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ABSTRACT 

Calcific Aortic Valve Disease (CAVD) is a progressive heart disease that ranges 

from aortic valve sclerosis to aortic valve stenosis. It is characterized by intense 

calcification and compromised valve function. CAVD affects 25% of people older than 

65 and 50% of people older than 85. These rates are expected to increase in the United 

States due to higher levels of obesity and diabetes, as well as an aging population. CAVD 

is the leading cause of valve replacement surgery. Annual healthcare costs for these valve 

replacements are currently estimated to be approximately 2 billion dollars. There are 

currently no medications approved by the FDA to treat CAVD.  

This thesis focuses on two potential pathways to non-invasively treat CAVD. 

First, male sex is widely considered to be a major risk factor. The goal of one project is to 

understand why this is, as insights at the molecular level could lead to the treatment of 

CAVD using medication or supplements such as estrogen supplements. The results 

suggest that estrogen is protective in female VICs, but this is not the case for male VICs.  

The second project centers on studying whether targeted EDTA chelation therapy 

(via nanoparticles) can reduce calcification of the aortic valve and improve heart 

function. The results indicate that this method is capable of reducing calcification in the 

aortic valve. 
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CHAPTER 1 

BACKGROUND ON CALCIFIC AORTIC VALVE DISEASE 

1.1 Structure, Function, and Histology of the Aortic Valve  

The aortic root (AoR) (Figure 1.1) is a centrally located structure in the heart that 

runs from the output of the left ventricle to the point where the output joins with 

the ascending aorta (Ho, 2009). The AoR is where oxygenated blood moves from the 

heart to the aorta and then into systemic circulation of the body (Weinhaus, 2015). The 

AoR is composed of several structures: the annulus, commissures, interleaflet triangles, 

sinus of Valsalva, sinutubular junction, and leaflets (Misfeld and Sievers, 2007). The 

aortic valve (AV) is located within the AoR and is composed of three leaflets that form a 

hemodynamic, physical border between the left ventricle (LV) and 

aorta (Charitos & Sievers, 2013). The threes leaflets are the left coronary leaflet, the right 

coronary leaflet, and the non-coronary leaflet (Figure 1.2) (Ho, 2009). The left and right 

coronary leaflets earned their name by being located adjacent to the left and right 

coronary artery, respectively, while the non-coronary leaflet is not located adjacent 

to either coronary artery (Charitos & Sievers, 2013).   

Blood moves from the LV to the aorta through the AV when pressure in the LV 

exceeds that of the AoR which pushes the leaflets open, allowing blood to flow 

through (systole) (Charitos & Sievers, 2013). When the pressure of the aorta exceeds that 

of the LV, then the leaflets are forced back into the closed position (diastole). It is critical
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for the AV to have the three leaflet design. It is the optimal formation for low resistance 

opening of the valve, as evidenced by people who have bicuspid aortic valves and suffer 

from valve dysfunction or stenosis associated with it (Thubrikar, 

1981; Sievers & Schmidtke, 2007).  

These collagenous leaflets are composed of four parts: the belly, the hinge, 

the coapting surface and the lannula with the noduli of Arantii (Misfeld & Sievers, 

2007). The hinge is the where the leaflets attach to the crescent-shaped annulus of the 

AoR, and it absorbs the stress experienced by the leaflets during blood flow and directs it 

to the aortic wall (Misfeld & Sievers, 2007). The belly is the main part of the 

leaflet. This portion is semi-translucent, which has made it easy to study its highly 

structured arrangement of collagen (Misfeld & Sievers, 2007). Valve endothelial cells 

(VECs) line the outer portions of the leaflets, and the interior of the structure 

is primarily filled out with valve interstitial cells (VICs) (Misfeld & Sievers, 2007). Other 

cells such as haemopoietic-derived stem cells, myofibroblasts, and smooth muscle cells 

are also present (Taylor et al., 2003; Visconti et al., 2006). The interior of the 

leaflets are divided into three primary layers: lamina fibrosa, lamina spongiosa, and 

lamina ventricularis (Figure 1.3) (Misfeld & Sievers, 2007). The three layers have 

different compositions of matrix, but they are all populated by VICs. These VICs 

originate from endothelial cells that move into the matrix during embryogenesis and 

undergo endothelial-to-mesenchymal transition (EMT) (Butcher & Markwald, 2007).   

VICs are designated as fibroblast-like cells that are responsible for secreting and 

preserving the extracellular matrix of the leaflets (Chen et al., 2009; Rutkovskiy et al., 

2017). Environmental and molecular changes can cause VICs to differentiate into 
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osteoblasts, adipocytes and chondrocytes or to be activated as myofibroblasts (Chen et 

al., 2009; Rutkovskiy et al., 2017). Myofibroblasts display characteristics of fibroblasts 

and smooth muscle cells (Messier et al., 1994; Filip et al., 1986). They are fibroblasts 

that, like smooth muscle cells, possess the ability to contract (Rutkovskiy et al., 2017). 

Aortic VICs from pigs have better contractability in their extracellular matrix compared 

to pulmonary VICs (Merryman et al., 2007).     

1.2 Calcific Aortic Valve Disease (CAVD)  

Calcific Aortic Valve Disease (CAVD) is the third most common cardiovascular 

disease and the leading cause of valve disease in the developed world (Iung et al., 

2003; Rutkovskiy et al., 2017). Metabolic syndrome, male sex, obesity, diabetes, high 

circulating lipid levels, and smoking are some of the most common risk factors associated 

with CAVD (O’Brien, 2007; Yutzey et al., 2014). Disease burden of CAVD is projected 

to increase from 2.5 million cases in 2000 to 4.5 million cases by 2030 (Aikawa & 

Schoen, 2014). Changes in the cells of the aortic leaflets accumulate, leading to aortic 

sclerosis and, eventually, aortic stenosis (Figure 1.4) (Rajamannan et al., 2011). As 

CAVD progresses from aortic sclerosis to stenosis, valvular function is hindered 

which results in angina, left ventricular hypertrophy, heart failure, and death 

(Rajamannan et al., 2011; Yutzey et al., 2014).   

  An effective non-invasive treatment has yet to be developed (Yutzey et al., 

2014). The only way to assist a patient with CAVD is through aortic valve replacement 

either with a transcatheter or bioprosthetic valve (Nishimura et al., 2014). Valve 

replacement is costly, risky to the patient, and, in the case of bioprosthetic replacement, 

requires repeat surgery later (Rajamannan et al., 2011; Linman et al., 2013). The 
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bioprosthetic replacements calcify within 10 to 15 years, and patients that receive 

a transcatheter installation require anticoagulation treatments for the rest of their lives 

(Rutkovskiy et al., 2017). Our understanding of the disease is expanding, and there is 

hope for the development of non-invasive treatments.  

It appears that, over time, passive degradation of the leaflets gives way to the 

active changes that occur at the cellular and molecular level that lead to deposition of 

calcium. CAVD was long thought of only as a passive, degenerative phenomenon 

(Rutkovskiy et al., 2017). However, as CAVD was studied more, there was a realization 

that it is in fact an active process involving changes in the cells located in the AV 

(Goldbarg et al., 2007; Pomerance, 1967). Disruption of the endothelial layer around the 

leaflet is believed to be a critical first step in the development of CAVD (Mohler, 

2004). This allows immune cells, metalloproteinases, and possibly bacteria to enter 

the interior of the leaflet and induce changes (Rutkovskiy et al., 2017).  

Metalloproteinases enter and slowly reorganize the valve’s extracellular matrix 

causing thickening of the leaflets (sclerosis) (Rutkovskiy et al., 2017). Angiogenesis 

begins to occur, immune cells enter, and there is a build-up of cellular debris, lipids, and 

proteoglycans (Mohler, 2004; Chen & Simmons, 2011). Patients in this stage are 

usually asymptomatic (Rutkovskiy et al., 2017). This all leads to an inflammatory 

response that appears to be caused by both invading immune cells and local cells (Akat et 

al., 2009). Most AV calcification is thought to be a result of VIC differentiation into 

myofibroblasts (Rutkovskiy et al., 2017). This differentiation appears to be mediated by 

paracrine action from transforming growth factor β-1 (TGFβ1) (Xu et al., 

2010). Contraction of the reorganized extracellular matrix by these newly differentiated 
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myofibroblasts leads to apoptosis of cell aggregates embedded in the matrix 

(Rutkovskiy et al., 2017). Sedimentation of calcium salts around apoptotic bodies, 

cleaved collagen type I chains, and cleaved elastin chains then occurs (Farzaneh-Far et 

al., 2001).  

VICs can also differentiate into osteoblast-like cells. This differentiation pathway 

is largely promoted by Runt-related transcription factor 2 (Runx2) and bone 

morphogenetic proteins (BMPs) (Rutkovskiy et al., 2017). Once VICs are differentiated 

into this state, they begin secreting proteins such as osteopontin, osteocalcin, and 

alkaline phosphatase which are all expressed in high levels in bone tissue (Rutkovskiy et 

al., 2017). These osteoblast-like cells also begin organizing calcium crystals in the matrix 

into structures resembling lamellar bone (Rutkovskiy et al., 2017).   

1.3 TGFβ1: Structure, Function, Signaling Pathway and Role in CAVD  

TGFβ1 is a cytokine produced in both non-cardiac and cardiac tissue and is part 

of the TGFβ superfamily which is collection of 33 genes that produce structurally related 

differentiation and growth proteins (Molin et al., 2003; Morikawa et al., 

2016). The TGFβ1 ligand is a homodimeric signaling protein (Figure 1.5) (Hinck, 

2012). TGFβ1, as well as its two sister isoforms, TGFβ2 and TGFβ3, are present only in 

vertebrates and have a bi-functional role in either inhibiting or activating cell 

proliferation in various tissues and organs, including the heart, during development and 

throughout life (Hinck, 2012; Morikawa et al., 2016). Additionally, TGFβ1-3 ligands are 

critical for wound healing and adaptive immune system regulation (O’Kane & Ferguson 

1997; Letterio & Roberts, 1998). These three ligands are unique relative to other TGFβ 
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superfamily ligands due to their ability to bind and signal via TGFβ receptor type II 

(TβRII) (Akhurst, 2017).  

The downstream results of TGFβ1-3 ligand binding are very contextual (Figure 

1.6) (Akhurst, 2017; Liu et al., 2018). The pathway starts when when one of 

the TGFβ ligands binds to TβRII’s extracellular domain (Shi & Massague, 2003). This 

leads to hetero-oligomerization of TβRII and TGFβ receptor type I (TβRI), bringing 

about a conformational change to the newly formed receptor complex (Shi & Massague, 

2003). Both TβRI and II are kinases that are a part of the tyrosine kinase-like family 

(Heldin & Moustakas, 2016). TβRII then phosphorylates and activates TβRI, which 

causes signal propagation either though the canonical Smad-dependent pathway and/or 

the Smad-independent pathways (Figure 1.6) (Derynck & Zhang, 2003). Interaction 

between TGFβ and other signaling pathways involving growth factors and cross-

talk between the Smad-independent and –dependent pathways leads to changes in Smad 

transcriptional output (Akhurst, 2017).  

In the Smad-dependent pathway, it begins with TβRI becoming activated and 

phosphorylating Smad2/3 which recruits and binds Smad4 (Zhao & Chen, 2014). The 

Smad2/3-Smad4 complex then enter the nucleus where Smad3 and Smad4 bind to the 

Smad binding element on DNA and modulate production of transcription factors 

(Morikawa et al., 2013). Smad7 servers as an inhibitor of the Smad-dependent pathway 

(Zhao & Chen, 2014). There are a few different Smad-independent pathways. In these 

paths, activation of TβRI via TβRII binding to TGFβ ligand results in activation 

of pathways such as phosphatidylinositol-3-kinase-AKT or mitogen-activated protein 

kinase pathway (ERK, p38) (Zhang, 2009).  
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As previously stated, there is cross talk between the Smad-dependent and –

independent pathways. TGFβ signaling is regulated by several mechanisms from the 

beginning, starting with transcription, until the end with release of the downstream 

products from the cell (Shi & Massague, 2003; Robertson & Rifkin, 2016). Ultimately, 

TGFβ1-3 ligand signaling results in expression of genes that are critical for process such 

as cell differentiation, cell matrix remodeling, apoptosis, and epithelial to mesenchymal 

transition (Gordon & Blobe, 2008; Morikawa et al., 2016).  

TGFβ1 appears to play a role in the development and progression of 

CAVD. Tissue samples collected from both CAVD patients and non-CAVD patients 

were compared, and CAVD patients’ tissue had greater levels of TGFβ1 (Jian et al., 

2003). TGFβ1 levels were also higher in patients that were suffering from stenosis rather 

than the more serious sclerosis associated with greater calcification (Jian et al., 

2003). Correlation does not mean causation though. The fact that TGFβ1 signaling plays 

a role in the remodeling of the cell matrix, cell differentiation, apoptosis, and transition of 

epithelial cells to mesenchymal cells, leads one to believe that it may be responsible for 

the changes that occur to VICs that promote the development CAVD. It is a prime 

candidate to study in hopes that non-invasive treatments for CAVD can be developed in 

the near future. 

1.4 Specific Aims  

The focus of this thesis is looking at the impact of sex hormones on the 

development of CAVD, and to research the potential of ethylenediaminetetraacetic 

acid (EDTA) as a non-invasive treatment for it.  

Specific Aim 1: Understand the impact of sex hormones in the development of 

CAVD using TGFβ1 transgenic mice.  
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Specific Aim 2: Determine if targeted delivery of EDTA using nanoparticles can 

be utilized as a non-invasive treatment for CAVD.  
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Figure 1.1 Anatomy of the Aorta. This figure depicts the structure of the AV. It 

exists from the output of the left ventricle until the sinutubular junction where it 

attaches to the ascending aorta. The AoR is composed of all the structure in the figure 

above, other than the ascending aorta. The AV specifically refers to the leaflets of the 

AoR. This image comes from Charitos & Sievers, 2013. Permission to use this image 

was granted by AME Publishing Company. 
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Figure 1.2 Diagram of Aortic Leaflets. This figure shows the left coronary leaflet 

(L), right coronary leaflet (R), and non-coronary leaflet (N) in relation to the 

Pulmonary (Pulm) trunk. This image was taken from Ho, 2009. Permission to use the 

image was granted by Oxford University Press. 



 

11 

 

 

 

 

 

  

Figure 1.3 Cross Section of AV Leaflet. On the left, is an illustration of a 

cross section through the non-coronary AV. The image on the right shows the cellular 

composition of the AV leaflet. 
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Figure 1.4 Progression of CAVD. This figure illustrates the progression of CAVD in 

the leaflets of the aorta from normal to completely calcified. Risk factors for the 

disease are list on the left side of the image. This figure was taken from Rajamannan 

et al., 2011. Permission to use this image was granted by Wolters Kluwer Health, Inc. 
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Figure 1.5 Structure of TGFβ1. This figure shows the homodimeric structure of the 

TGFβ1 protein. This image was taken from Hinck, 2012. Permission to use the image 

was granted by John Wiley and Sons.  
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Figure 1.6 TGFβ Signaling Pathway. This figure illustrates a simple schematic of 

the TGFβ signaling pathway that results. It shows both the Smad-depenedent and -

independent pathways, as well as other growth factors modulating the activity of 

Smad transcriptional output in the non-Smad pathway. This image was taken from Liu 

et al., 2018. Permission to use the image was granted by Spandidos Publications. 
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CHAPTER 2  

THE IMPACT OF SEX HORMONES IN CALCIFIC AORTIC VALVE DISEASE  

Specific Aim 1: Understand the impact of sex hormones in the development of CAVD 

using TGFβ1 transgenic mice.  

2.1 Introduction  

A fairly novel area of study that could lead to greater understanding and possible 

treatment of CAVD lies in discovery of what causes male sex to be a risk factor for the 

disease. There are many cellular and molecular interactions that could explain why males 

are more prone to develop CAVD. One well established molecular aspect of CAVD, is 

that increased levels of the cytokine, TGFβ1, are present in the valve interstitial cells of 

calcified aortic valves (Jian et al., 2003). The exact molecular process to explain how 

TGFβ1 has this affect is unknown. It is also known that pre-menopausal women have a 

lower incidence of cardiovascular mortality than males, and that addition of exogenous 

estrogen can have anti-atherosclerotic effects (Ueda et al., 2019). This may mean that 

estrogen plays a protective role in cardiovascular diseases such as CAVD. 

Additionally, testosterone may promote development of CAVD. However, the specific 

interactions between sex hormones and TGFβ1 signaling is a mystery.  

Estrogen is a nonpolar steroid, so it can pass through the lipid bilayer and interact 

with receptors within the cell. Estrogen binds to estrogen receptors α and β (ERα and 

ERβ) that are in the cytosol, and with estrogen binding proteins (EBPs) that are also 
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present in the cytosol (Kupier et al., 1997; Heldring et al., 2007). They also bind to 

membrane bound G-protein coupled estrogen receptors (Prossnitz et al., 2008). Through 

these interactions, estrogen has downstream effects that subdue molecular 

processes involved in calcification of cardiovascular tissue, such as suppression of p53 

activity, decreasing NADPH oxidase activity, and dampening nuclear factor κB (NFκB) 

signaling (Zapata et al., 2005; Sahoo et al., 2015; Zhang et al., 2019). Estrogen also up-

regulates processes that are protective against cardiovascular calcification such as 

increased expression of antioxidant enzymes and nitric oxide synthase (Figure 

2.1) (Richards et al., 2013; Miller et al., 2008; Zhang et al., 2019). Testosterone is also a 

nonpolar steroid that directly enters the cell. Testosterone either directly binds to its 

intracellular receptor, androgen receptor (AR), or is converted 

to dihydrotestosterone (DHT) and then binds to AR (Davison & Bell, 2006). In terms of 

its impact in the development of CAVD, there have been numerous studies that 

implicate the downstream effects of AR activation in the promotion 

of calcification. Notably, these downstream effects include increased osteogenic 

signaling and increased levels of reactive oxygen species (Tuck & Francis, 

2009; Chignalia et al., 2015).   

Estrogen’s interactions with TGFβ1 in the context of CAVD are not well 

understood. To make things more complicated, one must also account for BMP 

signaling which is tightly intertwined with TGFβ signaling (Zhang et al., 2019). This 

further complicates the impact that estrogen may have in the development of CAVD, and 

research on the matter has only confirmed the complexity of these interactions. One study 

showed that estrogen decreased TGFβ-dependent extracellular accumulation and non-
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collagenous protein downregulation, both of which contribute to development of 

calcification (Donley & Fitzpatrick, 1998). Another study showed that estrogen can 

directly inhibit TGFβ signaling by promoting degradation of Smad2/3 (Ito et al., 

2010). However, other research revealed that estrogen promotes transcription of 

BMP2 (Zhou et al., 2003). BMP2 and its downstream effectors are pro-osteogenic and 

are strongly tied to induction of calcification in the aortic valve (Seya et al., 2011; Kaden 

et al., 2004). There is also evidence that Smad4, a signal transducer in the TGFβ/BMP 

signaling pathway, can bind to ERα and inhibit estrogen signaling (Wu et al., 2003). Our 

understanding of how estrogen signaling is interwoven with TGFβ/BMP signaling 

is limited and requires additional research.  

The same can be said with testosterone signaling. There is some prior research in 

this area, but the results are limited and contradictory. As previously mentioned, some 

studies have shown AR activation, which can be induced by testosterone or DHT, can 

lead to promotion of calcification in cardiac tissue by increasing levels of reactive oxygen 

species and increasing osteogenic signaling. In Dr. Mohamad Azhar’s lab, work with 

transgenic mice that have elevated levels TGFβ1 showed that CAVD developed in both 

sexes, but that the progression to aortic stenosis was more common in males. On the 

other hand, there is research that shows that testosterone and DHT can decrease 

calcification by inhibiting TGFβ1 signaling (Chung et al., 2014). Additionally, some 

research has shown that TGFβ1 induces activity of anti-osteogenic transcription factor, 

Sox9, and inhibits calcific nodule formation (Huk et al., 2016).   

The goal of this study is to attempt to elucidate the effects of estrogen and 

testosterone to see what effect these interactions may have in the development and 
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progression of CAVD. There is limited work in this area and the results so far have been 

contradictory. The hope is that our work utilizing cell cultures and gonadectomies of 

mice will help add some insight into the effect of these steroid hormones have on the 

development and progression of CAVD. We will use TGFβ1/PeriostmCre transgenic 

(Figure 2.2) mice as an in vivo model. These mice produce greater amounts of TGFβ1 

specifically in their VICs. It is well established that this mouse model develops CAVD 

based on years of work in Dr. Mohamad Azhar’s lab. Female mice will undergo either 

ovariectomy (OVX) or sham OVX, and male mice will undergo either castration (CAST) 

or sham CAST. Work on this topic will also be studied in vitro. Cell cultures will use 

murine VICs that Dr. Mrinmay Chakrabarti isolated. It should be noted that these cells 

are not TGFβ1 transgenic cells. 

2.2 Materials and Methods 

2.2.1 Mice 

All animal work was performed in accordance to protocol approved by the 

Institutional Animal Care and Use Committee (IACUC) at University of South Carolina. 

All mice were available in the Azhar laboratory. The mice used in this study were TGFβ1 

transgenic (Tg), Postn-Cre Tg, or Postn-Cre non-transgenic (nTg). Additionally, some 

mice were membrane-targeted tandem dimer Tomato/membrane-targeted green 

fluorescent protein (mT/mG) transgenic. Mice in the preliminary study received a special 

chow that was high in fat. The nutritional composition of calories from this chow was 

60% fat, 20% protein, and 20% carbohydrates. Mice in the OVX and CAST study were 

on normal chow. 
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2.2.2 OVX/Sham Surgeries 

All animal work was performed in accordance to protocol approved by the 

Institutional Animal Care and Use Committee (IACUC) at University of South Carolina. 

Dr. Reilly Enos performed all ovariectomy, castration, and sham surgeries. To perform 

OVX surgery, the mice were anesthetized using isoflurane. 4% isoflurane was used for 

induction and 2% isoflurane and oxygen was used for maintenance of anesthesia. An 

incision was made first in the skin and then the muscle layers. Both uterine horns were 

tied with a 5-0 non-absorbable suture (category # S-G518R13). Then the ovaries were 

removed. For sham OVX surgeries, the ovaries were moved outside of the mouse’s 

interior, but not removed. They were placed, intact, back into the abdominal cavity. For 

both sham and OVX, the muscle incision was sutured shut with 5-0 absorbable suture 

(category # S-G518R13-U) and the skin incision was closed using wound clips. A 

subcutaneous dose of Buprenorphine (0.43 mg/kg of bodyweight) was given as a pain 

reliever. One week after surgery, wound clips were removed (Bader et al., 2020). The 

procedure was similar for castration. In castration operations, the testes were removed via 

a midline excision and the ductus deferens were cauterized. The wounds were sutured in 

the same fashion as OVX surgeries and wound clips were also removed a week later. 

Mice in the Preliminary OVX study underwent surgery at 7 months of age, while 

mice in the OVX & CAST study received surgery at 3-4 months of age.  

2.2.3 microCT Imaging 

microCT (mCT) scans were done on mice in this project to image and track the 

level of calcification in and around the aortic valve. First, the Perkin Elmer Quantum GX 

machine was turned on and allowed to warm up for 15 minutes. Once this was done, 1.5-



 

20 

2% isoflurane was added to its appropriate containment and regulatory chamber, the 

oxygen supply was turned on, the vacuum pump system initiated, and the anesthesia 

muzzle was properly placed on the apparatus that holds the mice during the scan.  

The mice were anesthetized in a box that circulated a mixture of oxygen and 

isoflurane. Once the mouse was anesthetized, it was quickly moved from this box into the 

Quantum GX. The mouse was then placed in a supine position, with its snout inserted 

carefully into the anesthesia muzzle. The Quantum GX door was then closed and the scan 

was started. All scans were done with the following settings: field of view (FOV) set to 

FOV45, High Resolution, 4 minute scan, X-ray filter of Cu 0.06+ Al 0.5. Once the scan 

was finished, anesthesia was stopped and the mouse was moved to a recovery cage. The 

images were saved and collected. 

2.2.4 Echocardiography 

Heart and valve function of the mice was tracked using echocardiography. A 

Vevo3100 with an MX400 transducer was the instrument used to achieve this. The 

transducer was positioned to achieve three primary views of the heart: Aortic Arch View 

(AAV), Parasternal Long Axis (PLAX) View, and Parasternal Short Axis (PSAX) View. 

To get the desired views of the heart, the MKT02620 Imaging Guides: Small Animal 

Echocardiography using the Vevo Imaging System Rev 1.0 was followed. 

Before imaging of the heart, the mice were anesthetized in a box that circulated a 

mixture of oxygen and isoflurane. Once the mouse was anesthetized, protective lubricant 

was placed over its eyes, and then the mouse was laid on the imaging platform and had its 

snout placed into the anesthetizing tube. Once there, its hands and feet were placed onto 

the sensors that tracked heart and breathing rate and fastened down with tape. Heart rate 
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was maintained at a rate greater than 400 beats per minute. The mouse’s hair was 

removed from its chest and upper abdomen using Nair. Once the hair and Nair were 

appropriately washed away, gel was placed onto the transducer and imaging could begin. 

To acquire the PLAX and PSAX View, the imaging platform the mouse was on 

was tilted down slightly. The transducer was placed such that the notch on the transducer 

was pointing towards the mouse’s head and the rotated approximately 35° counter 

clockwise. From this view data could be collected for PLAX. To transition from 

collecting data in the PLAX view to the PSAX view, the transducer was rotated 90° 

clockwise from the PLAX View. In these two views, M-Mode data was collected. 

To acquire data relating to the aortic valve function, the right side of the imaging 

stage was titled down, and the transducer was placed on the left side of the mouse such 

that the notch was pointing towards the mouse’s head and was parallel with the chest to 

achieve AAV. The transducer was moved and angled until a good view of the aortic arch 

was achieved. The innominate, subclavian, and left common carotid arteries served as 

landmarks to help achieve this view. In this view data relating to blood flow was 

collected using Color Doppler and PW Doppler.  

To measure and quantify AV function, data was collected using Doppler imaging 

and collection of data on peak pressure (mmHg) and peak velocity (mm/s) of the AV. 

The normal flow of blood across the AV in mice at peak systolic velocity is <10 mmHg 

and normal peak aortic velocity (mm/s) is 900-1500 mm/s (Miller, et al., 2011; 

Casaclang-Verzosa et al., 2017). Peak aortic velocity great than 5000 mm/s has been 

associated with severe aortic stenosis (Casaclang-Verzosa et al., 2017).  
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2.2.5 Tissue Collection and Processing 

At the end of the studies, mice were sacrificed by being placed in a chamber 

containing isoflurane. Once deceased, its heart was retrieved from the body and placed in 

a vial containing 4% paraformaldehyde for 24-48 hours. The heart was then held in 70%, 

95%, and 100% ethanol for 24 hours each. After this, the vial containing the heart was 

filled with xylene and placed in a vacuum oven at 60 °C for three hours. This was done 

twice with a change into new xylene for the second three hour period. After that, the heart 

was left overnight in a 50% xylene, 50% paraffin mixture. The next day, the xylene-

paraffin mixture was melted, removed, and replaced with 100% paraffin in the vial. The 

vial was then be placed in the vacuum oven at 60 °C for 4 hours. After 4 hours, the vial 

was removed from the oven and the heart was held overnight in this paraffin. The next 

day, the vial was placed into the vacuum oven at 60 °C for two 4 hour periods, with a 

change of paraffin before the second period. Once this was done, the heart was placed 

into a mold and was ready to be sectioned, placed on microscope slides, and exposed to 

various histological staining. Alternatively, some hearts underwent processing for 

cryostat sectioning. In this case, the hearts were placed in a vial containing 

paraformaldehyde for 24 hours. The next day, they were washed three times with 1X 

phosphate buffered saline (PBS), and then, placed in sucrose for 24 hours. Once sucrose 

saturation was complete, the hearts were again washed three times with PBS. After the 

PBS wash, the hearts were placed in Optimal cutting temperature (OTC) compound and 

stored in a -40°C refrigerator for at least 24 hours. 
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2.2.6 Alizarin Red Staining of Tissue Samples 

Before any of the microscope slides with tissue sections could be stained, they 

first had to be deparaffinized in three washes of xylene for 3 minutes each. The tissue 

was then hydrated. To achieve this, slides were placed in two washes of 100% ethanol for 

2 minutes each, then in 95% ethanol for a minute, 70% ethanol for a minute, and then 

were gently washed in deionized water for approximately a minute.  

Next, for Alizarin Red Staining, Alizarin Red solution was placed directly onto 

the tissue sections using a pipette to careful add drops of the staining solution until it 

covered the section. The staining solution stayed on the section for 5 minutes. After 5 

minutes, the Alizarin Red solution was completely removed from the tissue section. The 

slide was then placed in acetone for 1 minute, and then a 50/50 mixture of acetone and 

xylene for 15 seconds. The slide was then cleared in three changes of xylene for three 

minutes in each change. Finally, the slide was air dried and a coverslip with permanent 

mounting media was placed over the tissue section. 

2.2.7 Cell Culture and Alizarin Red Staining and Quantification of Cell Cultures 

VICs were grown at 33°C in Dulbecco's Modified Eagle Medium (DMEM) media 

containing 10% Fetal Bovine Serum (FBS), 1% penicillin-streptomycin, Glutamine (1 

mM) and ɣ-interferon (10 units/ml; Peprotech INC.; catalog: 315-05).  Once cells are 

~80-90% confluent, they were seeded in six well plates (2x105 cells/well) in 

quadruplicate for each treatment at 37°C without ɣ-interferon. Cells are grown either in 

DMEM media or osteogenic (OST) media. OST media is composed of Hi glucose 

DMEM, 10%FBS, 1% P/S, 10 nM L-beta-glycerolphosphate, and 50 µM ascorbic acid. 

provided by CBA Cell Culture Lab for 14, 21, or 28 days in presence or absence of 1 µL 
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of either 100 nM Estradiol (E) or 100 nM Di-hydro Testosterone (DHT) dissolved in 

Dimethyl sulfoxide (DMSO). We changed the media/drugs every 5 days during course of 

the experiments. At the end of the treatments, cells were washed thrice in Phosphate 

Buffer Saline (PBS) and Alizarin red staining was performed to determine calcification in 

the cultured cells as follows. 

The cells were fixed using 4% paraformaldehyde for 15 min at room temperature. 

Before staining, fixed cells were washed thrice with deionized water. Then 500 µl of 

Alizarin red solution (American Mastertech Scientific Inc. Cat # STARE100) was added 

to each well of the six well plate and incubated 30 min with gentle shaking. At the end of 

the incubation, VICs were washed with deionized water six times, air dried and 

photographed using a Carl Zeiss camera at either 4X or 10X magnification of each well, 

making sure that we randomly chose 5 fields from each well. ImageJ software was used 

to quantitate each image after setting up the scale, RGB stack, and threshold values. We 

always use the same threshold for all the images in the experiment. Then Alizarin red 

stained areas were measured for each images keeping similar setting for the software. We 

measured the percentage of stained area as our record, then calculated relative changes in 

staining area following different media/drugs and presented graphically. 

These cell cultures were only done once. There were no duplicate or triplicate 

studies. 

2.2.8 Quantification and Statistical Analysis of Data Collected 

Color thresholding in the NIH software, ImageJ, allows one to quantify 

calcification captured within a live mouse during mCT scans. This is achieved when 

pixels of an individual image within a stack of hundreds of images (collected during a 
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scan) are counted using an interactive image-altering technique called, Color Threshold. 

The calcified nodule will appear white, similar to bone, in a normal mCT image. To 

quantify the presence of calcification, one must change the color threshold settings until 

bone-like material, but not tissue, appear red. This indicates that pixels are being tagged 

onto bone-like material. Those pixels can then be counted. Once the nodule is located, 

one can set parameters to measure specifically in the area around the nodule and begin 

quantifying the level of calcification. Measurements are taken for as much of the calcified 

area as possible where pixels are being tagged to the calcification. 

Quantification of ECHO data was done using FujiFilms VEVO Analysis software 

provided by the Instrument Resource Facility at U of SC School of Medicine-Columbia. 

Statistical analysis was conducted in GraphPad Prism 9. All Statistical Analysis was done 

using GraphPad Prism 9. Two-way ANOVA with multiple comparisons and a Tukey test 

were done to determine statistical significance between treatment groups in the OVX and 

CAST study.  

2.3 Results 

2.3.1 Preliminary Research Indicates Development of Calcification at a Greater 

Rate after Ovariectomy 

In the preliminary study there were 4 female mice: 2 received sham surgeries and 

2 underwent ovariectomies (OVX). The 2 OVX mice were TGFβ1 double transgenic 

(dTg) and had elevated levels of TGFβ1 in their aortic valves (AVs). One of the mice that 

received a sham surgery was dTg while the other was non-transgenic (nTg). The nTg 

mouse was not overproducing TGFβ1 in its AV (Figure 2.3).    
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The development of calcification was tracked in these mice using microCT 

(mCT) imaging. The mice were given one month to heal from surgery and consume a 

high fat diet (HFD). The purpose of using the HFD was to expedite the development of 

calcific aortic valve disease (CAVD) as obesity is a major risk factor for the disease. 

After the one month, the mice were scanned once every two weeks (except for a period of 

four weeks where the mCT machine was undergoing repairs).   

The scans (Figure 2.5) were collected, and calcification of the AV was quantified 

in ImageJ. The first mCT scan revealed that one of the OVX mice had calcification and 

the TGFβ1 dTg mouse that received a sham surgery had calcification. This trend 

remained until the final scan which revealed that the other OVX mice had developed 

CAVD (Figure 2.4). The TGFβ1 nTg mouse did not calcify throughout the course of the 

experiment. It did gain the most weight though (Figure A. 1).   

Alizarin Red staining was done on tissue sections collected from each mouse to 

confirm that there was calcification (Figure 2.5). The Alizarin Red staining was 

consistent with the information collected from the mCT imaging.   

2.3.2 Echocardiography Indicates That Calcification Has Negative Effects on Blood 

Flow through the AV 

Echocardiography imaging and data further confirmed the development of CAVD 

in the dTg mice that had calcification in the AV. To determine AV function, data was 

collected using Doppler imaging and collection of data on peak pressure of the AV 

(mmHg). Irregular blood flow was seen in all dTg mice AV, regardless of the type of 

surgery (Figure 2.6). The blood flow through the AV of the non-calcified mouse was 

normal (Figure 2.6). This was confirmed quantitatively (Figure 2.7). The normal flow of 
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blood across the AV in mice at peak systolic velocity is <10 mmHg. 1.5 months after 

surgery, the nTg Sham OVX mouse had a peak AV pressure of 2.291 mmHg, the dTg 

Sham OVX mouse had a peak AV pressure of 2.690 mmHg, and the average peak AV 

pressure of the 2 OVX mice was 5.323 mmHg (Figure 2.7). 3 months after surgery, the 

peak AV pressure of the sham nTg OVX mouse was 2.323 mmHg, the dTg Sham OVX 

peak AV pressure increased from 2.690 mmHg to 15.303 mmHg, and the average peak 

AV pressure of the dTg OVX mice increased from 5.323 mmHg to 13.513 mmHg 

(Figure 2.7). 

2.3.3 Estrogen is Temporally Protective against Calcification in vitro for Female 

VICs 

Cell culture work was done using six 6 well plates. There were three sets of plates 

populated by male murine VICS (Figure 2.11) and three sets of plates with female murine 

VICs (Figure 2.9). One set of each of the male and female plates was followed for 14 

days, another for 21 days, and a final set for 28 days. On each of these six plates, four 

wells were used: one well was covered DMEM, one OST, one OST+E, and one 

OST+DHT. 

Data collected from the 14 and 21 day cell culture experiments of female VICs 

was nearly identical (Figure 2.8). In both cell cultures, calcification (measured by the % 

of area calcified relative to not calcified) was detected in the wells with OST, OST+E, 

and OST+DHT media, but none was present in the well containing DMEM media 

(Figure 2.8). The % of area calcified in the well with OST media for the 14 day culture 

was 14.03% (Figure 2.8). This was greater than both DMEM and OST+E (Figure 2.8). 

The average % of area calcified in OST+E media for 14 days was 0.48% (Figure 2.8). 
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However, the % of calcified area in the OST media was less than that of the OST+DHT 

media, which had an average value of 24.93% calcified area (Figure 2.8). The data 

collected in the 21 day media was practically identical. The OST media showed a greater 

% of area calcified relative to both the DMEM and OST+E wells, while the OST+DHT 

well calcified (24.59%) more than the OST media (Figure 2.8). There was no difference 

between the DMEM and OST+E media at either 14 days or 21 days (Figure 2.8). The 

mean values were within the same standard deviation. 

The results seen in the previous two cell cultures were not seen in the 28 day 

cultures. In this portion of the study, the OST and OST+DHT wells were not different in 

terms of the % of calcified area (Figure 2.8). They were within each other’s standard 

deviation. Additionally, while both OST and OST+DHT were more calcified than the 

OST+E well, the amount of calcification present in the OST+E well had increased 

relative to the 14 day and 21 day wells with E (Figure 2.8). The 28 day well with OST+E 

had an average % of calcified area of 16.48% (Figure 2.8). That is a little over a 5000% 

increase from the 21 day OST+E well which had an average % of calcified area of 0.32% 

(Figure 2.8). 

2.3.4 Male VICs Calcify in vitro Regardless of Hormone Treatment 

The results seen in the male VIC cultures (Figure 2.11) were quite different 

compared to their female counterparts. Calcification was pervasive throughout the OST 

media, regardless of treatment or exposure to DHT or E. There was no difference in the 

mean values of the % of calcified area in OST, OST+E, and OST+DHT in the 14, 21, or 

28 day cell cultures (Figure 2.10). All were within each other’s standard deviation. The 

only difference of note was a temporal difference between the average % of calcified area 
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of the OST well at 14 days and 28 days (Figure 2.10). The 14 day well had a mean value 

of 24.85% while the 28 day well’s mean value was 41.98% (Figure 2.10). The rest of the 

temporal comparisons between wells and treatment were not different as they all were 

within each other’s standard deviation. 

2.3.5 Development of CAVD in Mice Regardless of Surgery in OVX & CAST Study 

A follow-up in vivo mouse study was conducted to further explore the impact of 

sex hormones on the development of CAVD. This project would include both female 

mice (n=7) and male mice (n=4). The surgery types remained the same for females. They 

either received OVX (n=5) operations or sham OVX (n=2) operations. Males received 

either CAST (n=3) or sham CAST (n=1).  

Data from mCT scans done before the operation and three months after the 

operations. To compare the data and determine significance, a 2-way ANOVA multiple 

comparisons with Tukey test was conducted. This test revealed that there was no 

significant difference in average mean calcification (AU) data collected pre-operation 

when comparing one of the four groups to the other (Figure 2.13). The same results were 

found for the average mean calcification of the four groups at the end (Figure 2.13). The 

only statistically significant phenomenon observed according to this test was when 

average mean calcification of the OVX group was compared pre-operation vs three 

months after operation (p=0.037) (Figure 2.17). While the sample size of the sham CAST 

group is n=1, it should be noted that mean calcification of this group increased from 

31.60 AU to 130.7 AU which was very similar to the increase seen in the OVX group 

(43.88 AU to 136.03 AU) that was deemed statistically significant (Figure 2.13). 
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These non-significant results were further confirmed by mCT scans of just the 

heart tissue that was collected after the mice were sacrificed. With less tissue and bone in 

the way of the scan, it was an opportune time to specifically focus on calcific nodule 

located in the AV. The volume of the nodule was measured utilizing the orthogonal view 

of the heart. Similar to the results seen in mean calcification three months after operation, 

there was no significant difference between the four groups in terms of the average 

volume (mm3) of the nodule (Figure 2.13). 

2.3.6 Echocardiography Indicates That Calcification Has No Significant Effects on 

Blood Flow through the AV 

As in the preliminary OVX study, echocardiography imaging and data was 

collected. However, in this study, according to two-way ANOVA multiple comparisons 

with Tukey tests, there was no significant change in the average peak AV pressure 

(mmHg) or peak AV velocity (mm/s) before or after surgery (Figure 2.15). None of the 

average nor individual values of any of the four groups or individual mouse within those 

groups exceeded the normal peak AV pressure of 10 mmHg or normal peak AV velocity 

of <1500 mm/s (Figure 2.15). However, Doppler imaging showed turbulent blood flow in 

the AV of most of the mice before surgery, and in all of the mice after surgery regardless 

of which surgery they underwent (Figure 2.14). 

2.4 Discussion 

Based on the results of these three studies, it appears that estrogen may play a 

protective role in preventing development of CAVD in female VICs, but this is only true 

when TGFβ1 is not overexpressed. In the preliminary OVX study, both mice that were 

dTg and OVX developed CAVD, the dTg sham OVX mouse developed CAVD, but the 



 

31 

nTg sham OVX mouse did not. The sham OVX mouse that did develop CAVD had 

upregulated levels of TGFβ1, just like the OVX mice. Estradiol (E) alone was not enough 

to prevent CAVD. This seems to indicate that any possible protective effects of estrogen 

are lost when there is an excessive amount of TGFβ1. This theory seemed to be 

confirmed by the OVX & CAST study. All mice in this study were dTg. The females 

were all dTg and developed CAVD after both sham and OVX surgeries, which is what 

was observed in the preliminary study.  

This conclusion is consistent with observations from in vitro experiments. In cell 

culture experiments, significant calcification developed in female VICs when they were 

in OST and OST+DHT wells in 14, 21, and 28-day cultures. However, in all three of the 

OST+E wells calcification was significantly suppressed relative to their OST and 

OST+DHT of the same time. The OST+E wells were not different than the DMEM 

media in the 14 and 21-day cultures. Even in the 28-day cell culture wells, while the 

OST+E well calcification levels were higher than the DMEM well, the OST+E well 

remained less calcified compared to the OST and OST+DHT wells. These VICs are not 

dTg, so they do not have elevated levels of TGFβ1 to outweigh the protective effects of 

E. 

This seems consistent with some previous research. Donley & Fitzpatrick (1998) 

showed that estrogen prevents CAVD-inducing processes such as accumulation of TGFβ-

dependent extracellular materials and non-collagenous protein downregulation. Later 

research showed that estrogen can promote degradation of Smad2/3 which is a critical 

part of TGFβ signaling (Ito et al., 2010). One of these pathways may explain what was 

seen in the nTg mouse that underwent sham surgery. Her resistance to CAVD may have 
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been two-fold: she had sufficient levels of estrogen and normal levels of TGFβ1. It is 

even possible that her estrogen levels were higher considering she weighed more (Figure 

A. 1) and was on a high fat diet. It is well known that fat cells produce estrogen. 

However, the in vivo hormone concentrations were not measured in any of the mice so 

this is conjecture. Hormone concentrations of mice need to be monitored in later 

research.   

All dTg female mice developed CAVD regardless of whether they underwent 

sham or OVX surgery. The molecular equilibrium appears to have been pushed in favor 

of TGFβ/BMP signaling pathway over the estrogen pathway as all three had calcific 

nodules. A previous study showed that a signal transducer in the TGFβ/BMP signaling 

pathway, Smad4, can bind to estrogen receptor-α (ERα) and inhibit estrogen 

signaling (Wu et al., 2003). There may be competitive inhibition occurring where 

increased TGFβ/BMP signaling leads to greater quantities of Smad4 which is then able to 

outcompete estrogen for ERα, thus preventing any protective effects in sham OVX 

females. The fact that the sham dTg mice developed CAVD and that nTg VICs in cell 

culture did not calcify in the presence of E gives credence to this idea of competitive 

inhibition of ERα leading to calcification. More detailed research needs to be done at the 

molecular level utilizing techniques such as western blot and qPCR. 

The potential for protective effects of estrogen in males does not appear to be as 

optimistic. Decreasing testosterone does not appear to prevent CAVD either. All the dTg 

male mice calcified, regardless of whether they underwent CAST or sham CAST surgery. 

It must be noted that conclusions in vivo should be taken skeptically, as the sample size 

for the CAST (n=3) and sham CAST (n=1) were small. Additionally, in vitro, there were 
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no significant differences between 14, 21, or 28-day wells in any version of the OST 

wells. Every OST, OST+DHT, and OST+E well calcified at all three time intervals. E 

does not appear to have protective effects when it comes to preventing calcification of 

male VICs.   

The development of pervasive calcification in OST wells of male VICs is not 

surprising as it was a positive control for calcification development (the same is true for 

female VICs). Males are at a much higher risk of developing CAVD (O’Brien, 

2007; Yutzey et al., 2014). Decades of work done by Dr. Azhar has shown that male mice 

are at the same risk as humans for CAVD development. Testosterone seems to be the 

obvious explanation for this risk, but the data from these studies brings that into doubt.  

qPCR analysis done by Dr. Reilly Enos’ lab (Figure A. 3) showed that there are no 

statistically significant differences in ERα expression between male and female control 

and TGFβ1 Tg mice. This paired with the results of this set of studies is interesting. 

These male and female mice and VICs are likely expressing the same amount of ERα, so 

it is unlikely that this receptor alone provides an explanation. Both male and female mice 

calcified heavily in the presence of DHT. DHT cannot be converted to estrogen by 

aromatase, so only AR activation can be considered here. It is possible that male VICs 

have lower expression of EBPs and/or GPERs relative to female VICs and that activation 

of one or both of these receptors is the key to E having protective effects.  

In conclusion, the results of these studies indicate that E plays a protective role in 

preventing the VICs of females, whereas testosterone promotes calcification of female 

VICs. For male VICs, estrogen has no protective role against calcification and leads to 

the same amount of calcification as testosterone. In vivo, the protective role of estrogen 
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in female mice is outweighed by the pro-osteogenic effects of increased levels of TGFβ1 

in the VICs of the AV. More research is needed as there is not much literature available 

on the interaction of sex hormones and TGFβ1 in the development of CAVD. Future 

research on the area should measure the blood concentration of hormones in female and 

male mice that undergo gonadectomies or sham procedures and data using techniques 

such as qPCR and western blot needs to be done to provide clarification on what may 

being occurring at the molecular level. 
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Figure 2.1 Estrogen and Androgen Signaling. This diagram illustrates the effects 

that estrogen and androgen signaling have in various cellular processes that are 

believed to be involved in the regulation of cardiovascular calcification. Estrogen is 

shown binding to an estrogen receptor (ER), a G-protein coupled estrogen receptor 

(GPER), and to estrogen binding proteins (EBPs), while androgen is shown binding to 

an androgen receptor (AR). These interactions have downstream effects within the 

cell. They are either positive (up arrow) and/or negative (down arrow) or the effect is 

unknown (up and down arrow with question mark. The molecules shown to be 

influenced by sex hormones are: RANKL, receptor activator of nuclear factor κB 

ligand (promotes calcification); PPAR γ, peroxisome proliferator-activated receptor-γ 

(prevents calcification); NFκB, nuclear factor κB (promotes 

inflammation/calcification); NADPH oxidase, nicotinamide adenine dinucleotide 

phosphate oxidase (increases oxidative stress/calcification); SOD, superoxide 

dismutase (reduces oxidative stress/calcification); O2•
−, superoxide anion (increases 

calcification); p53, tumor protein 53 (promotes inflammation/calcification). This 

figure was taken from Zhang et al., 2019 which is an open-access article. 



 

36 

 

  

Figure 2.2 Diagram of TGFβ1 Transgenic Mice Genetic Model. This is a schematic 

explaining at a genetic level how the transgenes of TGFβ1/PeriostmCre double 

transgenic mice were designed and function. An Egfp-pA intervening sequence places 

the HA-tagged TGFβ1 cDNA away from the promotor which turns the TGFβ1 

transgene (Tg) off. PostnCre Tg mice have a recombinase enzyme under control of the 

Postn3.9 Kb promotor expressed by VICs. LoxP sequences are recognized by Cre 

recombinase and delete the Egfp sequence which then activates the TGFβ1 gene. This 

image was produced by Dr. Azhar. Permission to use was granted. 
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Table 2.1 Genetic Background of Mice. This table provides background information 

on the 4 mice in the preliminary OVX study. The first column provides the 

identification number of the mice. The second column gives the genetic background of 

the mice. Specifically, that all were positive (+) for the double transgenic (dTg) 

TGFβ1/PeriCre transgene, and one mouse (3864) was negative(-) for the PeriCre 

transgene (nTg). This means that the TGFβ1 transgene in this mouse was not 

activated. The third column provides their date of birth, and the fourth column 

indicates which type of surgery they underwent. Sham surgery did not result in the 

removal of the ovaries from the mice, whereas ovariectomy (OVX) surgery did. 
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Figure 2.3 Quantification of Calcification via mCT Imaging of Preliminary OVX 

Study. This image shows the development of calcification over the course of the three 

month study for each individual mouse (n=4). The legend on the right side of the graph 

shows the identification number of mouse, as well as whether it was non-double transgenic 

(nTg), double transgenic (dTg), and if the mouse underwent sham or ovariectomy (OXV) 

surgery. The legend also shows the color associated with the tracking of each mouse’s 

calcification over time. The date of the scan being quantified is shown on the x-axis, and the 

y-axis shows the average (n=5 for each bar) number of pixels detected (AU) and quantified 

in ImageJ using color thresholding technique. 
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Figure 2.4 Alizarin Red Staining of the AVs of Preliminary OVX Study. Alizarin 

Red Staining confirms the presence of calcification in and/or around the AV of 3 of 

the 4 mice. Information above each image provides the identification number of 

mouse, as well as whether it was non-double transgenic (ntg), double transgenic (dtg), 

and if the mouse underwent sham or ovariectomy (OXV) surgery. Areas of 

calcification stain red when exposed to Alizarin Red staining. Each image was 

captured using a Carl Zeiss camera attached to a microscope in 4X magnification. 

Each image has a 200 µm scale bar.  
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 Figure 2.5 mCT Imaging of Each Mouse in 

Preliminary OVX Study. Left-to-right are 

images from approximately the same XZ-axis 

and YZ-axis location in the same mouse 

collected during 4-minute, FOV45 scans using a 

Perkin Elmer Quantum GX. These images were 

collected at the end of the three month 

experiment. There is an orange arrow pointing to 

the calcification located around the AV. 
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Figure 2.6 Doppler Imaging of AV from Preliminary OVX 

Study. These are representative images of the AV of mice (n=4) 

captured using a Vevo3100 with an MX transducer. The transducer 

was positioned in the Aortic Arch View (AAV) to achieve a view of 

the aortic valve. Doppler imaging is a colorful visual representation 

of direction of blood flow. Red indicates that blood is flowing 

towards the transducer, while blue indicates that it is flowing away 

from the transducer. The image in the top left shows proper blood 

flow. Blood is passing through the aortic valve (red) and then 

moving down the descending aorta (blue). The other three images 

show turbulence in movement of blood specifically at the AV. This 

indicates there is constriction of blood flow at the AV. This is a 

common indicator of AV stenosis which is seen with CAVD. 
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Figure 2.7 Changes in Peak AV Pressure of Mice in Preliminary OVX 

Study. Data on peak AV pressure was collected using a Vevo3100 with an MX 

transducer. The transducer was positioned in the Aortic Arch View (AAV) to 

acquire this data, and the data was processed using VEVO Analysis software 

provided by the Instrumentation Resource Facility at U of SC School of 

Medicine-Columbia. The x-axis shows when the data was collected on the mice, 

relative to time after surgery (either sham ovariectomy (OVX) or OVX). Also 

shown in the legend is whether the mouse is non-trangenic (ntg) or double 

transgenic (dtg). There is a clear increase in peak AV pressure in the mice that 

developed CAVD, however, the sample size was too small for all three groups 

(Sham ntg n=1, Sham dtg=1, OVX n=2) to do any tests of statistical 

significance.  
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Figure 2.8 Quantification of Calcification of Female Murine VICs in Cell Culture. Cell 

cultures of female VICs were conducted in four 6-well plates. These cultures grew for either 

14, 21, or 28 days. Once time expired, the cultures were processed for Alizarin red staining. 

Once staining was complete, photos (n=5 for each well) were taken of each of the four wells 

under a 4X microscope lens, and the % of calcified area was quantified using color threshold 

(threshold set at upper limit of 0 and lower limit of 115 for all) tool in ImageJ. This technique 

allows one to target and quantify the pixels associated only with calcified areas, as their color 

is unique relative to their surroundings. The colored bars are representative of the mean value 

of the 5 measurements for each condition and within these mean bars is the bidirectional 

standard deviation bar. A color coded legend is provided on the right hand side to indicate the 

type of media. Statistical significance cannot be determined as the experiment was only 

performed once. 
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 Figure 2.9 Representative Images of Wells in Female Cell Cultures. This figures gives a depiction of photos taken 

(n=5 for each well) of the wells using a Carl Zeiss camera at 4X magnification that were utilized for quantification of 

% of calcified area. In order left-to-right, the columns show DMEM, OST, OST+DHT, and OST+E media. The rows 

show 14 day, 21 day, and 28 day cell cultures in descending order. The scale bars are set 200 μm.  
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Figure 2.10 Quantification of Calcification of Male Murine VICs in Cell Culture. 

Cell cultures of male VICs were conducted in four 6-well plates. These cultures grew for 

either 14, 21, or 28 days. Once time expired, the cultures were processed for Alizarin red 

staining. Once staining was complete, photos (n=5 for each well) were taken of each of 

the four wells under a 4X microscope lens, and the % of calcified area was quantified 

using color threshold (threshold set at upper limit of 0 and lower limit of 115 for all) tool 

in ImageJ. This technique allows one to target and quantify the pixels associated only with 

calcified areas, as their color is unique relative to their surroundings. The colored bars are 

representative of the mean value of the 5 measurements for each condition and within 

these mean bars is the bidirectional standard deviation bar. A color coded legend is 

provided on the right hand side to indicate the type of media. Statistical significance 

cannot be determined as the experiment was only performed once.  



 

 
 

4
6 

 

  

  

Figure 2.11 Representative Images of Wells in Male Cell Cultures. This figures gives a depiction of photos 

taken of the wells using a Carl Zeiss camera at 4X magnification that were utilized for quantification of % of 

calcified area. In order from left-to-right, the columns show DMEM, OST, OST+DHT, and OST+E media. The 

rows show 14 day, 21 day, and 28 day cell cultures in descending order. The scale bars are set 200 μm. 
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Figure 2.12 Alizarin Red Staining of AV from OVX & CAST Study. Alizarin 

Red Staining confirms the presence of calcification in and/or around the AV. All 

mice (n=11) developed calcification around the AV. These are representative 

images of that phenomenon. Each image was captured using a Carl Zeiss camera 

attached to a microscope in 4X magnification. Each image has a 200 µm scale bar. 

Left-to-right, top-to-bottom: AV of OVX, AV of sham OVX, AV of CAST, and 

AV of sham CAST. 
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Figure 2.13 Quantification of Calcification and Volume Nodule in OVX & CAST Study. A) This graph shows the 

development of calcification from before surgery until three months later when the study was completed. The time of the scan 

being quantified is shown on the x-axis, and the y-axis shows the average (n=5 for each mouse) number of pixels detected (AU) for 

each mCT scan of each mouse in each group. This was quantified in ImageJ using color thresholding technique. B) This graph 

depicts the average volumes of the calcific nodules in mice (n=11) in each of the four groups at the end of the study. Each black 

dot within a group is associated with volume of the nodule in an individual mouse. The first bar represents the average volume of 

nodules in OVX, the second in sham OVX, the third in CAST, and the fourth in sham CAST. For both graphs, statistical 

significance was determined using a two-way ANOVA multiple comparisons with Tukey test. OVX=ovariectomy, sham OVX=no 

ovariectomy, CAST=castration, sham CAST=no castration 
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 Figure 2.14 Doppler Imaging from OVX & CAST Project. These are representative images of the 

AVs of mice (n=11) captured using a Vevo3100 with an MX transducer. The transducer was 

positioned in the Aortic Arch View (AAV) to achieve a view of the aortic valve. Doppler imaging is 

a colorful visual representation of direction of blood flow. Red indicates that blood is flowing 

towards the transducer, while blue indicates that it is flowing away from the transducer. Every image 

above shows turbulence in movement of blood at the AV. This indicates there is constriction of 

blood flow at the AV. This is a classic diagnostic of AV stenosis seen in CAVD. The images (going 

left-to-right, top-to-bottom) show signs of AV stenosis in OVX, Sham OVX, CAST, and Sham 

CAST before and after surgery. OVX=ovariectomy, sham OVX=no ovariectomy, CAST=castration, 

sham CAST=no castration 
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Figure 2.15 Initial and Final Peak AV Pressure in OVX & CAST Study. Data on peak AV pressure of mice (n=11) 

was collected using a Vevo3100 with an MX transducer. The transducer was positioned in the Aortic Arch View (AAV) to 

acquire this data, and the data was processed using VEVO Analysis software provided by the Instrumentation Resource 

Facility at U of SC School of Medicine-Columbia. The y-axis shows when the data was collected relative to surgery. Two-

way ANOVA with multiple comparisons and a Tukey test indicated that there was no statistically significant change in the 

average peak AV pressure over the course of the study. OVX=ovariectomy, sham OVX=no ovariectomy, 

CAST=castration, sham CAST=no castration 
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CHAPTER 3  

THE POTENTIAL OF EDTA AS A NON-INVASIVE TREATMENT OF CALCIFIC 

AORTIC VALVE DISEASE 

Specific Aim 2: Determine if targeted delivery of EDTA using nanoparticles can be 

utilized as a non-invasive treatment for CAVD 

3.1 Introduction  

The chelating agent, ethylenediamine tetra acetic acid (EDTA), offers promising 

potential as a means of removing calcification in cardiac tissue (Clarke et al., 1955; 

Nosoudi et al., 2016). EDTA interrupts divalent calcium bonds (Ca2+) by splitting the 

calcium ions apart and isolating an individual calcium ion within the EDTA molecule 

where it forms a stable bond; this then leads to a reduction in calcification of cardiac 

tissue and removal of these excess ions via the urinary tract (Nosoudi et al., 2016; 

Cranton, 2001). Chelation therapy targeting cardiovascular ailments first occurred in 

1955 when Clarke et al., experimented with its ability to treat atherosclerosis. Based on 

their positive results, as well as others, the use of EDTA chelation therapy has continued 

to become more prevalent. There was a 68% increase (from 66,000 to 111,000) in EDTA 

chelation therapy used in treatment for adults from 2002 to 2007 (Barnes et al., 2008).   

EDTA chelation therapy is controversial due to harmful side effects. EDTA will 

react with calcium deposits in cardiac tissue, but it will also react with calcium 

throughout the body. EDTA forms bonds with calcium ions in the serum and can cause 

bone loss and hypocalcemia (Seely et al., 2005). This is a primary reason why the FDA 

has not approved chelation therapy (Lei et al., 2014). Nanoparticle (NP) technology 

offers a way to circumvent this limitation of chelation therapy. 
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NPs allow for the targeted delivery of EDTA to the sites of calcification. The 

composition of NPs varies and a number of modifications can be made on them so that 

they can interact with specific targets and/or locations. They can be composed of 

poly(lactic acid), poly-cyanoacrylate, or poly(D,L glycolide) among many other things 

(Pitt et al., 1981). The NPs used in this research project were albumin nanoparticles that 

were coated with elastin antibodies (Figure 3.1) (Lei et al., 2014). These antibodies 

specifically target damaged elastin. They were designed this way because a recurrent 

phenomenon observed in vascular diseases is the degradation and fragmentation of elastic 

lamina (Sinha et al., 2014). The elastin fibers of the aorta are normally covered with 

microfibrillar glycoproteins like fibulins and fibrillins, but, in cases of vascular and 

valvular calcification, the microfibrillar glycoprotein coat around the elastin core has 

worn away (Figure 3.2) (Sakai et al., 1986; Pai & Giachelli, 2010; Rosenbloom et al., 

1993; Sinha et al., 2014). The NPs will only target and bind to the damaged portions of 

the elastin fibers around the elastic lamina, close to the areas of calcification, where they 

will then release the EDTA.  

The ability of NP-delivered EDTA to reverse CAVD needs to be researched as 

there is little to no research on chelation therapy that specifically targets calcification of 

the aortic valve. Specific, targeted delivery of EDTA to sites of calcification could lead to 

significant improvements in quality of life for patients suffering from CAVD. In the past, 

EDTA has showed potential as a treatment for calcification. However, the negative side 

effects have prevented it from becoming a mainstream treatment. Targeted delivery of 

EDTA using NPs provides an alternative, non-invasive treatment that would spare 

patients from risky surgical procedures that only provide a short term solution. This 
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project focused on using elastin-antibody labeled albumin NPs as a treatment to reduce 

calcification of the AV. The hypothesis is that treatment of mice with CAVD using 

elastin-antibody labeled albumin NPs will lead to reduced calcification in the AV and 

improvements in heart function.  

3.2 Materials and Methods 

3.2.1 Mice 

All animal work was performed in accordance to protocol approved by the 

Institutional Animal Care and Use Committee (IACUC) at University of South Carolina. 

All mice were available in the Azhar laboratory. The mice used in this study were TGFβ1 

transgenic (Tg), Postn-Cre Tg, or Postn-Cre non-transgenic (nTg). All mice in this study 

were at least 1 year old. 

3.2.2 microCT Imaging 

microCT (mCT) scans of mice in this project allowed for imaging and tracking of 

the level of calcification in the aortic valve, as well as other cardiac tissue. First, the 

Perkin Elmer Quantum GX machine was turned on and allowed to warm up for 15 

minutes. Once this was done, 1.5-2% isoflurane was added to its appropriate containment 

and regulatory chamber, the oxygen supply was turned on, the vacuum pump system 

initiated, and the anesthesia muzzle was properly placed on the apparatus that holds the 

mice during the scan.  

The mice were anesthetized in a box that circulated a mixture of oxygen and 

isoflurane. Once the mouse was anesthetized, it was quickly moved from this box into the 

Quantum GX. The mouse was then placed in a supine position, with its snout inserted 

carefully into the anesthesia muzzle. The Quantum GX door was then closed and the scan 

was started. All scans were done with the following settings: field of view (FOV) set to 
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FOV45, High Resolution, 4 minute scan, X-ray filter of Cu 0.06+ Al 0.5. Once the scan 

was finished, anesthesia was stopped and the mouse was moved to a recovery cage. The 

images were saved and collected. 

3.2.3 Echocardiography 

Heart and valve function of the mice was tracked using echocardiography. A 

Vevo3100 with an MX400 transducer was the instrument used to achieve this. The 

transducer was positioned to achieve three primary views of the heart: Aortic Arch View 

(AAV), Parasternal Long Axis (PLAX) View, and Parasternal Short Axis (PSAX) View. 

To get the desired views of the heart, the Guide to Small Animal Echocardiography using 

the Vevo® 2100 Imaging System published by VisualSonics was followed. 

Before imaging of the heart could be done, the mice were anesthetized in a box 

that circulated a mixture of oxygen and isoflurane. Once the mouse was anesthetized, 

protective lubricant was placed over its eyes, and then the mouse was laid on the imaging 

platform and had its snout placed into the anesthetizing tube. Once there, its hands and 

feet were placed onto the sensors that tracked heart and breathing rate and fastened down 

with tape. Heart rate was maintained about 400 beats per minute. The mouse’s hair was 

removed from its chest and upper abdomen using Nair. Once the hair and Nair were 

appropriately washed away, gel was placed onto the transducer and imaging could begin. 

To acquire the PLAX and PSAX View, the imaging platform the mouse was on 

was tilted down slightly. The transducer was placed such that the notch on the transducer 

was pointing towards the mouse’s head and the rotated approximately 35° counter 

clockwise. From this view data could be collected for PLAX. To transition from 



 

55 
 

collecting data in the PLAX view to the PSAX view, the transducer was rotated 90° 

clockwise from the PLAX View. In these two views, M-Mode data was collected. 

To acquire data relating to the aortic valve function, the right side of the imaging 

stage was titled down, and the transducer was placed on the left side of the mouse such 

that the notch was pointing towards the mouse’s head and was parallel with the chest. 

The transducer was moved and angled until a good view of the aortic arch was achieved. 

The innominate, subclavian, and left common carotid arteries served as landmarks to help 

achieve this view. In this view data relating to blood flow was collected using Color 

Doppler and PW Doppler. 

Four key categories of left ventricular function were measured: fractional 

shortening, ejection fraction, stroke volume, and cardiac output. Respectively, the normal 

values for these measurements in mice are 30-50%, 55-85%, 40-70 µL, and 20-35 

mL/min. These measurements were provided in the Guide to Small Animal 

Echocardiography using the Vevo® 2100 Imaging System published by VisualSonics. 

3.2.4 EDTA-Nanoparticles Injections 

Doctoral candidate, Mengistu Gebere, prepared and performed all EDTA-

nanoparticle injections of the mice. The nanoparticles were prepared at Dr. Vyavahare’s 

lab. To prepare them, 4 µL of distilled deionized water were used to dissolve 100 mg of 

EDTA and 200 mg bovine serum albumin. 6 N NaOH was used to adjust pH of this 

solution until it reached a pH of 8.5. Drop-wise addition of the solution into 16 mL of 

ethanol was conducted for probe sonication. Probe sonication was done for 1 hour. 

Glutaraldehyde, at a concentration of 10 µg per mg of BSA, was added during sonication 

to achieve crosslinking. (Karamched et al., 2019).  
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To conjugate the elastin antibodies to the nanoparticles, 34 µg of Traut reagent 

was used for thiolation of 10 µg of rabbit anti-rat elastin antibodies. This solution was 

then added to 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (20 

mmol/L; pH of 9.0) where it incubated at room temperature for an hour. The antibodies 

were then rinsed with HEPES buffer, added to the nanoparticles (4 µg per 1 mg 

nanoparticle), and incubated overnight to allow for conjugation. The conjugated 

nanoparticles and antibodies were twice washed with PBS, and then centrifuged at 10,000 

revolutions per minute for 10 minutes. Finally, they were suspended in 0.03% rat serum 

albumin (Nosoudi et al., 2015). 

The injections were done into the tail vein of the mice twice a week at a 

concentration of 10 mg/kg (based on the body weight of a mouse). The EDTA NPs were 

received in a powdered form. This powder was dissolved in 1X PBS to achieve the 

concentration of 10 mg/kg for each tail vein injection.  

3.2.5 Tissue Collection and Processing 

At the end of the studies, mice were sacrificed by being placed in a chamber 

containing isoflurane. Once deceased, its heart was retrieved from the body and placed in 

a vial containing 4% paraformaldehyde for 24-48 hours. The heart was then held in 70%, 

95%, and 100% ethanol for 24 hours each. After this, the vial containing the heart was 

filled with xylene and placed in a vacuum oven at 60 °C for three hours. This was done 

twice with a change into new xylene for the second three hour period. After that, the heart 

was left overnight in a 50% xylene, 50% paraffin mixture. The next day, the xylene-

paraffin mixture was melted, removed, and replaced with 100% paraffin in the vial. The 

vial was then be placed in the vacuum oven at 60 °C for 4 hours. After 4 hours, the vial 
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was removed from the oven and the heart was held overnight in this paraffin. The next 

day, the vial was placed into the vacuum oven at 60 °C for two 4 hour periods, with a 

change of paraffin before the second period. Once this was done, the heart was placed 

into a mold and was ready to be sectioned, placed on microscope slides, and exposed to 

various histological staining. 

3.2.6 Alizarin Red, Alcian Blue and von Kossa, Hematoxylin-Eosin-Y Staining 

Before any of the microscope slides with tissue sections could be stained, they 

first had to be deparaffinized in three washes of xylene for 3 minutes each. The tissue 

was then hydrated. To achieve this, slides were placed in two washes of 100% ethanol for 

2 minutes each, then in 95% ethanol for a minute, 70% ethanol for a minute, and then 

were gently washed in deionized water for approximately a minute.  

Next, for Alizarin Red Staining, Alizarin Red solution was placed directly onto 

the tissue sections using a pipette to careful add drops of the staining solution until it 

covered the section. The staining solution stayed on the section for 5 minutes. After 5 

minutes, the Alizarin Red solution was completely removed from the tissue section. The 

slide was then placed in acetone for 1 minute, and then a 50/50 mixture of acetone and 

xylene for 15 seconds. The slide was then cleared in three changes of xylene for three 

minutes in each change. Finally, the slide was air dried and a coverslip with permanent 

mounting media was placed over the tissue section. 

For Alcian Blue and von Kossa staining, once the slides had been deparaffinized 

and hydrated in water, they were then moved into a clear, plastic cassette that contains 

1% silver nitrate. The cassette was then placed under ultraviolet light for an hour. After 

an hour had passed, the silver nitrate was removed from the cassette and the slides were 
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washed with deionized water for approximately a minute. The cassette with the slides 

was then filled with 5% sodium thiosulfate for 5 minutes to remove any un-reacted silver. 

After these 5 minutes, the slides were washed in deionized water for approximately one 

minute. The cassette was then filled with Alcian Blue staining solution. The slides were 

held in this for 30 minutes. Next, the Alcian Blue is removed and the slides were washed 

with deionized water until all the excess Alcian Blue had been removed. The cassette 

with the slides was then filled with nuclear fast red counterstain for 5 minutes. After this, 

the nuclear fast red was removed and the slides were washed in deionized water. The 

slides were then dehydrated in one wash of 70% ethanol, one wash 95% ethanol, and 

finally three washes of 100% ethanol for a minute each. The slides then went through 

three washes of xylene, each of which lasted for three minutes. Finally, the slides were air 

dried and a coverslip was permanently mounted over the tissue section. 

For Hematoxylin-Eosin-Y staining, the slides were placed in ANATECH 

Hematoxylin (Normal Strength) for 7 minutes. After this, they were gently washed in 

deionized water for a minute. Next, the slides were submerged in acid alcohol (95% 

ethanol, 10% acetic acid) for a minute and then 1% sodium bicarbonate (bluing reagent) 

for 1 minute, with a 1 minute deionized water rinse in-between exposure to the two 

solutions and after the bluing reagent step. The slides were then in 70% ethanol for 2 

minutes before being placed into ANATECH Eosin-Y for 2 minutes. The slides were 

then dehydrated in one wash of 70% ethanol, one wash 95% ethanol, and finally three 

washes of 100% ethanol for a minute each. The slides then went through three washes of 

xylene, each of which lasts for three minutes. Finally, the slides were air dried and a 

coverslip was permanently mounted over the tissue section. 
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3.2.8 Quantification and Statistical Analysis of Data Collected 

Color thresholding in the NIH software, ImageJ, allows one to quantify 

calcification within a live mouse based on imaging collected from mCT scans. This is 

achieved when pixels of an individual image within a stack of hundreds of images 

(collected during a scan) are counted using an interactive image-altering technique called, 

Color Threshold. The calcified nodule will appear white, similar to bone, in a normal 

mCT image. To quantify the presence of calcification, one must change the color 

threshold settings until bone-like material, but not tissue, appear red. This indicates that 

pixels are being tagged onto bone-like material. Those pixels can then be counted. Once 

the nodule is located, one can set parameters to measure specifically in the area around 

the nodule and begin quantifying the level of calcification. Measurements are taken for as 

much of the calcified area as possible where pixels are being tagged to the calcification. 

Quantification of ECHO data was done using FujiFilms VEVO Analysis software 

provided by the Instrument Resource Facility at U of SC School of Medicine-Columbia. 

Statistical analysis was conducted in GraphPad Prism 9. Specifically, one-tailed paired t-

test and two-tailed paired t-test to determine statistical significance before and after 

EDTA-NP treatment. 

3.3 Results 

3.3.1 EDTA Treatment Reduces Calcification of the Aortic Valve  

Alizarin Red and von Kossa staining confirmed the presence of the calcific 

nodules in the tissue of the aortic root (AR) (including the aortic valve (AV)) (Figure 

3.3). Alcian Blue staining confirmed the proteoglycan precursor state that gives way to 

further calcification (Figure 3.3). 
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EDTA injections significantly reduced the calcification of the AV in all mice 

(n=5) that received the treatment, regardless of how many injections they received 

(Figure 3.5). This does not include the mouse that only received one injection of EDTA 

(Figure 3.5). This phenomenon was quantified using color thresholding on ImageJ.   

Significant (p=0.0043) reduction of calcification in the AV was also confirmed by 

calculating the volume of the calcified nodules seen in microCT (mCT) scans (Figure 

3.4). The average initial size of the nodules before EDTA treatment was approximately 2 

mm3. After EDTA treatment, the average size of the calcified nodule was reduced to less 

than 1 mm3 (Figure 3.6).   

3.3.2 No Significant Change in Left Ventricular Function 

 Insights into AV function can be assessed by determining the health of the left 

ventricle (LV), as the two are inextricably connected. LV function was assessed by taking 

M-mode measurements using echocardiography. The dimensions and volume of the LV 

are measured and several metrics are acquired from this. Four key categories measured 

are fractional shortening, ejection fraction, stroke volume, and cardiac output. 

Respectively, the normal values for these measurements in mice are 30-50%, 55-85%, 

40-70 µL, and 20-35 mL/min. Results from data collected from the mice (n=5) before 

and after treatment using EDTA nanoparticles showed no statically significant 

improvement in any of the four categories of LV function after treatment (Figure 3.7). 

Relative to what are the agreed upon normal values, these mice were, on average, in the 

normal range for ejection fraction and fractional shortening. The average ejection fraction 

was 73.88% before treatment and 66.87% after treatment. The average fractional 

shortening was 45.06% before treatment and 37.75% after treatment. The mice were 



 

61 
 

below normal threshold for cardiac output and stroke volume. Before treatment, the 

average cardiac output was 16.24 mL/min and after treatment it was 15.34 mL/min. 

Stroke volume was 35.45 µL before treatment and 31.60 µL after.  

3.4 Discussion  

The focus of this study was to determine the viability of targeted elastin-antibody 

labeled albumin nanoparticles (NPs) infused with ethylene diamine tetraacetic acid 

(EDTA) as a non-invasive treatment for calcific aortic valve disease (CAVD). The results 

show this treatment to be effective in removing calcification in and around the aortic 

valve (AV). Our genetic mouse model using TGFβ1/PeriCre mice proved to be 

appropriate for this study. The development and progression of CAVD was tracked and 

confirmed using microCT (mCT) scans. Additionally, histological staining designed to 

determine the presence of calcification in tissue further confirmed calcification localized 

to the aortic root (AR), which the AV is a part of. This study showed that total 

calcification and volume of the calcific nodule was significantly reduced in all mice that 

received multiple injections of EDTA NPs. This treatment did not, however, show to 

have any statistically relevant impact on improving heart function of the mice.  

The efficacy and safety of chelation therapy as a treatment for removing 

atherosclerotic plaques is still a controversial topic. The FDA has still not approved its 

use as a treatment for diseases relating to this condition. The primary reason for 

skepticism of chelation therapy is that the treatment will not only target malignant 

plaques, but also react with calcium in plasma and bones. Additionally, there is great 

debate in terms of which chelating agent would be best to use in such a therapy. The key 

to making chelation therapy a viable treatment is to determine which chelating agent is 

the most effective and to deliver this agent specifically to malignant plaques. Previous 
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research compared three chelating agents, EDTA, diethylene triamine pentaacetic acid 

(DTPA), and sodium thiosulfate (SDS), to determine which was the best chelating agent 

to treat sclerosis of the medial vascular tissue of the aorta and found that EDTA was the 

most effective (Lei et al., 2013). This study also used elastin-specific NPs and found that 

systemic calcium levels and vascular structure were not compromised (Lei et al., 2013). 

Another study showed similar results using elastin-specific EDTA-loaded albumin NPs to 

treat medial arterial calcfication (Lei et al., 2014). One interesting difference is that this 

study claims to have seen complete removal of aterial calcification in 4 of the 5 arteries 

after just four injections (2 weeks) (Lei et al., 2014). Our project used the same NPs and 

injection concentrations, but we did not observe complete removal of calcification. Only 

a reduction in calcification. This could be due to a difference in the disease being studied. 

It may be more difficult to remove calcification in the AV and require more injections to 

achieve complete eradication of calcification.  

To our knowledge, this is the first study to specifically study the use of elastin-

antibody labeled albumin NPs infused with EDTA to treat CAVD. Our findings suggest 

that this treatment method is effective at reducing the calcification of the AV, however it 

is unclear whether this improves heart function. Further research needs to be done to 

confirm these findings. This study had a limited number of mice (n=5) that received 

multiple injections. The echocardiography data does not look promising, but it was 

collected in the early stages of my use of the VEVO3100. Additionally, data specific to 

the AV was not effectively collected. Only data relating to LV function. A more 

experienced researcher may have collected more promising data. There also needs to be 

more research into how many injections it may take to completely remove the 
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calcification of the AV, as well as studies on the effects of this treatment on AV structure. 

Ultimately, our hypothesis that EDTA-infused elastin-antibody labeled NPs could reduce 

calcification of the AV proved correct, however there can be no such conclusions in 

terms of whether heart function was improved.  
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Figure 3.1 Structure of Albumin Nanoparticle.  This is a visual representation of 

albumin nanoparticles with and without antibodies on it. The nanoparticle on the right 

side of the image possesses IgG antibodies. This figure has 100 µm scale bars. This 

figure was taken from Lei et al., 2014. Permission to use this image was granted by 

Elsevier to reproduce the aforementioned material subject to the terms and conditions 

indicated. 
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Figure 3.2 Comparison of Healthy vs Damaged Elastin Fibers. This image is a 

representation of the difference between an intact elastin fiber in a healthy artery and a 

damaged elastin fiber that has had its microfibrils worn away. The nanoparticles are 

specifically designed to target the damaged elastic lamina, as is shown in the bottom 

portion of the image. This figure was taken from Sinha et al., 2014. Permission to use 

this image was granted by Elsevier to reproduce the aforementioned material subject 

to the terms and conditions indicated. 
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Figure 3.3 Histological Staining of Aortic Valve After Targeted EDTA 

Treatment. All of these images were captured using a Carl Zeiss camera on a 

microscope in 4X magnification. Each image has a 200 µm scale bar. a) Alizarin Red 

Staining confirms the presence of calcification in and/or around the AV. Areas of 

calcification stain red when exposed to Alizarin Red staining. b) Alcian Blue and von 

Kossa staining provide more context around the sites of calcification. Alcian Blue 

staining stains proteoglycans which are a precursor state to calcification. Tissue that is 

stained blue is likely more rigid and more prone to calcify relative to non-stained 

tissue. von Koss staining further confirms presence of calcification by staining 

calcified sites black. c) Hematoxylin-Eosin-Y staining shows nuclei and cytoplasmic 

components. Of note in this image, areas that are a lighter, whitish color are composed 

of cartilaginous tissue. 
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Figure 3.4 microCT of Aortic Valve Before and After Targeted EDTA Treatment. This is a representative image of the 

reduction of a calcified nodule in a mouse’s heart before and after targeted EDTA treatment. The calcified nodule is circled in 

turquois with a blue arrow pointing to it. These images are in approximately the same XZ-axis location in the same mouse and 

were collected in 4-minute, FOV45 scans using Perkin Elmer Quantum GX.  
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Figure 3.5 Quantification of Reduced Calcification. This image shows the average calcification 

present in the AV of mice (n=5) before and after targeted EDTA treatment determined via color 

thresholding of mCT scans. The time of the mCT scan is shown on the x-axis, and the y-axis shows the 

average number of pixels detected (AU) from a scan for each mouse (represented by a dot). Above the 

mean values for each mouse group is a symbol denoting the statistical significance (**; p=0.0042) 

between the average initial and final measurements of the study. Statistical significance between the 

initial and final values was determined using a one-tailed paired t-test. 
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Figure 3.6 Reduction in Volume of Calcific Nodule. This 

graph depicts the ability of targeted EDTA to reduce the size 

of the calcific nodules in mice that received at least 5 EDTA 

treatments (n=5). Each black dot associated with one of the 

two bars represents the volume of the nodule in an individual 

mouse. The first bar represents the average volume of nodules 

before treatment while the second does this but represents 

average volume of nodules after treatment. Above the graph is 

a symbol denoting the statistical significance (p=0.0043). 

Significance was determined using a two-tailed pair t test. 
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Figure 3.7 Impact of EDTA on Left Ventricular Function. Data on 

various measurements of LV function of mice that received at least 5 

injections of EDTA (n=5) were collected using a Vevo3100 with an MX 

transducer. The transducer was positioned in the Parasternal short axis 

view (PSAX) to acquire this data, and the data was processed using 

VEVO Analysis software provided by the Instrumentation Resource 

Facility at U of SC School of Medicine-Columbia. The y-axis shows 

when the data was collected relative to the start of treatment, the x-axis 

shows the average of the mice at that time relative to treatment. Two-

tailed paired t tests indicated that there were no statistically significant 

changes in any of the LV function measurements over the course of the 

study. 
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APPENDIX A: SUPPLEMENTARY FIGURE 

 

 

 
Figure A. 1 Weights of Mice in Preliminary OVX Study. This graph 

tracks the weights of the four mice on a high fat diet over the course of 

the preliminary OVX study. The y-axis shows the date the 

measurement was recorded, while the x-axis shows the weight in 

grams. There is a legend on the right-hand side of the graph showing 

which mouse is associated with the data plotted. 
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Figure A. 2 Weights of Mice in OVX and CAST Study. This graph tracks the weights 

of the mice (n=11) on a normal chow diet over the course of the OVX & CAST study. 

The y-axis shows the date the measurement was recorded, while the x-axis shows the 

weight in grams. There is a legend on the right-hand side of the graph showing which 

mouse is associated with the data plotted. 
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Figure A. 3 qPCR Comparison of ERα Expression in AV of Mice. This graph shows 

a comparison of ERα expression in the AV of male and female control and transgenic 

mice. None of the values are significantly different from the others. This image comes 

from a qPCR done by Dr. Enos’ lab.  
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