To  compare  the  cells’  differential  response  to  

mineralization promoting factors, all groups (baseline controls, LPC-treated [excluding 

105 nM  LPC],  and  βGP-treated) were pooled together for each cell type.  For the 

proliferation and apoptosis assays, days were grouped together, and then similar 

comparisons (comparing baseline control groups only or all groups pooled together) were 

conducted.   

Compared to pmVICs, paVICs had 65% and 39% greater phosphate 

mineralization as shown by von Kossa staining for controls and all groups pooled 

together, respectively (Figure 3.7 A).  With respect to ALPa, paVICs had 2 and 3 times 

greater ALPa compared to pmVICs for controls and all groups pooled together, 

respectively (Figure 3.7 B).  paVICs had 150% and 73% greater calcium content 

compared to pmVICs for controls and all groups pooled together, respectively (Figure 3.7 

C).  There was no significant difference in proliferation between paVIC and pmVIC 

controls, although paVICs had slightly (9%) greater proliferation than pmVICs when all 

groups were pooled together (Figure 3.7 D).  For caspases -3 and -7, paVICs had 26% 

and 23% greater activity compared to that in pmVICs for controls and all groups pooled 

together, respectively (Figure 3.7 E). 
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Figure 3.7 Comparisons between aortic and mitral VIC mineralization, 
proliferation, and apoptotic behavior 
Two types of comparisons were conducted between  cell  sources  (■  paVICs  or  □  
pmVICs): either baseline controls only or all groups pooled together.  paVICs showed 
greater total mineralized area (A), ALPa (B), calcium content (C) and caspase activity (E) 
compared to pmVICs for both control groups only and all groups pooled together.  
paVICs had increased proliferation compared to pmVICs when all groups were pooled 
together but not when comparing control groups only (D).  Groups are represented by 
means and standard deviations.  *p < 0.05. 
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Discussion 

 

Lipid accumulation is a hallmark of calcified, stenotic aortic valves and is a 

significant driver of remodeling in other cardiovascular diseases.53,119,132  The 

phospholipid LPC, in particular, has been shown to accumulate in atherosclerotic lesions, 

is a major component of oxidized low density lipoprotein, and promotes mineralization of 

vascular smooth muscle cells in vitro.55,133  This study has shown that LPC is present in 

greater abundance within calcified regions of human aortic valves, and that this 

phospholipid dose-dependently affects the behavior of valvular interstitial cells, namely 

causing increased phosphate deposition, increased calcium content at 104 nm LPC 

application, increased caspase 3/7 activity at later timepoints, and a general increase in 

cellular proliferation.  In addition, 105 nM LPC was toxic to the VICs.  This work was the 

first to show the concentration dependent effects of LPC on the mineralization of VICs.  

Furthermore, it was observed that the inherent and induced mineralization capabilities 

were different between VICs derived from the aortic and mitral valves.  In the future, it 

will be important to elucidate the effects of LPC on VIC mineralization by examining 

signaling pathways where LPC has a demonstrated role.   

There are multiple forms of calcium that may exist in calcified aortic valves, 

including the calcium salts calcium phosphate and hydroxyapatite.134  Therefore, it is 

pertinent to conduct a wide variety of tests that may highlight all forms of calcium that 

may be present.  This study used von Kossa staining to visualize phosphate deposition, 

which may be present in calcium salts, in the VIC cultures.  The increase in total 

phosphate mineralization with increasing applications of LPC indicates a possible rise in 
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the presence of calcium salts in the VIC cultures with increasing LPC applications. 

LPC has been shown to affect the calcium levels in a variety of cell types by 

directly affecting calcium channels.  One method in which calcium levels are altered by 

LPC is through activation of the ryanodine receptor (RyR) channels, a calcium release 

channel.135  In rabbit ventricular muscles, application of 5 µM LPC caused an increase in 

mean open time and membrane capacitance of the channel although no significant change 

in closing time was observed.60  It is possible that within our study, exogenous LPC was 

incorporated into the lipid membrane bilayer and affected RyR channels allowing greater 

mobilization of calcium within the cells and ultimately the production of mineralized 

nodules.  LPC also affects another calcium channel, L-type, causing increased calcium 

current levels through these channels in rabbit portal vein smooth muscle cells.136  It 

would be very compelling to investigate whether LPC enhances activity of RyR and L-

type calcium channels in VICs. 

In addition to acting on calcium channels, LPC may be acting on the enzyme 

protein kinase C (PKC) to affect cellular mineralization.  When LPC was applied at 

concentrations below 20 µM to purified PKC, PKC activity was increased; whereas, 

when LPC was applied at concentration greater than 30 µM, PKC activity was 

inhibited.137    PKC is well known to promote lipid hydrolysis.138  In fact, in human 

coronary endothelial cells, a PKC inhibitor was used to block an LPC-induced increase in 

activity of phospholipase D;139 phospholipase D hydrolyzes phosphatidylcholine to 

produce phosphatidic acid, which has been shown to alter intracellular calcium levels in 

rat cardiomyocytes 140,141.  PKC can also influence inflammatory responses,142 which 

further links LPC with remodeling pathways involved in calcification.143 As LPC could 
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contribute to mineralization by VICs through promoting PKC activity and thus enhancing 

lipid hydrolysis and inflammatory signaling, it will be important to investigate these 

interactions further, including the possible use of PKC inhibitors. 

Apoptosis is another factor that contributes to mineralization, partly through the 

production of matrix vesicles which can contain factors, such as calcium binding 

proteins, promoting calcification.144,145   LPC induces apoptosis in a variety of cell types.  

When LPC was applied to rat pancreatic AR42J cells, there was an increase in DNA 

fragmentation as concentrations of LPC increased up to 25 µM.146  The application of 75 

µM LPC to human umbilical vein endothelial cells also caused apoptosis, presumably via 

the p38 mitogen-activated protein kinase pathway.147  Those reports are consistent with 

the results of this study in which there was an increase in caspase 3/7 activity for the 

VICs treated with 104 nM LPC.  The apoptosis seen in this study may play an important 

role in the mineralization of VIC cultures.          

It was not surprising that at high concentrations (104 - 105 nM), LPC was either 

toxic to the VICs or caused significantly elevated levels of caspase activity, indicative of 

apoptosis.  This range of concentrations should be examined further to determine the 

critical concentration of LPC that VICs can withstand without eliciting substantial 

dysfunctional behavior.  In a study conducted on rat aorta vascular smooth muscle cells, 

LPC concentrations above 10000 nM increased lactate dehydrogenase levels in the 

culture supernatant.148  In addition, increased membrane permeability, indicating possible 

cell damage, occurred in rabbit aortic endothelial cells with 30 µM LPC.149  However, it 

has also been reported that bovine aortic endothelial cells treated with 50 µM LPC for 30 

minutes showed no significant change in lactate dehydrogenase release.150  In general, 
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LPC is believed to have a detergent action on lipid membranes through micelle formation 

and mechanical destabilization,151 but the critical concentration of LPC leading to 

undesired cell behavior may depend upon the cell type and length of treatment.         

An interesting finding of this study was that VICs from the aortic valve showed 

greater propensity for mineralization than did VICs from the mitral valve.  Cells from 

both sources, however, showed some degree of mineralization, both under baseline 

control  conditions  and  when  treated  with  LPC  or  βGP.    It  is  important  to  note  that  these  

cells harvested under identical conditions from porcine hearts.  Within six weeks of 

culture, human aortic valve interstitial cells have also shown to form nodules.152  The 

differences between the mineralization capacities of the interstitial cells from valves may 

play a role in the onset and degree of osteoblastic transformation that is observed in the 

diseased states of different valves, namely the more bone-like remodeling and early onset 

of calcification seen in the aortic valve compared to the mitral valve.125,126  The 

differences seen in the mineralization capacity between VICs from the aortic and mitral 

valves may arise from their slightly different embryonic origins, as the leaflets develop 

from distinctly located endocardial cushions.153  Although the results found in this 

research give insight into previous observations investigating the diseased states between 

the aortic and mitral valves, a recent genetic study investigating differences between 

human aortic VICs (haVICs) and human mitral VICs (hmVICs) reported that hmVICs 

had greater ARS intensity, ALP mRNA level, and ALP activity compared to haVICS 

when introduced to mineralizing media in vitro.  In that study, however, there were no 

differences between the expression levels of genes encoding the osteogenic markers 

osteocalcin, osteopontin, and bone sialoprotein, as well as apoptosis associated gene 
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CASPASE-3, in calcified hmVICs and calcified haVICs.  There were, however, higher 

expression levels of osteoglycin and osteomodulin in normal (non-calcified) haVICs 

compared to normal hmVICs.154  The higher levels of these genes support the idea that 

aortic VICs may have a predisposition for calcifiying compared to mitral VICs.  The 

work in this study complements the recent genetic study by comparing the intrinsic 

ability of VICs from the aortic and mitral valve to calcify and comparing their calcifying 

capabilities in the presence of lipids.  Further direct characterizations, as well as 

characterizations in the presence of a variety of calcification-inducing agents, may give 

greater insight into the differences between VICs from the aortic and mitral valves and 

their remodeling in diseased states.   

In conclusion, the phospholipid LPC had significant effects on valvular interstitial 

cell mineralization in two-dimensional culture, affecting phosphate deposition, 

proliferation, and apoptosis.  This work also showed that aortic and mitral VICs have 

different capacities for mineralization in vitro.  These results may give insight into the 

distinct osteogenic versus chondrogenic transformations in disease between the aortic and 

mitral valve.  Future studies of LPC in similar or unique culture models, such as three-

dimensional engineered tissues or organ cultures, as well as in diseased human valves, are 

expected to provide further insight into the mechanisms involved in the formation of 

calcified nodules in CAVD.  
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CHAPTER 4 

 

PRESENCE OF RYANODINE RECEPTOR ISOFORMS 2 AND 3 AND THE 

MINERALIZATION ACTION OF LYSOPHOSPHATIDYLCHOLINE THROUGH 

THE RYANODINE RECEPTOR IN VALVULAR INTERSTITIAL CELLS 

 

 Based on the findings in chapter 3, further analysis of LPC and its mechanisms 

driving VIC calcification were explored in this chapter.  In particular, the role of the 

ryanodine receptor, a calcium release channel, in LPC-induced VIC mineralization was 

explored. 

 

Introduction 

  

 Calcific aortic valve disease (CAVD) is a condition characterized by significant 

calcific deposits in the aortic valve, which can lead to aortic stenosis and improper blood 

flow through the heart.29  One of the major concerns with CAVD is the lack of 

mechanistic understanding of the disease.  This lack of understanding has made it 

difficult to find the ideal pharmacological treatments to help stop or prevent CAVD.      

      It has been shown that lysophosphatidylcholine (LPC) affects the mineralization 

potential of porcine aortic valve intersitital cells (paVICs).  In particular, 10 µM LPC 

increased the calcium content and total phosphate mineralization in paVIC cultures.  The 

exact mechanisms by which this occurred, however, are unknown.  LPC is a phospholipid 

that is formed through the hydrolysis of phosphatidylcholine.51  LPC has also 
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demonstrated the ability to induce cell proliferation and migration, upregulate osteogenic 

genes, and encourage apoptosis in a variety of cell types.55,121,123,124,146,147  It is possible 

that the mechanism by which LPC is affecting paVIC mineralization is through the 

release, by specific calcium channels, of intracellular stores of calcium in the cell.   

 The ryanodine receptor (RyR) is a calcium release channel found in cells 

throughout the body.  There are three known isoforms of the RyR.  Isoform 1 is mainly 

found in skeletal muscle.  Among other locations, isoforms 2 and 3 have been observed in 

cardiovascular tissues.56  Within cells, RyRs are located on the sarcoplasmic and 

endoplasmic reticulum.57  They are regulated by a variety of small molecules including, 

but not limited to, calcium, magnesium, adenosine triphosphate, adenosine diphosphate, 

and sphingosylphosphorylcholine.56,58,59  Also, in a study on isolated RyR from rabbit 

ventricular muscles,  an increase in mean opening time of the RyR was seen with the 

application of 5 µM LPC.60  Therefore, LPC may have an effect on the RyR, a vital 

component of calcium regulation in the cell.   

   The ryanodine receptors have an affinity for ryanodine, a plant alkaloid, with 

application of nanomolar concentrations of ryanodine activating the receptor and 

application of micromolar concentrations greater than 100 µM inhibiting the receptor.58  

In addition, it is apparent that LPC is affecting the calcium levels of paVICs.  Therefore, 

ryanodine can be used to block the RyR in studies aimed to determine whether or not 

LPC acts through this channel to release calcium from the cell.  This research aimed to 

confirm the presence of ryanodine receptor isoforms 2 and 3 in VICs, as well as identify 

the effects of ryanodine on mineralization potential of VICs by LPC.    
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Methods 

 

Cell isolation 

 

Porcine hearts were obtained from a local abattoir (Fisher Ham & Meat Co., 

Spring, TX).  The aortic valve were harvested from the hearts and paVICs were isolated 

as previously described.82  Briefly, the aortic valves were rinsed in PBS then placed in a 

collagenase II digest for 30 minutes at 37°C at 150 RPM in a rotating shaker (Barnstead 

Lab-Line, Melrose Park, IL).  Next, the outer layers of the valves were swabbed with a 

cotton tip applicator to remove the endothelial cells.  Once the endothelial cells were 

removed, the tissue was minced and placed in a collagenase III digest for 4 hours to break 

down the remaining extracellular matrix.  After 4 hours, the cells were isolated from the 

digested material using a cell strainer, centrifuged and resuspended in media containing 

Dulbecco’s  Modified  Eagle  Medium  (1  g/L  glucose,  L-glutamine, and sodium pyruvate) 

mixed  with  Ham’s  F-12 nutrient mixture, 1.1% HEPES buffer, 1% penicillin-

streptomycin-fungicide, and 10% bovine growth serum (BGS) for passaging.  Cells were 

passaged twice (P2) before experimental use.  For each isolation, three to five aortic 

valves were combined.    

 

Immunohistochemistry 

 

 To determine the presence of the ryanodine receptor isoforms 2 and 3 in paVICs, 

immunohistochemistry (IHC) was performed.  Cells were seeded at a density of 25 000 
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cells/cm2 in a 4-well chamber slide, coated with poly-L-lysine (Sigma-Aldrich, St. Louis, 

MO), with media containing 1% BGS.  After 48 hours of culture, the media was removed 

and the wells were washed three times with phosphate buffered saline (PBS).  The cells 

were then fixed with 4% paraformaldehyde (PFA) and placed at room temperature on an 

orbital shaker (Cole Parmer, Vernon Hills, IL) at 100 RPM for 25 minutes.  The PFA was 

removed and the wells were washed three times with PBS.  The cells were then 

permeabilized with 0.125% Triton-X 100 for 10 minutes at room temperature.  After 

Triton-X 100 application, the cells were washed four times with PBS then blocked with 

5% goat serum at room temperature for 1 hour to prevent any non-specific binding.  After 

blocking, the cells were washed three times with PBS and the primary antibody for either 

ryanodine receptor isoform 2 or 3 (Abcam Inc., Cambridge, MA) was added to each well.  

The wells were incubated overnight at 4°C with the primary antibody.  After incubation 

with the primary antibody, the cells were washed three times with PBS containing 0.01% 

Tween to remove any excess antibody.  Next, the cells were rinsed with PBS and the 

secondary antibody was added.  The cells were incubated with the secondary antibody for 

1 hour at room temperature.  After incubation with the secondary antibody, the cells were 

washed twice with PBS and then 4',6-diamidino-2-phenylindole (DAPI) was added to 

each well for 10 minutes at room temperature for visualization of the cellular nuclei.  

Next, the DAPI was removed and the cells were washed twice with PBS, allowed to dry, 

then coverslipped using Fluoromont-G™ (SouthernBiotech, Birmingham, AL).  The wells 

were imaged on a Nikon A1-Rsi confocal microscope (Nikon Instruments Inc., Melville, 

NY).        

 To determine if ryanodine has any effects on the phenotypic behavior of paVICs, 
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cells were analyzed for alpha-smooth  muscle  actin  (αSMA)  after  application  of  150  µM  

ryanodine.    αSMA  is  often  used  to  identify  activated  valvular  interstitial  cells.25  Cells 

were seeded in an 8-well chamber slide at a density of 25 000 cells/cm2 in media 

containing one of the following conditions: -LPC, -Ry (no LPC, no ryanodine); -LPC, 

+Ry (no LPC, 150 µM ryanodine); +LPC, -Ry (10 µM LPC, no ryanodine); or +LPC, 

+Ry (10 µM LPC, 150 µM ryanodine).  After 48 hours of culture, the cells were fixed 

and  IHC  was  conducted  using  an  antibody  for  αSMA  (Abcam  Inc.).     

 A negative control was assayed for each group in which no primary antibody was 

added to the cells. 

 

Activation of the ryanodine receptor 

 

To test the activation of the ryanodine receptor, paVICs were treated with 

nanomolar concentrations of ryanodine.  P2 paVICs were seeded at a density of 50 000 

cells/cm2 at 5% CO2, 37°C on day 0 in a 48-well plate.  On day 2 the media was changed 

to one of the following conditions: -LPC, -Ry (no LPC, no ryanodine); -LPC, +Ry (no 

LPC, 10 nM ryanodine); +LPC, -Ry (10 µM LPC, no ryanodine); or +LPC, +Ry (10 µM 

LPC, 10 nM ryanodine).  The media was changed every 48 hours thereafter.  The cells 

were cultured for a total of 8 days, at which point the cells were then analyzed for 

calcium content.  Two runs were conducted with 5 wells per run.  The two runs were 

combined for statistical analysis for a total of 10 wells analyzed.      
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Blocking of the ryanodine receptor 

 

 To test the blocking of the ryanodine receptor, paVICs were treated with 

micromolar concentrations of ryanodine.  P2 paVICs were seeded at a density of 50 000 

cells/cm2 at 5% CO2, 37°C on day 0 in a 48-well plate.  On day 2 the media was changed 

to one of the following conditions: -LPC, -Ry (no LPC, no ryanodine); -LPC, +Ry (no 

LPC, 150 µM ryanodine); +LPC, -Ry (10 µM LPC, no ryanodine); or +LPC, +Ry (10 µM 

LPC, 150 µM ryanodine).  The media was changed every 48 hours thereafter.  The cells 

were cultured for a total of 8 days, at which point the cells were then prepped to conduct 

the experimental assays.  For each assay, two runs were conducted with 5 wells per run.  

The two runs were combined for statistical analysis for a total of 10 wells analyzed.         

 

Calcium content 

 

 Calcium content was measured using the Arsenazo III reagent (Pointe Scientific, 

Inc., Canton, MI).  On day 8, an aliquot of the media was removed from each well and 1 

mL of the Arsenazo III reagent was added and mixed with the aliquot at room 

temperature for 1 minute on an orbital shaker.  After 1 minute, 100 µL of each solution 

was added to a well of a 96-well plate and absorbance (optical density, OD) was 

measured on a spectrophotometer (SpectraMax M2, Molecular Devices, Sunnyvale, CA) 

at 650 nm.  Calcium content was then normalized to an average amount of total protein 

for each group.   
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Alkaline phosphatase activity 

 

 Alkaline phosphatase activity (ALPa) was measured using the SensoLyte® FDP 

Alkaline Phosphatase Assay Kit *Fluorimetric* (AnaSpec, Inc., Fremont, CA) per 

manufacturer’s  instructions.    Alkaline  phosphatase  provides  free  phosphate  that  can  form  

salts, including calcium phosphate and hydroxyapatite, with calcium in culture.55,134  

Therefore, it is important to gather information on alkaline phosphatase activity to 

understand the various forms of mineralization that may be occurring.  On day 8 to 

measure ALPa, the wells were washed three times with deionized water (diH2O).  Next 

the cells were washed twice with lysis buffer.  After washing, 100 µL of Triton-X 100 

was added to each well, the wells were scraped, and lysed cell solution was added to a 

microcentrifuge tube.  Next, the lysed cells were agitated for 10 minutes at 4°C followed 

by centrifugation at 2500g for 10 minutes at 4°C.  50 µL of the cell suspension was added 

to a 96-well plate.  Next, 50 µL of a reaction mixture containing 3,6-fluorescein 

diphosphate was added to each well, and the wells were mixed on an orbital shaker for 30 

seconds at 100 RPM.  The wells were incubated away from light at room temperature for 

30 minutes.  After the incubation, the wells were read on a spectrophotometer with 

excitation/emission at 485/528 nm, measured in relative fluorescent units (RFU), and 

normalized to an average (for each group) total protein content.           
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Total protein 

 

 Total protein was measured using Pierce® BCA Protein Assay Kit (Thermo 

Scientific, Rockford, IL) per kit instructions.  Briefly, media was removed from the wells 

containing the cells and 100 µL of 0.25% trypsin-EDTA (Mediatech, Manassas, VA) was 

added to each well at 5% CO2, 37°C for 5 minutes.  Next, 100 µL of media containing 

10% BGS was added to each well.  The cell suspension was added to a tube and 

centrifuged at 1500g for 5 minutes.  After centrifugation, the supernatant was removed, 

and the cells were resuspended in 625 µL of diH2O.  Next, 25 µL of the cell suspension 

was added to a 96-well plate and 200 µL of a solution containing bicinchoninic acid and 

cupric sulfate was added to each well.  The wells were mixed for 30 seconds at 100 RPM 

on an orbital shaker then incubated at 5% CO2, 37°C for 30 minutes.  After incubation, 

the wells were cooled to room temperature and absorbance was measured on a 

spectrophotometer at 562 nm.  An average total protein was taken for each group and 

used to normalize calcium content and ALPa.      

 

Cell proliferation and apoptosis 

 

 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-

Aldrich) was used to approximate cellular proliferation.  On day 8, the media was 

removed from the wells and replaced with 250 µL of -LPC, -Ry media.  Next, 25 µL of 

MTT (5 mg/mL in ddH2O) was added to each well, and the wells were incubated with the 

MTT for 4 hours at 37°C, 5% CO2.  Next, the solution was aspirated, and 250 µL of an 
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MTT solvent containing 0.1 N hydrochloric acid in anhydrous isopropanol was added to 

each well.  100 µL of the resulting solution was transferred to a 96-well plate and 

absorbance was read at 570 and 690 nm using a spectrophotometer.  Absorbance at 690 

nm was used as a reference wavelength and was subtracted from the absorbance 

measured at 570 nm.  Proliferation was expressed in terms of optical density (OD).  

Apoptosis was measured using the Caspase-Glo® 3/7 Assay (Promega 

Corporation, Madison, WI) per kit instructions and normalized to DNA content using the 

Quant-iT™  PicoGreen®  dsDNA Reagent Kit (Invitrogen, Eugene, Oregon).  Briefly, 

cells were detached using 100 µL of 0.25% trypsin EDTA.  Next, 100 µL of media 

containing 10% BGS was added to each well, and the solution was collected and 

centrifuged.  After centrifugation, the supernatant was removed and cells were 

resuspended in 500 µL of -LPC, -Ry media. Next, 100 µL of each cell suspension and 

100 µL of the Caspase-Glo® reagent containing picogreen (the picogreen reagent was 

added directly to the Caspase-Glo reagent at a ratio of 1:200) was added to each well of a 

96-well plate and incubated at room temperature for 30 minutes.  After incubation, 

caspase -3 and -7 activity was assessed using a spectrophotometer to detect 

luminescence.  To detect the DNA content, the wells were incubated for an additional 30 

minutes and the fluorescence of the Quant-iT™  PicoGreen®  reagent was assessed using 

a spectrophotometer with sample excitation/emission measured at 480/520 nm.  The 

measurements of caspase -3 and -7 activities normalized to DNA content were expressed 

in relative luminescence units/relative fluorescence units (RLU/RFU). 
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Statistical analysis 

 

 A one-way analysis of variance (ANOVA) was performed for each assay followed 

by  Tukey’s  post  hoc  testing  using  JMP  statistical  software  (SAS,  Cary,  NC).    For  

activation of the ryanodine receptor, additional analysis was conducted between the -

LPC, -Ry and -LPC,  +Ry  groups;;  a  Student’s  t-test followed by a Bonferroni correction 

was conducted to determine the effect of 10 nM ryanodine on paVICs.  For ANOVA 

testing, statistical significance was determined to be p < 0.05.  For the Bonferroni 

correction, statistical significance was determined to be p < 0.0125.   

 

Results 

 

Ryanodine receptor isoforms 2 and 3 exist in paVICs 

 

 Staining for both isoforms 2 and 3 of the ryanodine receptor were seen in paVICs 

(Figure 4.1).  The staining of the receptor was observed throughout the entirety of the cell 

outside of the nucleus.  No staining of the receptors was seen in the negative controls.   

 

Ryanodine  does  not  affect  the  presence  of  αSMA  in  paVICs 

  

 αSMA  was  seen  in  all  groups after 48 hours of culture (Figure 4.2).  The staining 

for  αSMA  was  observed  throughout  the  entirety  of  the  cell  outside  of  the  nucleus.    No  

αSMA  presence  was  found  in  the  negative  controls.     
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Figure 4.1 Immunohistochemical staining for RyR isoforms 2 and 3 in VICs  
Positive staining for the RyR isoforms 2 and 3 was observed in paVIC cultures.  The left 
column demonstrates the positive and negative staining conditions (top and bottom, 
respectively) for the RyR isoform 2.  The column to the right demonstrates positive and 
negative staining conditions (top and bottom, respectively) for the RyR isoform 3.  Green 
represents the presence of the respective RyR (isoform 2 or 3).  Nuclei are stained blue.  
No positive staining for the RyR is observed in the in the negative groups for IHC.  
Positive staining for the RyR can be seen throughout the cell in the groups incubated with 
the primary antibodies.  These results confirm the presence of the RyR in paVICs.  Scale 
bar = 50 µM 
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Figure 4.2 Immunohistochemical staining for αSMA in VIC cultures in the presence 
and absence of 10 µM LPC and 150 µM ryanodine 
Positive  staining  for  αSMA  was  observed  in  all  paVICs  culture-treated conditions.  From              
left to right, the columns represent the following groups: -LPC, -Ry (no LPC, no 
ryanodine); -LPC, +Ry (no LPC, 150 µM ryanodine); +LPC, -Ry (10 µM LPC, no 
ryanodine); or +LPC, +Ry (10 µM LPC, 150 µM ryanodine) with the positive and 
negative IHC conditions (top and bottom, respectively).  Green represents the presence of 
αSMA.    Nuclei  are  stained  blue.    No  positive  staining  for  αSMA  is  observed  in  the  
negative  groups  for  IHC.    Positive  staining  for  αSMA  can  be  seen  throughout  the  cell  in  
the groups incubated with the primary antibody.   Scale bar = 50 µM      
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10 nM ryanodine increases calcium content in the presence of LPC 

 

 10 µM LPC in combination with 10 nM ryanodine significantly increased the 

calcium content of paVIC cultures compared to all other groups assayed (Figure 4.3 A).  

The +LPC, +Ry group had 134%, 93%, and 42% higher calcium content compared to -

LPC, -Ry; -LPC, +Ry; and +LPC, -Ry groups, respectively.   

 A  Student’s  t-test between the groups -LPC, -Ry and -LPC, +Ry resulted in p = 

0.003, which falls in the range of p < 0.0125 when conducting a Bonferroni correction for 

this data analysis.  Therefore, it is suggested that this data is trending towards higher 

calcium content for the group -LPC, +Ry compared to -LPC, -Ry.   

 

150 µM ryanodine blocks the effects of LPC on calcium content in paVICs 

 

 The addition of 150 µM ryanodine significantly decreased calcium content 

compared to the -LPC, -Ry and +LPC, -Ry groups (Figure 4.3 B).  The presence of 10 

µM LPC did not increase the calcium content compared to -LPC, -Ry groups when 150 

µM ryanodine was present; although, 10 µM LPC increased (43%) the calcium content 

compared to -LPC, -Ry groups when ryanodine was not present.  +LPC, +Ry groups had 

55% and 69% lower calcium content compared to to -LPC, -Ry and +LPC, -Ry groups, 

respectively.     
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Figure 4.3 Calcium content for paVICs in the presence and absence of LPC and 
ryanodine 
Calcium content for paVICs treated with A. 10 nM ryanodine and B. 150 µM ryanodine 
demonstrated the suitability of ryanodine as a RyR manipulator.  10 nM increased 
calcium content slightly but not significantly in -LPC, +Ry groups ompared to -LPC, -Ry 
groups.  There was a significant increase, however, in calcium content with the 
application of 10 nM ryanodine between groups containing 10 µM LPC (A).  Applying 
150 µM ryanodine significantly decreased calcium content in paVICs compared to 
groups that did not experience application of 150 µM ryanodine (B).  Groups are 
represented by means and standard deviations.  Groups not sharing a letter at the top of 
the column are significantly different (p < 0.05).     
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150 µM ryanodine blocks the effects of LPC on ALPa in paVICs 
 

 +LPC, +Ry groups had significantly lower ALPa compared to groups not 

containing ryanodine (Figure 4.4).  +LPC, + Ry had 24% and 51% lower ALPa compared 

to -LPC, -Ry and +LPC, -Ry groups, respectively.  There was no difference between the 

groups containing ryanodine (-LPC, +Ry and +LPC, +Ry). 
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Figure 4.4 ALPa for paVICs in the presence and absence of 10 µM LPC and 150 µM 
ryanodine  
The addition of 150 µM ryanodine to LPC treated groups significantly lowered ALPa 
compared to -LPC, -Ry and +LPC, -Ry groups.  Groups are represented by means and 
standard deviations.  Groups not sharing a letter at the top of the column are significantly 
different (p < 0.05).     
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10 µM LPC combined with 150 µM ryanodine resulted in the highest proliferation of 

paVICs compared to all other groups assayed 

  

 +LPC, + Ry groups had 77%, 35%, and 37% higher proliferation compared to -

LPC, -Ry; -LPC, +Ry; and +LPC, -Ry groups, respectively (Figure 4.5 A).  Although not 

significantly different from one another, the -LPC, +Ry and +LPC, -Ry groups had 31% 

and 29% higher proliferation, respectively, compared to -LPC, -Ry groups. 

 

150 µM ryanodine in the absence of LPC resulted in the highest apoptosis activity of 

paVICs compared to all other groups assayed 

  

 -LPC, +Ry groups had 61%, 21%,and 31% higher caspase -3 and -7 activities 

compared to -LPC, -Ry; +LPC, -Ry; and +LPC, +Ry groups, respectively (Figure 4.5 B).  

Although there was no significant difference between groups containing 10 µM LPC, 

+LPC, -Ry and +LPC, +Ry had 34% and 23% higher caspase -3 and -7 activities 

compared to the -LPC, -Ry group. 
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Figure 4.5 Proliferation and apoptotic behavior for paVICs in the presence and 
absence of 10 µM LPC and 150 µM ryanodine  
The addition of 150 µM ryanodine to paVICs significantly affected proliferation and 
apoptotic behavior (A and B, respectively) compared to -LPC, -Ry groups. Applying 150 
µM ryanodine to LPC treated groups significantly increased proliferation compared to all 
other groups (A).  The -LPC, +Ry had significantly higher apoptotic behavior compared 
to all other groups.  This activity, higher, decreased in the presence of LPC (B).  Groups 
are represented by means and standard deviations.  Groups not sharing a letter at the top 
of the column are significantly different (p < 0.05).     
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Discussion 

 

 The increased presence of LPC that has been observed in calcified, compared to 

non-calcified regions, of diseased aortic valves provides a compelling motivation for 

further research to be conducted on LPC and its possible role in CAVD.  In particular, the 

exact mechanism by which LPC has shown to induce mineralization in two-dimensional 

paVIC cultures could give great insight into the mechanisms by which LPC may drive 

mineralization in vitro.  This study investigated the role of the RyR in LPC-inducd 

mineralization.  Initially, IHC was conducted and confirmed the presence of the RyR 

isoforms 2 and 3 in paVIC cells.  Next, to assure that blocking of the RyR would not 

affect  the  phenotypic  characteristics  of  paVICs,  IHC  was  conducted  to  determine  αSMA  

presence in paVICs seeded in media containing the following groups: -LPC, -Ry (no 

LPC, no ryanodine); -LPC, +Ry (no LPC, 150 µM ryanodine); +LPC, -Ry (10 µM LPC, 

no ryanodine); or +LPC, +Ry (10 µM LPC, 150 µM ryanodine).  IHC confirmed that 

there  were  no  observable  changes  in  the  presence  of  αSMA  between  groups.    It  will  be  

important in the future to conduct gene expression analysis on paVICs in the various 

culture conditions, to further confirm the presence of RyR in valvular interstitial cells, as 

well as to ensure that there are no undesired changes occurring to the RyR with the 

applications of LPC and ryanodine. 

This study then used ryanodine to manipulate the RyR.  Two concentrations of 

ryanodine, 10 nM and 150 µM, were used to probe the expected behavior of the RyR 

when the receptor is activated and blocked, respectively, by ryanodine.  When 10 nM 

ryanodine was applied to paVICs, there was only a slight (non-significant trend) increase 
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in calcium content was observed for the -LPC, +Ry group compared to the -LPC, -Ry 

group.  There was, however, a much more pronounced and significant increase in calcium 

in the +LPC, +Ry group compared to the +LPC, -Ry group, suggesting that there may be 

a synergistic combination of activity between LPC and low concentrations of ryanodine.  

Further testing on a wider range of nanomolar concentrations of ryanodine may elucidate 

the ideal nanomolar concentration at which ryanodine alone activates the RyR in paVICs.  

When 150 µM ryanodine was applied to paVICs, a notable decrease in calcium content 

was observed for the -LPC, +Ry group compared to the -LPC, -Ry group.  Therefore, 

ryanodine seemed suitable to use for blocking the RyR.  

In the presence of 10 µM LPC, blocking the RyR caused decreases in calcium 

content and ALPa and an increase in proliferation in two-dimensional paVIC cultures 

compared to LPC treated cultures in which the RyR was not blocked.  Furthermore, the 

calcium content and ALPa levels in the +LPC, +Ry groups when the RyR was blocked 

was lower than the calcium content and ALPa levels in the -LPC, -Ry groups.  There was 

no difference, however, in apoptosis between groups applied with LPC in the presence or 

absence of 150 µM ryanodine.  The results found in this study are consistent with the 

results found in a study conducted on rat cardiomyocytes in which increased 

concentrations of ryanodine inhibited the increase in calcium content induced by LPC.54  

In addition, inorganic phosphate (Pi) has shown to activate and stimulate  the RyR in 

various cell types.155,156  When the RyR is blocked, it is likely that the cell produces less 

Pi, since it is a possible activator of the RyR.  If less Pi is needed, ALPa would most likely 

decrease, since alkaline phosphatase produces free phosphates in the cell.55   

There are currently no known methods that can be used safely and successfully to 
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block the formation of calcium deposits in patients with CAVD.  Due to its toxic nature, 

ryanodine would not be a likely candidate to prevent calcium release by the valvular cells 

in vivo.157  A more promising use of the results from this study would be to obtain a 

greater understanding of the mechanisms by which LPC and the RyR interact and to 

discover alternative methods to manipulate this interaction.   

Additional studies will be needed for isolating the RyR in heart valves and 

observing the behavior of the receptor in the presence of LPC.  Also, the exact 

mechanism by which RyR affects mineralization in the extracellular matrix needs 

elucidation.  The RyR releases calcium into the intracellular space.  There are calcium 

pumps located in the plasma membrane of cells that regulate intracellular calcium and 

can remove calcium from the cytosol.158  It is possible that once the RyR is stimulated by 

LPC, calcium is released into the intracellular space and removed to the extracellular 

space by calcium pumps located on the plasma membrane.  In addition, there may be 

some interaction of the channel and LPC with calcium found in the media.  Future studies 

on paVIC mineralization potential by LPC through the RyR should include conditions in 

both calcium and calcium-free culture conditions.  It is also possible that LPC may be 

acting on a regulator of the RyR and not on the RyR itself.  In fact, a study applying LPC 

to human neuroblastoma cells saw an increase in intracellular calcium only when the 

plasma membrane remained intact, suggesting that LPC may not act directly on the RyR 

but interacts with receptors on the plasma membrane that utilize secondary messengers to 

activate the RyR.159  In addition, there are three isoforms of the RyR, two of which this 

study has confirmed present in paVICs, that LPC may affect.  Whether LPC directly or 

indirectly affects the RyR, it is evident that these receptors are present in paVICs and 
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plays a crucial role in the mineralization of valve cells treated with LPC.   
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CHAPTER 5 

 

RAMAN SPECTROSCOPY FOR DIFFERENTIAL CHARACTERIZATION OF 

MESENCHYMAL STEM CELLS 

 

Efforts to develop pharmacological treatments for CAVD are of great importance 

but are limited by the uncertainty of the exact mechanisms driving CAVD.  While these 

efforts are untaken, heart valve replacement remains the gold standard of CAVD 

treatment.39  The current heart valve replacements, however, require frequent assessment 

for potential improvements.  Tissue engineered heart valves may be a promising source 

for heart valve replacements.  Tissue engineered valves, which are quite often produced 

from porcine tissue, are typically decellularized and repopulated with stem cells.40   

Research described in this chapter aimed to evaluate the use of Raman spectroscopy as a 

potential tool to identify differential characteristics of mesenchymal stem cells isolated 

from different sources in the body.  The results from this study can be used to determine 

the efficacy of Raman spectroscopy as a technique to aid in identifying the optimal 

source for mesenchymal stem cells used in tissue engineering of heart valves.   

 

Introduction 

 

Mesenchymal stem cells (MSCs) have shown to be a promising source for many 

cell therapies due to their multipotent behavior.  Given the appropriate condition, MSCs 

can differentiate into a variety of cell types.  MSCs are typically characterized by the 
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presence and/or absence of certain cell surface markers as well as by their ability to 

differentiate into osteoblasts, chondrocytes, and adipocytes.  There are additional benefits 

that are present when using MSCs as a cell source.   Unlike some terminally 

differentiated cells, MSCs can be derived from a variety of locations within the body.  

These locations include, but are not limited to, bone marrow and peripheral blood.  MSCs 

from various locations in the body have shown to exhibit different behaviors including 

proliferation capacity.160  Furthermore, stem cells have the ability to self-renew, 

producing a greater population of the cells.   

The current methods for characterizing MSCs are not ideal.  The hallmarks for 

stem cell identification are their surface markers, which are commonly assessed using 

flow cytometry.  Quite often, stem cells are positive for CD44, CD90, and CD166 and 

negative for CD14, CD34, and CD45.161  These surface markers, however, may not be 

present in all stem cells; therefore, there is not a set of biomarkers that is entirely 

indicative of a stem cell.  For this reason, the availability of biomarkers is a major 

concern when identifying stem cells.  Other methods that can be used to characterize 

cells, including immunocytochemistry, can be destructive, so these cells can no longer be 

used for future applications.  Also, the methods used to characterize stem cells can be 

time consuming, requiring extensive cell preparation and analysis.162  There is clearly a 

need for better methods to characterize stem cells. 

Raman spectroscopy (RS) is a non-invasive technique that has been used to 

characterize both tissue and cells.  In addition to being non-invasive, RS does not require 

any labeling of the tissue or cells, although labeling may be coupled with RS to identify 

and isolate a certain cell or area of tissue for spectral analysis.  RS is based on the 
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scattering of photons in molecular bonds within cells.  During RS, a laser is applied to a 

sample and the photons within the sample are shifted based on the vibrational frequency 

that occurs from their molecular bonds.  From the shifting of the photons, the molecular 

composition of the sample can be determined.   

This study used Raman spectroscopy to characterize adult stem cells from bone 

marrow, adipose tissue, and placental tissue.  Spectral analysis was used to determine the 

relative molecular composition of the MSCs in an effort to identify unique differences 

between stem cells from different sources.  

 

Methods 

 

Cell procurement 

 

Human mesenchymal stem cells (hMSCs) from the maternal and fetal sides of the 

placenta (hmpMSCs and hfpMSCs, respectively) were procured from the Center for 

Medical Research at Tübingen University (Tübingen, Germany).  hMSCs from the 

adipose and bone marrow (haMSCs and hbmMSCs, respectively) were procured from the 

department of Cell Systems (Biomaterials, Bioreactors, and  Good Manufacturing 

Practices laboratories) at the Fraunhofer Institute for Interfacial Engineering and 

Biotechnology (Stuttgart, Germany).  The collection and research use of this human 

tissue was approved by the relevant committees at each institution.  
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Raman spectroscopy 

 

Cells were initially seeded and cultured at 5% CO2 and 37°C in media optimized 

for each cell type.  After cell cultures reached at least 70% confluency, cells were 

detached using trpysin, centrifuged and resuspended in appropriate medium.  An aliquot 

of the cell suspension was removed and placed in a glass bottom petri dish.  Next, 

medium was added to the petri dish, bringing the total volume to 2.5 mL, and cells 

remained in this solution throughout Raman spectroscopy testing to prevent cell 

collapsing.  Spectra from a minimum of 30 cells per patient were collected, and 2 to 3 

patients were tested per cell source.      

Raman spectroscopy of the hMSCs was conducted with the use of a custom built 

Raman spectroscopy system.  The system contained an inverted microscope (Olympus, 

Tokyo, Japan) connected to a 784 nm diode laser (Toptica Photonics AG, Munich, 

Germany).  The petri dish containing cells was placed on the microscope with a 60x 

water immersion objective.  The output laser (85 mW power) was concentrated on the 

sample via coupled mirrors into the microscope.  The location of a cell within the range 

of the laser was visualized using image acquisition software (cell^B, Olympus, Tokyo, 

Japan).  Cells were placed in the range of the laser (Figure 1).  Next, the laser was 

visualized directly over a cell for spectral analysis.  The spectrum of each cell was 

collected in 10 integrations of 10 seconds each, for a total of 100 seconds.  Spectra of the 

Stokes-shifted Raman light were collected via a spectrograph (Kaiser Optical Systems, 

Inc., Ann Arbor, USA) connected to a cooled charge-coupled device camera (Andor iDus, 

Belfast, Ireland) that was optimized for application in the near infrared spectrum.   
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Figure 5.1 Suspended MSCs during the measurement of Raman spectra  
An image of suspended A. hfpMSCs, B. hmpMSCs, C. hbMSCs, and D. haMSCs show 
the presence of cells in the range of the laser.  The laser was visualized directly over a cell 
for spectral analysis.  Scale bar = 20 µM 
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Data processing and principal component analysis  

 

Processing of the spectra was conducted using OPUS software (Bruker Optics, 

Ettlingen, Germany).  Data processing consisted of removing spectral data outside the 

optimal range of 400-1800 cm-1, removing background noise, making a baseline 

correction to highlight the peak values, and normalizing the data to neglect systematic 

failure.    

After processing of the spectra, principal component analysis (PCA) was conducted 

using The Unscrambler software (CAMO Software AS, Oslo, Norway) to determine 

differences between the spectral data sets.  PCA has been a widely used technique for 

analyzing spectral data obtained from Raman spectroscopy.63,163  This technique takes all 

of the points within a spectrum and, in a linear combination, designates the spectrum as a 

single point (the principal component) within a matrix.  To identify differences between 

groups, the scores of the principal components are analyzed.  Clustering of the scores is 

used to identify groups that may have significant differences in spectra.  Once a score is 

identified as showing a difference between groups, the loading of the score is used to 

determine the wavelengths at which these differences occur.  The loading detects the 

variance in the overall data set.  Peaks in the loadings isolate wavelengths with the 

highest variance.  The Raman spectra of these peaks are then analyzed for statistical 

significance between groups. 
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Statistical Analysis 

 

Selected peak values from PCA analysis were assessed for differences between 

groups.  To compare the effects of cell source on each selected peak, a normal 

distribution was confirmed for the data, outliers were removed, and a one-way ANOVA 

followed  by  Fisher’s  LSD  post-hoc testing was conducted using OriginLab statistical 

software (Northampton, MA).  Statistical significance was determined as p < 0.05.  

 

Results 

 

Human placental MSCs (hpMSCs) had the greatest difference in baseline spectra 

compared to hbmMSC and  haMSC  

 

Raman spectra for all hMSCs show unique molecular composition (Figure 2).  

When comparing hMSCs from the placenta, adipose tissue, and bone marrow, two 

distinct clusters of hMSCs were identified using PCA (Figure 3A).  The first cluster 

consisted of the hpMSCs, both from the fetal and maternal sides of the placenta, while 

the second cluster consisted of the bone marrow and adipose hMSCs.  These clusters 

were best demonstrated using principal components 2 and 4, and the loadings from these 

principal components identified the wavelengths at which the highest variation in the data 

occurred (Figure 3B).  Ten distinguishable peaks were identified (Table 1).  For each 

peak, the reference to its molecular significance was identified from work previously 

compiled by Movasaghi et al.62    
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Figure 5.2 Mean Raman spectra of MSCs 
Mean Raman spectra obtained from hfpMSCs (blue), hmpMSCs (green), hbMSCs (red), 
and haMSCs (orange) are displayed in the range 1800 to 400 cm-1.  All data are detected 
as relative intensities in arbitrary units. 
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Figure 5.3 Principal components 2 and 4 and their corresponding loadings for the 
Raman spectra of MSCs 
Two distinct clusters exist when comparing all hMSCs.  A. The PCA shows the first 
cluster consisting of the fetal and maternal placenta hMSCs (blue and green, respectively) 
and the second cluster consisting of the bone marrow and adipose hMSCs (red and 
orange, respectively).  B. The loadings for PC2 (black) and PC4 (gray), defined by the 
PCA, are shown.     
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Table 5.2 Peak assignments for selected wavelengths 

Peak (cm-1) Assignment62 

1660 Amide I 

1657 Amide I 

1521 Carotenoid 

1519* Carotenoid 

1446 Methylene deformation 

1438 Methylene deformation 

1156 Carotenoid 

1003 Phenylalanine 

785 Uracil, thymine, cytosine (ring breathing modes) 

783+ Cytosine 

 

* The closest peaks to 1519 cm-1 with assignments are 1520 and 1518 cm-1.  The common 
assignment between these peaks was used for 1519 cm-1. 

+The closest peaks to 783 cm-1 with assignments are 784 and 782 cm-1.  The common 
assignment between these peaks was used for 783 cm-1. 
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hmpMSCs and hbMSCs had significantly different DNA/RNA content compared to 

hfpMSCs and haMSCs 

 

 The wavelengths 785 and 783 cm-1 represent the DNA content in the cells.  

hmpMSCs had 16% and 17% higher intensity compared to hfpMSCs for 785 and 783  

cm-1, respectively.  hmpMSCs had 11% and 15% higher intensity compared to haMSCs 

for 785 and 783 cm-1, respectively.  hbMSCs had 16% and 22% higher intensity 

compared to hfpMSCs and 12% and 21% higher intensity compared to haMSCs for 785 

and 783 cm-1, respectively (Figure 4). 

 

hmpMSCs had the highest phenylalanine levels of all the hMSCs measured 

 

 hmpMSCs had 10%, 7%, and 12% higher intensity at 1003 cm-1 compared to 

hfpMSCs, hbMSCs, and haMSCs, respectively.  hbMSCs had 3% and 5% higher 

intensity compared to hfpMSCs and haMSCs, respectively at 1003 cm-1 (Figure 4).  

 

hpMSCs had significantly higher carotenoid levels compared to hbMSCs and haMSCs 

 

 hpMSCs had significantly higher intensities at the wavelengths 1521, 1519, and 

1156 cm-1, with hfpMSCs having the highest intensity of all the hMSCs measured.  At 

1521 cm-1 hfpMSCs had 17%, 101%, and 86% higher carotenoid intensity compared to 

hmpMSCs, hbMSCs, and haMSCs, respectively.  At 1519 cm-1 hfpMSCs had 11%, 81%, 

and 87% higher carotenoid intensity compared to hmpMSCs, hbMSCs, and haMSCs, 
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respectively.    At 1156 cm-1 hfpMSCs had 8%, 64%, and 65% higher carotenoid intensity 

compared to hmpMSCs, hbMSCs, and haMSCs, respectively.  hmpMSCs had 73% and 

60% higher carotenoid intensity compared to hbMSCs, and haMSCs, respectively, at 

1521 cm-1.  hmpMSCs had 63% and 69% higher carotenoid intensity compared to 

hbMSCs, and haMSCs, respectively, at 1519 cm-1.  hmpMSCs had 52% and 53% higher 

carotenoid intensity compared to hbMSCs, and haMSCs, respectively, at 1156 cm-1 

(Figure 4).            

 

hfpMSCs and haMSCs had higher nucleic acid levels compared to hmpMSCs and 

hbMSCs 

 

 Both hfpMSCs and haMSCs had higher methylene intensities compared to 

hmpMSCs and hbMSCs at 1446 cm-1.  hfpMSCs had 5% and 4% higher methylene 

intensities compared to hmpMSCs and hbMSCs, respectively, at 1446 cm-1.  haMSCs had 

3% and 2%  higher methylene intensities compared to hmpMSCs and hbMSCs, 

respectively, at 1446 cm-1.  hfpMSCs had the highest methylene intensity at 1438 cm-1 

compared to all other groups.  hfpMSCs had 10%, 12%, and 6% higher methylene 

intensity compared to hmpMSCs, hbMSCs, and haMSCs, respectively, at 1438 cm-1.  

haMSCs had 6% higher methylene intensity compared to hbMSCs at 1438 cm-1 (Figure 

4).     
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hpMSCs had higher primary amide intensity compared to hbMSCs and haMSCs 

 

 There were no significant differences in amide levels between hMSCs from the 

fetal and maternal sides of the placenta.  However, hfpMSCs had 6% higher amide 

intensity compared to both hbMSCs and haMSCs at 1660 cm-1.  hfpMSCs had 8% and 

9% higher amide intensity compared to hbMSCs and haMSCs at 1657 cm-1.  hmpMSCs 

had 7% higher amide intensity compared to both hbMSCs and haMSCs at 1660 cm-1.  

hmpMSCs had 6% and 8% higher amide intensity compared to hbMSCs and haMSCs at 

1657 cm-1 (Figure 4).             
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Figure 5.4 MSC Raman spectra intensity for selected peaks  
Raman spectra intensity for selected peaks, based on the loadings from PCA analysis, 
demonstrate differential molecular composition between cell types (■ hfpMSCs,    

  hmpMSCs,     hbMSCs, and □ haMSCS) .  Spectra intensity is represented as means 
and standard deviations.  For each wavelength, cell types not sharing a similar letter are 
significantly different (p < 0.05).     
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No differences exist when directly comparing fetal and maternal hpMSCs 

 

When the baseline spectra from the hpMSCs from the fetal and maternal sides of 

the placenta were directly compared, there were no extreme variances based on the PCA 

scores (not shown).  

 

No differences exist when directly comparing hbMSCs and haMSCs 

 

Analysis comparing differences between hbMSCs and haMSCs was conducted.  

Based on the PCA scores, there were no extreme variances observed between the baseline 

spectra of the hbMSCs and haMSCs (not shown).  

 

Discussion 

 

  The results found in this study demonstrate that RS can detect distinct molecular 

characteristics of MSCs from different sources.  One of the main differences found were 

between the carotenoid levels of hpMSCs and the other cell types.  Three (1521, 1519, 

and 1156 cm-1) of the ten peaks isolated from the loadings were associated with 

carotenoid levels.  hpMSCs were found to have significantly higher carotenoid levels 

compared to the other cell types.  Two of the peaks isolated (1660 and 1657 cm-1) showed 

higher amide levels in hpMSCs compared to the other cell types.  Differences in spectral 

intensities were also seen at the wavelengths associated with molecular components 

relating to methylene, phenylalanine, and DNA content.   
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 Carotenoids serve as a significant source for vitamin A in pregnant women.  

Carotenoids can be found in fruits and vegetables.164  It is believed that vitamin A is 

important for the maturation and development of the fetus and is suggested for pregnant 

woman to have a slightly higher daily intake of vitamin A compared to normal adults.165  

Therefore, it is reasonable that hMSCs from the placenta would have higher carotenoid 

levels compared to hbMSCs and haMSCS.  It is apparent that the carotenoid levels in the 

blood directly affect the cellular levels of carotenoids.      

  Amides are molecular structures consisting of a carbonyl group attached to the 

nitrogen atom of an amine—a structure made of carbon, hydrogen, and nitrogen—and are 

found in proteins.  Amino acids are joined together in proteins by amide linkages in the 

peptide bonds.158,166  Various amino acids are essential for a variety of processes during 

fetal development including transfer of nutrients and oxygen from the host to the fetus 

and for proper fetal growth.167,168  hpMSCs had higher spectral intensities for the amide I 

band compared to hbMSCs and haMSCs.  The great necessity of amino acids for fetal 

development lends favor to higher levels of amide I band in placental MSCs compared to 

the non-placental MSCs measured.   

Methylene is composed of a carbon attached to two hydrogen atoms.  Methylene 

groups are quite often found in fatty acids.169  Fatty acids are a type of lipid.158  

Therefore, areas with high lipid content would likely have greater methylene 

composition.  Adipose tissue is composed of fatty acids.158,170  In addition, it is believed 

that fatty acids are vital to the proper brain and neurological development in the fetus, 

especially during the last trimester of gestation.171  There was a greater presence of 

methylene stretching and bending, or deformation, in the MSCs from the fetal side of the 
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placenta and MSCs from adipose tissue at 1446 cm-1 compared to the other groups that 

may be due, in part, to the presence and significance of fatty acids in these tissues.   

Phenylalanine is an amino acid found in protein.158  It serves as a precursor to the 

amino acid tyrosine.  In turn, tyrosine serves as a precursor to catecholamine and thyroid 

hormones.172,173  Catecholamines are essential for motor control, cognitive, and emotional 

neurotransmission, as well as other neurological functions.174  Thyroid hormones are 

involved with cellular metabolism.158  hmpMSCs and hbMSCs had higher levels of 

phenylalanine compared to hfpMSCs and haMSCs.   

Deoxyribonucleic acid (DNA) is composed of the nitrogen-based molecules 

adenine, thymine, guanine, and cytosine, whereas ribonucleic acid (RNA) is composed of 

adenine, uracil, guanine, and cytosine.158,175  These bases air distinctly paired by 

hydrogen bonds.  These bonds, however, are considerably weak and can move or become 

broken  in  a  process  known  as  “breathing,”  after  which  it  is  possible  for  the  bases  to  

become exposed to the surrounding environment.175,176  It is understandable that the 

Raman spectra intensities of cytosine would be higher in MSCs with higher levels of ring 

breathing modes, since it is possible the molecule is more exposed.  hmpMSCs and 

hbMSCs had significantly higher spectral intensities compared to hfpMSCs and haMSCs 

at the wavelengths assigned to the nucleic acid base breathing mode and cytosine.  The 

breathing mode may give some indication to the nucleic stability in the MSCs from 

different locations.    

The rationale for varying levels of the molecular components for phenylalanine 

and nucleic acid composition in the MSCs from different locations is unclear and needs 

clarification through future experiments.      
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 The use of RS to determine stem cell characterization has vast implications.  

MSCs have been used extensively in heart valve replacement therapy.  In particular, stem 

cells have been used as a cell replacement in decellularized prosthetic heart valves.  The 

purpose of using MSCs in heart valve replacement is to provide a cell source that can 

adapt to its environment and possibly mimic a normal cell that would exist in that 

location.  Approximately 280, 000 heart valve replacements are performed worldwide 

each year with half of these replacements utilizing prosthetic valves.177  There are 

complications and concerns with valve replacements, however, including a deficiency in 

valve growth with patient growth, the need for anticoagulation therapies with mechanical 

valves, and the possibility for bioprosthetic valves to become diseased.40  Due to these 

concerns, there is a constant attempt to find improved treatments for heart valve 

therapies.  One method that may aid in the development of tissue engineered heart valves 

is to better characterize and select the MSCs that are used in these valve replacements.  In 

addition, RS can be used to determine molecular changes in vitro of MSCs, and other cell 

types, in various culture conditions.    

Additionally, RS can be used to characterize differences in other cell types that 

have multiple locations within the body.  One cell type, in particular, that can be 

characterized using RS is valvular interstitial cells.  Valvular interstitial cells from the 

aortic and mitral valve display different mineralization potentials when cultured in vitro.  

It would be interesting to characterize these cells for differences that may exist in their 

molecular compositions that may lead to differing mineralization potentials.  Raman 

spectroscopy of biological tissues have identified various wavelengths at which 

mineralization components, such as hydroxyapatitie, have been identified.62  Desired 
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biomolecules can be tested using a point detector and narrow bandpass filter.61  It would 

be sensible to use RS in future studies exploring valve cell calcification.              

There were a few limitations involved with this research. A limitation of this study 

is that the hMSCs from different sources were not paired with the patient.  Therefore, it is 

possible that hbMSCs and haMSCs may also have raised carotenoid levels in pregnant 

women.  Another limitation to this study was the culture conditions of the hMSCs.  Each 

cell type was cultured based on optimized conditions for that cell type.  Differing cell 

culture conditions may cause differences in cellular behavior and characteristics.  Future 

studies using RS to detect unique MSC molecular composition should aim to eliminate 

these limitations.      

 Differences exist in the molecular composition of MSCs from different sources.  

RS has shown to detect these differences in a non-invasive manner.  Although only 

certain wavelengths were isolated for analysis, it is possible to compare spectral intensity 

of difference cell types at pre-desired wavelengths.  Raman spectroscopy is a suitable 

non-destructive technique that can be implemented to detect the unique molecular 

composition of cells that are needed for future experimental use.     
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CHAPTER 6 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

Conclusions 

 

 The presented work addressed two significant concerns surrounding CAVD: the 

need to elucidate mechanisms initiating and driving the progression of the disease and the 

need to improve current treatments.     

 In chapter 2, this work applied the knowledge of lipid and calcium-altering 

capabilities of gentamicin to test if there were effects on the mineralization potential in 

VICs by this antibiotic.  Indeed, gentamicin altered the mineralization, as well as 

proliferation and apoptotic behavior, in VICs.  One of the major findings from this 

research is that gentamicin, though very effective in preventing contamination by certain 

bacteria in vitro, should be investigated before use in various studies involving CAVD.  In 

addition, gentamicin was able to decrease mineralization in pre-calcified VIC cultures.  

Future studies will be needed to establish the exact mechanism by which gentamicin acts 

to reduce mineralization.  If these mechanisms are elucidated, it may be possible to 

develop medicinal therapies to act in a similar manner for treatment of CAVD. 

 Chapters 3-4 explored the mineralization of VICs by LPC.  LPC induced 

mineralization in a dose dependent manner in VICs.  It is possible that LPC in vivo has a 

direct effect on VIC behavior, causing the cells to deposit calcium that forms nodules in 

the valve tissue.  It is important to note that it may not simply be the presence of LPC that 
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affects VICs.  The increased in vitro mineralization of aortic VICs compared to mitral 

VICs suggests that there are essential differences that exist between VICs from different 

valves that affect their mineralization potential.  Better characterization of VICs, possibly 

by RS, may give further insight into differences that affect mineralization of the cells.          

 In chapter 5 Raman spectroscopy was explored as a technique to aid in the current 

treatment of CAVD.  Specifically, it was investigated whether or not RS could efficiently 

characteristics of MSCs from different locations, since MSCs could possibly be used as a 

cell source for tissue engineered heart valves.  The spectra intensities, at certain 

wavelengths, were significantly different between MSCs from different locations.  This 

work proves RS is able to identify molecular differences between different populations of 

MSCs.  Therefore, RS may be utilized to not only determine the level of molecular 

components that may be more desirable in tissue engineered heart valves but to also 

select the exact population of MSCs with these desired levels.    

 

Future Directions 

 

 In the future, it will be important to perform studies to elucidate the exact method 

by which lipids interact with other constituents of the valve tissue.  It is hypothesized that 

glycosaminoglycans (GAGs) may play an important role in lipid retention in the aortic 

valve.34  GAGs are negatively charged units of repeating disaccharides.178  Stephens et al. 

showed a variation in the regional—in, near, or distal to regions of calcification—

abundance of the GAG hyaluronan and the proteoglycans decorin, biglycan, and versican 

in diseased aortic valves.179  Therefore, the interaction between GAGs and LPC should be 
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explored in future work.  In addition, this research used a basic two-dimensional cell 

culture model to test the effects of VIC mineralization in the presence of lipids.  In aortic 

valve lesions, however, other factors, such as the presence of  inflammatory cells—like T 

lymphocytes, which are believed to release factors that can contribute to calcification—

exist.4  In future work, it will be crucial to combine these and other in vivo observations 

together to create a more complete model of CAVD for experimental testing.    

 In addition, there is a need for more mechanistic studies involving the action of 

LPC on heart valve mineralization.  It is possible that LPC may act through other 

pathways including, but not limited to, L-type calcium channels and the protein kinase C 

enzyme.136,139  Also, it will be important in future studies to investigate the exact 

interaction of LPC with the RyR.  It is possible that LPC may be acting directly or 

indirectly on the calcium channel.  Studies isolating the RyR and directly applying LPC 

to the channel could give a greater insight into the interaction of LPC with the RyR.  

Furthermore, investigating the calcific deposits—structure, exact molecular composition, 

and location relative to the cell—will be important to gain a better understanding of 

nodule formation in CAVD.  Although it is clear that LPC affects mineralization, it is 

important to understand the precise mechanisms by which this is occurring.   

 Also, additional studies of RS are needed to confirm its effectiveness to aid in cell 

selection for tissue engineered heart valves.  These studies of RS should focus on specific 

molecules that may affect heart valves.  The research highlighted in this work focused on 

the role of lipids in CAVD.  Therefore, it may be important to measure certain 

wavelengths that are known to indicate lipid-associated molecules and then measure the 

mineralization capabilities of the MSCs.  If there is a correlation between the molecular 
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composition and the mineralization capabilities, it could indicate cells that are naturally 

inclined to produce higher levels of mineralization.  It will be important to test the levels 

of various molecules that could indicate cellular behavior in vivo.   

 Calcific aortic valve disease is a very complex condition.  Therefore, LPC may 

not be the only factor that is involved in the initiating and progression of the disease.  

Other factors including, but not limited to, cell injury and inflammation may play a role 

in CAVD.4  This work, however, has given a strong basis for future investigations of LPC 

in CAVD, as well as for the use of RS in cell selection for tissue engineered heart valves.       
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APPENDIX A 

 

ADDITIONAL DATA FOR COMPARISON OF RAMAN SPECTRA INTENSITIES 

BETWEEN DIFFERENT MSC POPULATIONS 

 

Table A.1 The percent changes and p-values for comparisons of Raman spectra 
intensities between different MSC populations  

Compared 
MSCs 

hfpMSCs compared to 
hmpMSCs 

hfpMSCs compared to 
hbMSCs 

hfpMSCs compared to 
haMSCs 

Wavelength 
(cm-1) 

Percent 
Change (%) p-value 

Percent 
Change (%) p-value 

Percent 
Change (%) p-value 

1660 -0.852 0.628 5.790 0.001 6.491 0.004 
1657 1.590 0.379 7.535 <0.001 9.358 <0.001 
1521 16.636 <0.001 101.336 <0.001 86.308 <0.001 
1519 10.954 0.040 81.150 <0.001 87.043 <0.001 
1446 4.551 <0.001 3.730 <0.001 1.520 0.156 
1438 10.097 <0.001 12.370 <0.001 6.292 0.001 
1156 7.939 0.012 63.926 <0.001 65.441 <0.001 
1003 -8.800 <0.001 -2.872 0.028 2.233 0.172 
785 -13.802 <0.001 -14.030 <0.001 -4.041 0.402 
783 -14.165 <0.001 -18.272 <0.001 -1.409 0.783 

Compared 
MSCs 

hmpMSCs compared to 
hbMSCs 

hmpMSCs compared to 
haMSCs 

hbMSCs compared to 
haMSCs 

Wavelength 
(cm-1) 

Percent 
Change (%) p-value 

Percent 
Change (%) p-value 

Percent 
Change (%) p-value 

1660 6.699 <0.001 7.406 <0.001 0.662 0.756 
1657 5.853 0.001 7.647 <0.001 1.695 0.434 
1521 72.620 <0.001 59.735 <0.001 -7.464 0.379 
1519 63.265 <0.001 68.576 <0.001 3.253 0.732 
1446 -0.786 0.387 -2.899 0.007 -2.130 0.038 
1438 2.064 0.234 -3.456 0.078 -5.408 0.004 
1156 51.869 <0.001 53.272 <0.001 0.924 0.857 
1003 6.500 <0.001 12.098 <0.001 5.256 <0.001 
785 -0.264 0.942 11.324 0.020 11.619 0.011 
783 -4.785 0.172 14.861 0.004 20.633 <0.001 

 

Percent  Change =
RSI  of  MSC  population  1   −   RSI  of  MSC  population  2  

RSI  of  MSC  population  2
∗ 100% 

 
RSI = Raman spectra intensity, populations are listed in the table as population 1 compared to population 2  


