


	 	 	
	

ABSTRACT 

Extracellular Dynamics in Valvular and Vascular Pathophysiology  
by 

Madeline N. Monroe 

The extracellular matrix varies dramatically in composition and mechanics 

between tissues, thereby guiding differential physiological function.  Within the 

cardiovascular system, even the slightest pathologically-induced changes in the 

extracellular matrix can inhibit proper tissue and organ function, leading to severe, life-

threatening outcomes. The global objective of this thesis was to characterize the interplay 

of cells and extracellular matrix in physiological and pathological conditions in order to 

identify factors that encourage disease progression.  In the first aim, I employed a three-

dimensional, multilaminar, filter paper culture system to assess the effect of material 

substrate on valvular interstitial cell proclivity to calcification. This innovative culture 

system was previously established in the Grande-Allen lab for analyzing valvular 

interstitial cell migration and response to hypoxic environments. The tunability and high-

throughput nature of the system lent itself to the implementation of complex culture 

environments. Therefore, I adapted this system with hydrogels that mimic aortic valve 

ultrastructure and varied the proportion of hydrogels within 3D stacks to assess whether 

specific extracellular components facilitate disease progression.  The second aim 

explored differential behavior of male- and female-derived valvular interstitial cells and, 

moreover, the influence of androgens on cellular behavior within two-dimensional and 

three-dimensional culture systems. This was motivated by recent clinical work that 



	 	 	
	

demonstrated distinct pathological presentation of calcific aortic valve disease in male 

and female patients. Given that there is a distinct sex-linked difference in calcific aortic 

valve disease risk and development, I sought to determine if sex hormones were 

responsible for this trend. In the last aim, I shifted focus to investigating the effect of 

congenital diaphragmatic hernia on pulmonary vasculature extracellular matrix, and 

whether a novel mesenchymal stromal cell-derived extracellular vesicle treatment 

deterred this pathological remodeling. A myograph system, traditionally used in 

contractile vessel studies, was adapted to measure stress/strain behavior in main 

pulmonary arteries extracted from murine models. Histological analysis was performed to 

determine relative levels of fundamental extracellular matrix proteins and enzymes. 

Altogether, this dissertation calls attention to extracellular matrix factors within aortic 

valves and pulmonary arteries that potentially mediate pathological remodeling, thereby 

providing targets for the development of pharmacological or tissue-engineered therapies.  
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Chapter 1 

 Introduction 

The heterogeneous nature of the extracellular matrix (ECM) drives the essential 

form and function within a variety of complex tissue systems. This fact is often 

disregarded in studies pertaining to pathological development within cardiovascular 

tissues, which commonly utilize monolithic in vitro environments or focus solely on 

cellular contributions. Toward facilitating the development of effective clinical therapies, 

a complete understanding of ECM mechanics and composition during healthy, as well as 

pathological, development of complex tissues is required. Here, I present work that 

elucidates ECM-cell interactions in heterogenous compositions in two cardiovascular 

tissues – the aortic valve and pulmonary artery. 

Valvular disease accounts for 120,000 hospital visits in the United States 

annually. Of those visits, 75% are due to aortic valve disorders, with the most common 

disorder being aortic stenosis.1 Calcific aortic valve disease (CAVD), the most prevalent 

cause of stenosis, is characterized by fibrotic leaflet thickening and calcific nodule 
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formation. This remodeling is an active cell-mediated process involving the valvular 

interstitial cells (VICs), which comprise the bulk of the aortic valve leaflets.2–4 Currently, 

the only treatment available is complete surgical replacement or transcatheter 

replacement of the valve – an invasive procedure that is associated with significant risk 

and morbidity. While pharmacological or tissue-engineered treatments for CAVD are 

more desirable alternatives, their development is hindered by our incomplete 

understanding of the etiology of CAVD. While VIC behavior has been well characterized 

in traditional, simple 2D in vitro cultures, a comprehensive understanding of the 

underpinning mechanisms that spur CAVD requires broadening this scope to include 

ECM environment and potential exogenous factors. In particular, the pathological 

evolution of the layered, heterogeneous ECM and its influence on VICs requires further 

study to determine the role these extracellular components in promoting or ameliorating 

calcific progression. Additionally, clinical studies have found a significant difference in 

presentation and risk of developing CAVD between sexes.5,6 Given this incongruity, sex-

linked hormones are a likely candidate for significantly impacting development and 

severity of CAVD. The complexity and diversity of factors that influence CAVD merit 

further research in order to development tailored treatment options for sufferers of aortic 

stenosis. This thesis aims to address this by utilizing engineered, heterogeneous platforms 

and exogenous hormonal treatments to characterize relative VIC calcific potential. 

A lack of understanding of ECM and its relation to pathological progression also 

applies to vascular tissue. Congenital diaphragmatic hernia (CDH) is a defect 

characterized by failure of complete diaphragm formation in neonates.7,8 This condition 

affects 2000-3000 births annually in the United States and accounts for approximately 
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8% of all major congenital defects.7,9,10 A significant cause of morbidity in patients with 

CDH is immature vascular development, which leads to pulmonary hypertension 

(pHTN).7–9,11 Currently, the standard of treatment for CDH patients with compromised 

pulmonary vasculature centers on preventing further pulmonary damage through 

ventilator management. There is a need for the development of treatments that directly 

address the underlying mechanisms that drive CDH-associated pathophysiological 

vascular changes. Toward this, a comprehensive understanding of altered ECM 

composition and mechanics within the pulmonary artery is required. In this thesis, the 

CDH-affected ECM of pulmonary artery tissue is characterized before applying this 

knowledge toward assessing the efficacy of a mesenchymal stromal cell-derived 

extracellular vesicle (MSC-EV) therapy. 

1.1. Specific	Aims	

1.1.1.1. Specific	Aim	1:	Determine	the	role	of	3D	ECM	distribution	in	

influencing	aortic	VIC	phenotype	and	calcification	potential	

A major obstacle to fully understanding CAVD is the lack of in vitro models that 

accurately recapitulate the precise biochemical and mechanical aspects of the 3D 

environment that dictate VIC-matrix interactions. To this end, we employed an 

innovative 3D cell culture platform – based on stacked layers of gel-embedded filter 

paper – to elucidate the etiological roles of cell-instructive ECM cues and the resulting 

VIC behaviors in pathological remodeling of the valve.12,13 This platform, originally 

developed by the Whitesides lab and optimized by our lab for VICs, recapitulates the 

heterogeneity of the valve environment via precise control over geometry, matrix 
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composition, and cellular concentrations within each discrete layer of a multi-layered 

tissue mimic.12 By tuning these parameters, a variety of environments were designed to 

study relative VIC osteogenic response. Collagen and hyaluronan-based gels were 

applied to this system as these materials are natively found in aortic valve tissue. Three 

dimensional homogenous and heterogenous distributions of these two gels were 

implemented using the filter paper culture system. These setups were applied toward 

assessing the degree of osteogenic protein expression in response to the distinct ECM 

components. Here, we hypothesized that VICs would exhibit a dose-dependent 

relationship between collagen composition and degree of calcification potential. This 

filter paper-based cell culture tool holds promise for a myriad of other applications, 

including investigating how varied stiffness or exogenous factors affect VICs in 3D 

systems. 

1.1.1.2. Specific	Aim	2:	Evaluate	the	influence	of	sex	on	ECM	fibrotic	

remodeling	and	calcification	potential	of	VICs	

Sex is a major clinical factor in terms of the risk and development of valve 

disease. Male sex is associated with a two-fold increase in risk of developing aortic valve 

disease as compared to female sex.14 Previous work has established a distinct difference 

in valvular ECM remodeling between males and females. Clinicians have observed that 

females with aortic valve stenosis demonstrate overall decreased levels of calcium as 

compared to men, meaning that fibrosis could have a greater bearing on aortic valve 

failure in women as opposed to calcification.15 The presence of androgen and estrogen 

receptors in the heart indicates that sex hormones may play a role in valve 

pathophysiology. Histological analysis of calcified valves has shown increased androgen 
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receptors in calcified valves derived from both males and females.16 Testosterone is the 

primary androgen in males and can fluctuate in quantity with age in both sexes, meaning 

it is possible that testosterone dose and temporal fluctuation could influence the onset and 

severity of CAVD. Some sex-specific VIC analysis has been reported, suggesting that 

male VICs exhibit both increased proliferation and apoptosis as compared to female 

VICs. However, the sex-specific cell-matrix behaviors and hormonal influence that result 

in the increased CAVD risk and differential pathological remodeling are unknown. 

Understanding differences between these groups could have wide-ranging clinical 

implications. Additionally, these critical patient-population dependent differences affect 

how research labs approach treatment for cardiac disease, in that the subjects that are 

utilized for in vitro and in vivo experiments will more accurately reflect these 

populations. The studies presented in this thesis aimed to characterize the influence of 

testosterone on male- and female-derived VIC behavior, including viability and calcific 

potential, within 2D and 3D systems. We hypothesized that testosterone would induce a 

dose-dependent increase in calcific potential, as measured by proliferative and alpha 

smooth muscle actin expression, in both male and female-derived cells, with male-

derived cells exhibiting increased osteogenic potential relative to female-derived cells. 

Results from these studies pave the way for further investigation into the role of 

androgens in CAVD development, which will be imperative toward the development of 

effective, tailored treatments. 
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1.1.1.3. Specific	Aim	3:	Assess	the	efficacy	of	extracellular	vesicle	treatment	

for	CDH-affected	pulmonary	arteries	via	compositional	and	mechanical	

characterization	

Though the process of CDH site surgical repair is well-established, treating the 

developmental abnormalities that occur as a result of the CDH, especially the 

underdeveloped pulmonary vasculature, has not been extensively explored. Toward this, 

and in collaboration with Dr. Matthew Harting at the University of Texas Health Science 

Center, we characterized CDH-induced ECM changes through histological and 

mechanical analysis of pulmonary arteries harvested from CDH-mimicking murine 

models. This entailed immunostaining of ECM components of interest and uniaxially 

testing arterial vessel rings. We then applied MSC-EVs to the main pulmonary arteries of 

CDH-mimicking murine models and measured the efficacy of this treatment against the 

previously established CDH baseline characteristics. MSC-EVs were chosen as they hold 

promise for delivering impactful proteinaceous, cytokine, and enzymatic (among other) 

factors to diseased tissue, as demonstrated by previous work.17,18 We hypothesized that 

the MSC-EV would ameliorate detrimental CDH-induced mechanical and compositional 

changes within the main pulmonary artery. This study is the first to assess the novel 

MSC-EV treatment in the context of CDH, and the exciting results from this work will 

propagate additional research toward clinically translating this therapy.  
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1.2. Summary	

The global goal of this thesis is to utilize engineering platforms toward answering 

etiological questions about CAVD and CDH-induced pulmonary hypertension. Through 

these engineered models, we successfully elucidated ECM-related mechanisms of disease 

progression.  

This doctoral dissertation contains analysis of both aortic valves and pulmonary 

vessels, and as such, is split in two parts. Chapter 2 provides a comprehensive overview 

of aortic and mitral valve physiology and mechanics, as well as relevant heterogeneous 

platforms that have been previously utilized. Chapter 3 presents Specific Aim 1, in which 

the multilayer filter paper cell culture system was utilized toward analyzing how matrix 

composition affects calcific progression in VICs. Chapter 4 provides a review of 

androgens in the context of cardiovascular disease, including general androgen 

physiology, androgen treatments, and cardiovascular trends in both male and female 

patients. This review serves as a primer for Specific Aim 2. Chapter 5 presents work 

pertaining to Specific Aim 2, wherein testosterone treatments were applied to male- and 

female-derived VICs in 2D and 3D cell culture systems. Chapter 6 describes the studies 

of Specific Aim 3, wherein pulmonary arterial structure was characterized in CDH-

mimicking and MSC-EV-treated murine models. Chapter 7 enumerates final conclusions 

of this thesis and future directions in the field based on these findings.  

	



	

	

Chapter 2 

Heart valves’ mechanobiology1 

2.1. Introduction	

 Heart valves are perhaps the most mechanically active connective tissues within 

the human body. With every heartbeat, the valve tissues stretch out to cover the valve 

orifice, press their edges against each other to maintain valve closure, then rapidly open 

by retracting back to an unstretched state when the blood pressure load is removed. The 

opening and closing motions of these essential tissues are so forceful and dynamic that 

they can be heard from outside the body. This function is made possible by the 

extracellular matrix (ECM) microstructure within the valve tissues. This same ECM also 

	
	

1	This chapter has been published as the following textbook chapter: 

Monroe MN, Zhu A, Grande-Allen KJ. Heart valves' mechanobiology. In Principles of Heart Valve 
Engineering 2019 (pp. 13-39). Academic Press; Cambridge, MA.	
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transmits mechanical strains and stresses to the valve cells. Like many cell types that 

exist within connective tissues, heart valve cells are mechanosensitive. Understanding 

their mechanobiology is relevant to healthy valves, diseased valves, and tissue engineered 

valves. This chapter will review the valve cell phenotypes and how these are influenced 

by the cell microenvironment (specific signaling pathways as well as the specific ECM), 

and will describe how these cell microenvironments become altered in valve diseases. 

The chapter will conclude with a summary of mechanobiology considerations for tissue 

engineered heart valves and 3D culture models of heart valve disease. 

2.2. Valvular	interstitial	cells	

 Heart valves are responsible for the unidirectional flow of blood via precise 

opening and closing of associated leaflets. Through this constant cyclic motion and under 

a range of hemodynamic conditions, it is vital that leaflets maintain their structural and 

compositional integrity. Cells that comprise the leaflets play a substantial role in the 

valves’ maintenance and functioning.19 Leaflets contain two primary cells types: valvular 

endothelial cells (VECs), which line the outer surfaces of the leaflets, and valvular 

interstitial cells (VICs), residing within the bulk of the leaflet. VICs, the predominant cell 

population of valve leaflets, are thought to play a fundamental role in the maintenance 

and continued proper functioning of the valves. VICs are characterized by a diverse range 

of phenotypes, each associated with a specific function and contribution toward overall 

matrix structure and function.20  
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The main role of VICs is in maintaining structural and compositional integrity 

through synthesis and degradation of the extracellular matrix (ECM). Most VICs in the 

native, healthy valve are considered quiescent and fibroblastic. However, there is a 

distinct subpopulation of VICs that have the ability to transition to a number of different 

phenotypes based on ECM environmental conditions, as well as in response to injury or 

for maintaining homeostasis. In total, there are five distinct VIC phenotypes: progenitor 

endothelial/mesenchymal cells (eVICs), quiescent VICs (qVICs), activated VICs 

(aVICs), post-developmental adult progenitor VICs (pVICs), and osteoblastic VICs 

(obVICs).  

2.2.1. Valvular	interstitial	cell	phenotypes	

 eVICs are involved in embryogenesis and develop into qVICs in the maturing 

heart, potentially through an active process. This transition in eVICs is characterized by 

endothelial-to-mesenchymal transformation (EndMT), initiating valve formation within 

the embryonic cushion.21  

qVICs are the most common VIC phenotype found in a healthy adult heart valve, 

and they help maintain normal ECM structure and leaflet functionality. The ability of 

qVICs to degrade and synthesize matrix plays a vital role in this process.  Additionally, 

qVICs have been shown to communicate among themselves via intercellular junctional 

complexes, gap junctions and adhesion junctions.22 It has been hypothesized that 

networks of these junctions are involved in allowing VICs to sense and respond rapidly to 

external mechanical forces. Additionally, qVICs have been shown to inhibit angiogenesis 

within the leaflets, which is important in the context of disease progression. Normally, 
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human heart valves are avascular; however, in pathological valve conditions such as 

calcification progress, neovascularization occurs. This change is linked to the 

mobilization of VECs and the upregulation of pro-angiogenic factors, including vascular 

endothelial growth factor (VEGF), and downregulation of anti-angiogenic factors such as 

chondromodulin-1, a factor that qVICs have been shown to secrete abundantly in healthy 

heart valves.23  

In diseased or injured valves, qVICs are signaled to transition toward an activated 

VIC (aVIC) phenotype. aVICs, the precursor phenotype to obVICs, demonstrate an 

increased production of alpha smooth muscle actin (aSMA), an isoform of actin that is 

not found in qVICs.24 Additionally, this phenotype exhibits markedly increased cellular 

proliferation, extracellular matrix remodeling, and migration capabilities as compared to 

the quiescent phenotype.25 Specifically, in regards to matrix remodeling capabilities, 

aVICs demonstrate increased degradation via upregulation of matrix metalloprotease 1 

(MMP-1) and synthesis via increased secretion of tissue inhibitor of MMP-1 (TIMP-1). 

Dysfunction with regard to matrix regulation and apoptosis contribute significantly to 

valve disease progression. Though the reason for increased proportion of activated VICs 

over the course of disease development within valve leaflets is largely unknown, factors 

including valve injury and abnormal mechanical forces are thought to influence this 

phenomenon.26  

The increase in the number of VICs that is observed as a response to injury or to 

abnormal mechanical stimuli has also been attributed to a variety of sources. One source 

contributing to these elevated numbers is pVICs, adult progenitor VICs, which are 

thought to invade the valve and help aVICs repair their environment. These cells have a 
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variety of origins; some of them arise from the bone marrow or from circulating blood, 

whereas others originate within the valves themselves. pVICs are thought to have the 

potential to infiltrate the valve leaflet during injury and thereby provide support to aVICs 

in repairing the valve environment via transformation into qVICs or aVICs. The 

phenotype of this specific subpopulation is characterized by cellular expression of CD34, 

CD133, NG2, and CD338. The relationships between pVICs, qVICs, and aVICs, as well 

as the propensity of valves toward disease in relation to the relative quantities of these 

types of VICs comprising the valve, are topics that remain to be studied in depth.27,28 

Finally, osteoblastic VICs (obVICs) – the most pathological phenotype – promote 

calcification in the heart valve by secreting factors such as alkaline phosphatase, 

osteocalcin, osteopontin, and bone sialoprotein. These factors drive the formation of 

calcific (calcium and phosphate-containing) nodules throughout the valve leaflet. The 

transition from activated VICs to osteoblastic VICs is characterized by an upregulation in 

runt transcription factor 2 (RUNX2), matrix Gla protein (MGP), alkaline phosphatase 

(ALPL), and sex determining region Y-box 9 (Sox9), expression of which positively 

correlate with degree of calcification.29 In addition, calcified heart valves have been 

shown to express numerous osteogenic growth factors and cytokines, including 

transforming growth factor beta 1 (TGFb1), bone morphogenic protein (BMP), and 

tumor necrosis factor alpha (TNFa). Recent studies have implicated TNF-a as a critical 

driver of osteogenic VIC transformation, specifically by influencing the upregulation of 

RUNX2, and, moreover, the valve calcification process.30,31  
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2.2.2. Influence	of	environmental	mechanics		

 The specific phenotype demonstrated by VICs is largely dependent on the 

mechanical environment and stimulation to which the valvular cells are subjected. In 

vivo, heart valves are exposed to large pressure gradients and stresses – specific 

mechanical conditions that play a significant role in dictating VIC phenotype. For 

instance, it has been shown that porcine VICs isolated from the left side of the heart 

(mitral and aortic valves) have higher inherent stiffness than the pulmonary and tricuspid 

VICs, as measured by micropipette aspiration and atomic force microscopy.32 

Additionally, mechanical stiffness and anisotropy are important substrate features that 

have been shown to drastically alter VIC morphology, as demonstrated in Error! R

eference source not found..33 Furthermore, VICs behave differentially based on the 

valve that they are derived from and correspondingly based on the inherent mechanical 

forces experienced by that particular valve. When grown in a 3D collagen gel, for 

example, aortic VICs will contract the collagen gel at a faster rate than will pulmonary 

VICs, suggesting that the aortic VICs are able to remodel their environment to a greater 

degree as compared to pulmonary VICs, and, moreover, that significant 

mechanobiological differences exist between these two distinct VIC types. This study 

illustrates how inherent valve environment, and the nuanced mechanical forces that 

accompany that environment, drastically influence VIC remodeling behavior, which is an 

important consideration in studying healthy and pathological valve progression.  

 An additional consideration is that all heart valves are comprised of 

heterogeneous extracellular matrix, as will be described later in this chapter, which 

provides the resident VICs with a varied range of pericellular stiffnesses. This 
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heterogeneity of composition, which contributes to the anisotropy of valve tissues, results 

in the cells within the leaflet being exposed to varied magnitudes of stretch based on their 

precise location. This organized structure is subjected to specific applied strain fields that 

vary over the course of a lifetime as one’s heart develops and, in turn, affect matrix 

remodeling.34 To mimic these complex strain fields, a study by Gould et al. subjected 

VICs embedded in 3D collagen gels to biaxial stretch. From this, a relationship between 

increased degree of anisotropy and VIC activation, as well as proliferation and apoptosis, 

was established. Other in vitro experiments have been utilized to observe how 

mechanical stimuli promotes or suppresses cell behavior. Studies using the FlexCell 

bioreactor system, which operates via stretching of cells cultured on an elastomeric 

substrate, have shown that VICs will change their protein expression in response to 

differing stretch conditions. For instance, in one study, 10% distension of human VICs 

over the course of 72 hours produced an upregulation of osteogenic markers (osteopontin, 

osteocalcin, and ALP).35  
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Figure 2-1: Aortic VICs seeded on materials of varying mechanics exhibit differential 
morphology and expression. 

(A) Polyethylene glycol (PEG) gels were embedded with sheets of either isotropic or anisotropic 
electrospun acrylated-polycaprolactone (aPCL), resulting in a composite PEG-aPCL material 
(PPC). (B) VICs seeded on anisotropic PPC, isotropic PPC, and PEG without aPCL exhibit 
differential morphology and alignment based on mechanical characteristics of the respective 

substrate. Here, VICs are stained with DAPI (blue) and phalloidin (green). Scale bar = 50 µm.  
Credit: Adapted with permission from Tseng, Hubert, et al. "Anisotropic poly (ethylene 

glycol)/polycaprolactone hydrogel–fiber composites for heart valve tissue engineering." Tissue 
Engineering Part A 20.19-20 (2014): 2634-2645. 
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2.2.3. Influence	of	sex	and	age	

Another important factor that remains to be studied further is the influence of subject 

sex and age on VIC phenotype. While it has long been established that biological sex and 

patient age are two of the strongest clinical risk factors for calcific aortic valve disease 

(CAVD), researchers are just beginning to dig deeper into exploring specific, cellular-

level differences based on these inherent traits. In one study, production of hyaluronan 

was shown to be significantly down-regulated in older porcine valves as compared to 

younger valves.36 Biological sex, including associated hormones, have also been shown 

to have potentially profound effects on VIC and cardiac cell functioning on a whole. The 

presence of sex steroid receptors in the heart could point to differences in cardiac 

development for males and females. In VICs specifically, it has been shown that male- 

and female-derived aortic VICs exhibit differential gene expression governing important 

biological processes such as proliferation, migration, and remodeling. Specifically, male 

VICs demonstrate higher expression of genes that dictate proliferation and apoptosis.37  

Furthermore, an interesting but understudied trend is the difference in diseased 

aortic valve phenotypes between males and females affected by CAVD: females exhibit 

increased valvular fibrosis and decreased calcification in diseased valves as compared to 

their male counterparts. This distinctive form of leaflet remodeling then affects ventricle 

adaptation, with female left ventricles becoming hypertrophic and male left ventricles 

dilating.38 These trends are important because developing effective treatments for male 

and female patients will require understanding the causes of these fundamental 

differences. 
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2.3. Cell	signaling	and	microenvironment		

VICs do not exist in isolation in the interior of heart valve leaflets; the leaflet 

surfaces are covered with VECs. In many ways, VECs are similar to endothelial cells 

from blood vessels. Both valvular and vascular endothelial cells express platelet 

endothelial cell adhesion molecule (PECAM-1, also known as CD31), vascular 

endothelial cadherin (VE-cadherin), and von Willebrand factor (vWF), and are negative 

for alpha smooth muscle actin (αSMA) expression 39. However, there are a number of 

key characteristics that distinguish VECs from their vascular counterparts. For example, 

in the presence of fluid flow, vascular endothelial cells rearrange their cytoskeletal fibers 

to align parallel to the direction of shear stress. In contrast, VECs have been shown to 

align perpendicular to the direction of shear stress, likely due to the unique mechanical 

environment in heart valves.40 

Various biochemical and mechanical stimuli in the valvular microenvironment 

influence the phenotypic characteristics and differentiation status of both VICs and 

VECs. These stimuli serve either to maintain valvular homeostasis under normal 

conditions or to induce remodeling under injured or diseased conditions. As previously 

stated, VICs can exist in five distinct phenotypic states – embryonic progenitor, adult 

progenitor, quiescent, activated myofibroblast-like, and osteoblastic – depending on the 

signals present in their microenvironment. When considering VECs, a particularly 

important phenotypic change is the endothelial-mesenchymal transition (EndMT), which 

can be considered to be a special case of the better-characterized epithelial-mesenchymal 

transition (EMT). EndMT is marked by a loss of expression of endothelial-specific 
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markers, such as CD31 and vWF, and a gain of mesenchymal-like characteristics, such as 

the presence of αSMA stress fibers.41,42  

 In heart valves, EndMT plays an important role during both development and 

wound healing by generating or replenishing the population of VICs in the valve. During 

development, endothelial progenitor cells within endocardial cushions in the developing 

atrioventricular canal and ventricular outflow tract undergo EndMT, transdifferentiating 

into VICs and giving rise to the atrioventricular and semilunar valve leaflets, 

respectively.43 Similarly, during wound healing, EndMT contributes to fibrosis by 

enabling endothelial cells to transdifferentiate into activated myofibroblasts.44 This next 

section of the chapter will review how these phenotypic changes in VICs and VECs can 

be induced through several important biochemical and mechanical signaling pathways, 

including TNFα, TGFβ, nitric oxide, and extracellular matrix stiffness. 

2.3.1. Tumor	necrosis	factor	alpha	

 Tumor necrosis factor alpha (TNFα) is a cytokine that is secreted primarily by 

macrophages and T cells. Originally identified for its cytotoxic effects on cancer cells, 

TNFα has since been implicated as a potent pro-inflammatory factor with a broad range 

of effects on multiple tissue types.45 TNFα is produced as a transmembrane protein that is 

proteolytically cleaved and secreted as a soluble homotrimer. In its soluble form, this 

protein binds to its receptors, TNFR1 and TNFR2, initiating an intracellular signaling 

cascade that ultimately activates a number of transcription factors including nuclear 

factor κB (NFκB).46 
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Inflammation has been shown to be a major mechanism for tissue remodeling in 

valvular disease.47 In aortic valve stenosis, pro-inflammatory cytokines such as TNFα are 

produced by macrophages that have infiltrated the valve leaflet. TNFα promotes 

calcification by increasing VIC proliferation and upregulating the activity of alkaline 

phosphatase, which is responsible for mineralization.26,48 In addition to its effects on 

VICs, TNFα also induces EndMT in VECs in an NFκB-dependent manner, suggesting a 

parallel VEC-mediated mechanism for the role of TNFα in valvular disease.49 

Interestingly, TNFα-induced EndMT is highly heterogeneous, with some VECs 

displaying increased susceptibility to EndMT compared to others.50 

2.3.2. Transforming	growth	factor	beta	

Transforming growth factor beta (TGFβ) is a growth factor that regulates a 

multitude of cellular processes throughout the body. TGFβ initiates its signaling effects 

by binding to its receptor, TGFβRII, causing it to recruit and phosphorylate TGFβRI. The 

heterodimerized TGFβR complex subsequently phosphorylates downstream proteins 

known as receptor Smads (R-Smads), which translocate to the nucleus and regulate gene 

transcription.51 During wound healing, TGFβ is produced abundantly by infiltrating 

leukocytes, and it drives fibrotic remodeling by inducing excessive production of ECM 

components and inhibiting ECM degradation.52 In the myocardium, elevated TGFβ 

production is associated with pathological states such as hypertrophic cardiomyopathy 

and myocardial infarction.53 
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A number of recent studies have investigated the role of TGFβ signaling in heart 

valves. Using a scratch assay model (an in vitro model of wound repair), one group 

showed that TGFβ is produced by VICs after injury and is required for VIC activation 

and migration into the wound.54 In VECs, EndMT and αSMA expression can be induced 

by the addition of TGFβ 41, but this phenotypic shift is inhibited by soluble paracrine 

signals secreted by VICs.25 Furthermore, several groups have begun to explore the 

interaction between TGFβ signaling and heart valve mechanobiology by using 

bioreactors such as the FlexCell system. Using such a system, it was shown that TGFβ 

and cyclic strain together induce maladaptive hyaluronan remodeling in the aortic valve, 

pointing to a potential mechanism of ECM dysregulation in CAVD.55 In the mitral valve, 

TGFβ induces VICs to adopt a myofibroblastic phenotype, but this effect is partially 

reversed by cyclic strain.56 Taken together, these results indicate an important role of 

TGFβ and mechanical forces in regulating tissue homeostasis in the heart valve. 

2.3.3. Nitric	oxide	

Nitric oxide is a free-radical compound that is biosynthesized from the amino acid 

L-arginine by nitric oxide synthase (NOS) enzymes. Its high diffusivity and short half-

life of several seconds make nitric oxide an ideal signaling molecule for eliciting 

transient responses in many tissues and organs.57 In the cardiovascular system, nitric 

oxide is produced by endothelial cells via endothelial nitric oxide synthase (eNOS), and it 

exerts various effects such as vasodilation and inhibition of platelet aggregation.58 
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Dysfunctional eNOS activity and nitric oxide signaling can lead to various 

cardiovascular disease states. For example, aging induces a phenomenon known as eNOS 

uncoupling in which reduced bioavailability of tetrahydrobiopterin (BH4), a cofactor for 

eNOS, causes the enzyme to produce superoxide anions instead of nitric oxide. These 

superoxide anions increase the oxidative stress in the blood vessel. As such, eNOS 

uncoupling has been implicated as a possible mechanism for age-related atherosclerosis.59 

There is some evidence that superoxide production from eNOS uncoupling plays a role in 

aortic valve calcification as well.60 Conversely, nitric oxide secreted from VECs appears 

to protect against VIC activation and valve calcification.61 Notably, the magnitude of this 

protective effect depends on the stiffness of the microenvironment. In one study, VICs 

were indirectly co-cultured with VECs on substrates of various stiffnesses. VICs grown 

on stiffer substrates displayed increased activation and myofibroblastic properties, an 

effect that was reversed by paracrine nitric oxide from VECs. Furthermore, the VICs on 

the soft substrates were significantly more responsive to nitric oxide than the VICs on the 

stiff substrates.62 Due to this intersection of mechanical and chemical signaling, the 

effects of microenvironmental mechanics on valve cell phenotypes will be discussed in 

more detail in the following paragraphs. 

2.3.4. Substrate	composition	

Proteins and other bioactive factors present on a substrate surface have the 

potential to influence VIC behavior and differentiation. This influence has been studied 

extensively in 2D cultures by seeding VICs on surfaces coated with a variety of peptides 

and relevant extracellular proteins. For instance, a study comparing peptide coatings on 



22	
	

	 	 	
	

the degree to which they influence calcific nodule formation indicated that RGD-

containing proteins (including fibrin, collagen, fibronectin, and laminin) are the most pro-

calcific.63 In contrast, VICs cultured on hyaluronan demonstrated a reduction in calcific 

nodule formation.64 Furthermore, in 2D in vitro studies, fibrin, laminin, and heparin 

coatings on tissue culture plastic spurred increased VIC calcific nodule production as 

compared to collagen and fibronectin, on which VICs produced few nodules.65,66  

2.3.5. Microenvironmental	mechanics	and	geometry	

Substrate stiffness and geometry have been identified as factors that significantly 

influence aspects of VIC phenotypic behavior, including cell activation, calcification 

potential, and proliferation. To investigate this phenomenon, substrates for VIC culture 

have been prepared using hydrogel polymers in differing molecular weights and weight 

fractions. Several such investigations have demonstrated that VIC aSMA expression was 

upregulated, and that VICs displayed an altered, more branching structure on increasingly 

stiff substrates.67–69 With respect to specific ranges of substrate stiffness, VICs grown in 

2D atop substrates stiffer than 15 kPa became activated with a sprouting morphology and 

many aSMA-positive stress fibers, whereas VICs grown on soft substrates (< 15 kPa) 

exhibited a more cuboidal morphology with few to no stress fibers.70  

VICs grown on relatively compliant 2D polyethylene glycol (PEG) hydrogels, 

both coated with ECM proteins and uncoated, demonstrated decreased activation and 

calcification capabilities as compared to VICs grown on traditional tissue culture plastic, 

indicating that stiffness of a substrate positively correlates with VIC osteogenic 

potential.68 Substrate stiffness also altered the proliferation capabilities of VICs 67. More 
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recently, substrates with real time stiffness tunability capabilities have been utilized to 

more closely examine VIC response and differentiation plasticity in response to varying 

mechanical environments. Using this approach, VICs demonstrated increased osteogenic 

potential when cultured in 2D on a gradually stiffening environment, with reduced 

osteogenic capabilities when the substrate was temporally brought back to baseline 

stiffness.71  

The geometry of the cellular environment is another factor that influences VIC 

phenotype. VICs cultured within relatively stiff 3D hyaluronan/gelatin composite 

hydrogels demonstrate a more quiescent phenotype as compared to those in more 

compliant 3D hydrogels. This result is particularly interesting because it is the opposite 

trend from what has been observed in 2D cultures, in which VICs were more activated on 

stiffer substrates.72 In a different study where VICs were either encapsulated within 

collagen I gels, or grown atop collagen I-coated tissue culture plastic, the VICs cultured 

in the 3D environment were less likely to demonstrate activation.73 Taken together, it is 

clear that pericellular composition, mechanics, and adhesion (2D vs. 3D) work in concert 

to govern VIC function, although there is not yet consensus about the effects of specific 

3D microenvironmental cues.  

External stretch and shear mechanics are also highly influential factors in VIC 

behavior. Stretch alone has been shown to trigger calcification in VICs in vitro. Cyclic 

stretch bioreactors have been used to determine how different stretch magnitudes affect 

the calcification potential of VICs, with 10% stretch shown to promote calcification the 

most as compared to static and 20% stretch conditions.74 The anisotropy of the valve is 

another important consideration. In a custom-built bioreactor, VICs were embedded 
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within a round gel, containing a spiral spring around the outer perimeter to allow for 

anisotropic stretch.34 Within this system, VICs were shown to orient along the long axis 

of anisotropy and remodel accordingly. Compared to isotropic molds in this system, VICs 

cultured in the anisotropic molds demonstrated an increase in apoptotic and proliferative 

capabilities. In another bioreactor system, VICs and VECs were co-cultured in tubular 

molds exposed to shear stress. In response to this shear, VECs downregulated aSMA 

expression and dampened proliferation by the VICs.19 In addition, VICs have 

demonstrated pronounced differences in behavior when seeded within substrates 

experiencing compressive versus tensile loading.75 Notably, VICs in the tensile loading 

hydrogel formed a monolayer of cells on the substrate surfaces, whereas VICs in the 

compressive loading hydrogel remained quiescent and did not form a monolayer (Figure 

2-2). Overall, these studies illustrate how mechanics of the microenvironment vastly 

influence VIC behavior. 
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Figure 2-2: Aortic VICs on tensile and compressive surfaces exhibit differential behavior. 
(A) VICs were seeded atop constructs that consisted of a biodegradeable poly(ether ester 

urethane) urea (BPUR) embedded within polyethylene glycol (PEG) gels conjugated to peptide 
PQ allowing for cellular degradation (PEG-PQ). Cells were seeded on the side of bent constructs 
corresponding to tension or compression forces.  Holders were used to secure gel in bent position 

while culturing. (B,C,D) Analysis of VICs seeded on tensile side. (B) Staining with f-actin 
(green) illustrates confluence of VICs after 14 days of culture on the surface (C) Cross-section 

demonstrating thick layer of cells atop the construct. (D) Hematoxylin and eosin (H&E) staining 
shows ECM production and cellular proliferation atop the BPUR construct. (E,F,G) Analysis of 

VICs seeded on compressive side. (E) Incomplete monlayer formation evidenced by f-actin 
staining. (F) Cross-section of gel demonstrating lack of VICs and ECM production. (G) H&E 
stain demonstrates low levels of cellular proliferation and ECM production as compared to the 

tensile surface. Credit: Adapted with permission from Puperi, Daniel S., et al. "Electrospun 
polyurethane and hydrogel composite scaffolds as biomechanical mimics for aortic valve tissue 

engineering." ACS Biomaterials Science & Engineering 2.9 (2016): 1546-1558.  
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2.4. Role	of	extracellular	matrix	in	heart	valve	biomechanics		

In order to ensure unidirectional blood flow, heart valve leaflets must open and 

close completely. To promote this functional behavior, leaflets possess specific 

mechanical properties that allow for the appropriate amount of tensile strength, 

compression resistance, and elasticity. These essential mechanical properties are made 

possible by the ECM structure of the valve leaflets (Figure 2-3).  

Each of the three leaflets of the aortic valve has a distinct, trilaminar ECM 

structure, comprised of the fibrosa, spongiosa, and ventricularis layers. The fibrosa faces 

the aortic side of the valve and predominantly consists of bundles of fibrillar collagen, 

aligned in the circumferential direction; the fibrosa serves as the tensile strength-bearing 

component of the leaflet. The fibrosa also has a corrugated structure, which allows it to 

unfold during valve opening. The spongiosa is the middle layer of the valve leaflet and is 

rich in glycosaminoglycans (GAGs) and proteoglycans (PGs), which impart compression 

resistance and flexibility. The ventricularis is the thinnest layer and is comprised mainly 

of radially-aligned elastin interspersed with a small amount of collagen; this layer 

provides the leaflet with the ability to recoil. Overall, collagen and elastin respectively 

comprise 50% and 13% of the leaflet in terms of dry weight.76 Collagen, elastin, and 

GAGs/PGs function together to withstand the repetitive forces and pressures that the 

valve is subjected to through each cardiac cycle.77  

Bundles of crimped collagen fibers are aligned in a network that is predominantly 

oriented to provide strength along the circumferential direction.78 Collagen type I is the 

most abundant, comprising 74% of valvular collagen whereas collagen type III comprises 
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24%. Collagen type I is predominantly localized in the fibrosa, while collagen type III is 

distributed throughout the three layers of the leaflet. The overall collagen network serves 

as the primary strength-bearing component of the leaflet, distributing critical stresses 

during both systole and diastole. This fibrous network is able to reduce peak stresses 

during diastole, as well as maintaining structural rigidity (and therefore limiting 

fluttering) of the leaflets during systole, as observed via computational modeling.79 As 

pressure causes leaflets to coapt during diastole, the leaflet expands in the circumferential 

direction, leading to the collagen fibers becoming uncrimped and highly aligned. This 

directional alignment allows for increased stiffness and rigidity of the closed valve during 

diastole. 

The spongiosa layer contains the majority of the highly hydrated GAGs and PGs 

within the valve. The most abundant GAG is hyaluronan (HA), which is 60% of the total 

GAG content.80 HA is a very large GAG and is strongly negatively charged, which 

consequently attracts a substantial volume of water. In addition to this biophysical 

attribute, HA is reported to influence proliferation, migration, and ECM assembly by 

VICs.81 The spongiosa is also rich in the large interstitial PG versican, which consists of a 

core protein bound to 15-20 long chondroitin sulfate GAG chains. Like HA, the GAG 

chains on versican also attract substantial water content. The resulting hydrated state of 

the spongiosa layer bolsters the compressive resistance and viscoelastic behavior of the 

overall valve, and allows for rearrangement of the collagenous and elastic components 

during the cardiac cycle.82 Numerous other PGs, most notably biglycan and decorin, are 

present throughout the leaflet layers, where they perform diverse roles such as 

coordinating collagen fibrillogenesis and directing cell behavior. More comprehensive 
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data describing the GAGs and PGs in heart valves is reported in work from the Grande-

Allen group.80–83 

Elastin, in the form of elastic fibers, makes up 13% of the dry weight of the aortic 

valve, and is found in the ventricularis and spongiosa of the leaflet.76,84 In the ventricularis 

layer, elastic fibers are found in aligned sheets. These elastic fibers form a network that 

takes the form of a lattice structure in the spongiosa, which aids in connecting the 

ventricularis layer with the fibrosa. This elastic coupling of the leaflet layers provides the 

valve with a high degree of extensibility when it stretches radially during valve opening, 

as well as recoil capabilities for when the valve is closing.  

The mitral valve leaflet has a similar trilaminar ECM structure to the aortic valve 

leaflet, with an elastin-rich atrialis layer (analogous to the ventricularis of the aortic 

valve) on the atrial side, a GAG-rich spongiosa layer in the interior, and a collagen-rich 

fibrosa layer on the ventricular side. That resemblance aside, there are several important 

structural differences between aortic and mitral valves. In contrast to the three 

symmetrical leaflets of the aortic valve, the mitral valve has two asymmetrical leaflets: 

the anterior leaflet and the posterior leaflet. Furthermore, to prevent the leaflets from 

prolapsing into the atrium due to the high-pressure environment of the ventricle, the 

leaflets of the mitral valve are tethered to the ventricular wall via chordae tendineae: 

tendon-like structures consisting of a collagen-rich core surrounded by an elastin sheath.83 
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Figure 2-3: Histological anatomy of the aortic and mitral valve.  
Movat pentachrome stain was used to distinguish collagen (saffron yellow), elastin (hematoxylin 

black), and PGs/GAGs (alcian blue) within the valves.  Credit: Adapted with permission from 
Stephens, Elizabeth H., Chia-Kai Chu, and K. Jane Grande-Allen. "Valve proteoglycan content 
and glycosaminoglycan fine structure are unique to microstructure, mechanical load and age: 

Relevance to an age-specific tissue-engineered heart valve." Acta Biomaterialia 4.5 (2008): 1148-
1160. 
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2.5. Extracellular	matrix	remodeling	in	heart	valve	disease	

The two most common valvular diseases are CAVD and mitral valve 

regurgitation. Over the course of both diseases, a dramatic disruption in cellular function 

and ECM integrity occurs. Though the precise mechanisms that cause these changes are 

still being investigated, it is known that a bidirectional cell-matrix relationship exists 

within the valves and dictates homeostasis and pathobiology. This relationship is 

superimposed on the biomechanical role of the ECM in guiding valve tissue mechanics as 

described in the previous section. The ECM plays just as important a role as a scaffold 

that transduces mechanical signals and influences cellular processes by controlling the 

availability of exogenous factors. These activities contribute to regulating how valvular 

cells develop and respond within the tissue, whether the valve is healthy or diseased.  

2.5.1. Calcific	aortic	valve	disease	

CAVD impairs the ability of the aortic valve to open fully during ventricular 

systole. This disease is characterized by fibrotic thickening, angiogenesis, and 

development of mineralized lesions throughout the bulk of the leaflet (Figure 2-4). Over 

the course of the disease onset, the structured extracellular matrix of the leaflet is 

increasingly compromised. As described above, fibrillar collagen (namely types I and III) 

is highly aligned and is primarily localized to the fibrosa layer in normal valves. In 

CAVD-affected valves, these fibers become highly disorganized and the collagen content 

of valves increases due to increased activity in matrix metalloproteinases, which spur 

fibrotic remodeling.79,85 Together with the calcific mineral deposition, this fibrosis 

increases the overall stiffness of the leaflets as well as the pericellular VIC 
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microenvironment. In addition, certain types of collagen and collagen fragments have 

been shown to influence activation in VICs, which could contribute to progression of 

CAVD within the tissue.78  

The quantity of PGs and GAGs (including versican, biglycan, decorin, and 

hyaluronan) increases among all three layers of CAVD-affected valves.80 In late-stage 

CAVD, GAGs and PGs often localize around calcific nodules that form throughout the 

bulk of the leaflets. These components could play a role in the pathological remodeling of 

the valve via accumulation of lipoproteins and inflammatory cells, caused by the 

relatively highly negative charge of GAGs. PGs are also capable of sequestering specific 

soluble proteins, which can influence spatial concentrations of specific growth factors 

and cytokines. In addition, PGs and GAGs can interact directly with VICs to influence 

their behavior; for instance, treating VICs with decorin was shown to activate the TGF-b 

pathway.86  

Relative to healthy valves, the elastin content in CAVD-affected valves is 

reduced, and the elastic fibers are fragmented. These structural alterations also contribute 

to an increase in overall tissue stiffness. Elastin fragments have been implicated in 

promoting VIC activation and calcification via induction of alkaline phosphatase activity 

and expression of RunX2, an osteogenic transcription factor.84  
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Figure 2-4: Movat pentachrome stain on calcified aortic valve leaflets. 
Relative to healthy aortic valve leaflets, CAVD affected leaflets demonstrate increased fibrotic 

remodeling, increased cellular proliferation, increased GAG/PG deposition, and development of 
mineralized nodules throughout the bulk of the leaflet (collagen = yellow, elastin = black, and 

PGs/GAGs = blue, nodules indicated by arrows). Credit: Adapted with permission from Stephens, 
Elizabeth H., et al. "Differential proteoglycan and hyaluronan distribution in calcified aortic 

valves." Cardiovascular Pathology 20.6 (2011): 334-342. 
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2.5.2. Mitral	valve	regurgitation		

Mitral valve regurgitation occurs when the two leaflets of the mitral valve cannot 

properly coapt to close the valve during ventricular systole, leading to blood leaking 

backward into the atrium. Broadly, mitral regurgitation can be categorized into 

degenerative mitral regurgitation, which is caused by myxomatous remodeling of the 

valve tissue, and functional mitral regurgitation, in which fibrotic remodeling of the 

mitral valve is induced by pathological remodeling of the surrounding heart muscle, 

which distorts the geometry of the mitral valve so that it cannot close properly. 

In degenerative mitral regurgitation, the mitral valve undergoes myxomatous 

(myxoid) remodeling, which thickens and enlarges the tissue while decreasing the 

stiffness and increasing the extensibility of both the leaflets and the chordae tendineae.87 

Various changes in cell phenotype and ECM composition contribute to these mechanical 

changes during myxomatous remodeling (Figure 2-5). Myxoid leaflets display 

enlargement of the PG- and GAG-rich spongiosa layer, along with disruption of both the 

collagen-rich fibrosa layer and the elastin-rich atrialis layer arising from the 

overexpression of collagen-degrading enzymes such as MMP-1 and MMP-13 by 

activated VICs in the leaflet.88 Compared to normal leaflets, myxoid leaflets contain 

significantly higher levels of PGs, particularly decorin, biglycan, and versican.83 

Interestingly, myxomatous remodeling induces significant changes in the GAG 

composition of the mitral valve. In myxoid chordae, the proportions of chondroitin-6-

sulfate and hyaluronan are elevated and the proportion of dermatan-4-sulfate is reduced 

compared to normal chordae, with similar trends occurring to a lesser extent in myxoid 
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leaflets.89 Overall, these ECM changes weaken the mitral valve and allow it to prolapse 

into the left atrium, leading to regurgitation. 

Functional mitral regurgitation is initially caused by left ventricular conditions 

such as myocardial infarction, congestive heart failure, and dilated cardiomyopathy. In 

these conditions, the geometry of the heart changes in a manner that stretches the annulus 

and displaces the papillary muscles (and attached chordae tendinae) apically and laterally, 

preventing the mitral valve from closing properly.90 In contrast with degenerative mitral 

regurgitation (which is marked by weakening of the valve tissue), functional mitral 

regurgitation increases the stiffness and decreases the extensibility of both the leaflets and 

the chordae of the mitral valve.91 These changes in valvular mechanical properties closely 

parallel the fibrotic ECM remodeling that is observed in the mitral valve during end-stage 

congestive heart failure. Specifically, mitral valve leaflets from heart failure patients 

display higher levels of collagen and GAGs and increased cellularity compared to leaflets 

from age-matched normal patients.92 

Recently, novel bioreactors have been developed to isolate the effects of 

mechanical forces during tissue remodeling in both degenerative and functional mitral 

regurgitation. One such system is the Rice University Flow Loop System, which was 

designed by our group to perform long-term dynamic organ culture of living heart valves 

while enabling the hemodynamics of mitral regurgitation to be recapitulated by 

independently manipulating the position of the papillary muscles and valve annulus. 

Using this system, it was demonstrated that the mechanical changes associated with both 

degenerative and functional mitral regurgitation are sufficient to induce the characteristic 

ECM remodeling of both conditions.93 The same system was used to investigate whether 
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the fibrotic remodeling that occurs during functional mitral regurgitation could 

potentially be reversed by restoring the valve to a non-regurgitant geometry. The results 

indicated that reversal of fibrotic remodeling occurs in a heterogeneous manner. While 

the levels of fibrotic markers decreased in the posterior leaflet after the valve was 

returned to its pre-regurgitant geometry, the anterior leaflet continued to undergo fibrotic 

remodeling.94 Together, these studies show that functional mitral regurgitation is an 

active process involving fibrotic ECM remodeling, rather than being a purely passive 

consequence of altered ventricular geometry as was historically believed. 
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Figure 2-5: Histological analysis of normal and myxomatous mitral valve leaflets.  
Movat pentachrome staining (collagen = yellow, elastin = black, and PGs/GAGs = blue) shows 
disrupted layered architecture in myxomatous valves, with increased fibrotic remodeling and 

expanded spongiosa layer. Picrosirius red stain allows for imaging of collagen fiber arrangement 
in mitral valves, with myxomatous valves demonstrating lower birefringence, indicating overall 

disruption in collagen fiber alignment and density. Credit: Adapted with permission from Rabkin, 
Elena, et al. "Activated interstitial myofibroblasts express catabolic enzymes and mediate matrix 

remodeling in myxomatous heart valves." Circulation 104.21 (2001): 2525-2532. 
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2.6. Mechanobiology	considerations	for	tissue	engineering	
atrioventricular	and	semilunar	valves	

2.6.1. Tissue	engineered	heart	valve	replacements	

Tissue engineering is an emerging strategy for treating atrioventricular and 

semilunar valve diseases such as CAVD and mitral regurgitation. Currently, severe heart 

valve disease is treated by replacing the valve with a mechanical or bioprosthetic heart 

valve. However, both of these classes of devices can be problematic. Mechanical heart 

valves, which are made of plastic or metal, can elicit thrombogenic responses that must 

be managed through life-long administration of anticoagulative medication. Bioprosthetic 

valves, which are derived from decellularized animal tissues, are less durable than native 

valves as they do not contain living cells and are incapable of self-repair. Over time, the 

repetitive forces in the environment cause cumulative damage to the replacement valve, 

limiting its useful lifespan. Moreover, neither mechanical nor bioprosthetic valves 

experience growth or remodeling, which is a major problem for pediatric patients who 

receive valve replacements in infancy, because they must undergo multiple valve 

replacement surgeries as their hearts grow. Therefore, in order to sidestep the issues with 

both mechanical and bioprosthetic heart valves, living tissue-engineered heart valves 

(TEHVs) are emerging as a promising new therapeutic strategy for diseases that require 

valve replacement.95 

While there is a great variety of natural and synthetic scaffold materials for heart 

valve tissue engineering, all TEHV replacements share similar design goals. The ideal 

TEHV replacement should be biocompatible, non-immunogenic, and non-thrombotic. Its 

mechanical properties should be comparable to native valve tissue, in order to ensure 
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long-term functionality and durability. Finally, the scaffold should provide appropriate 

adhesion sites for cells to populate the material and transform it into a living structure. 

Decellularized allograft and xenograft heart valves are popular scaffolds for 

TEHVs because they contain bioactive ligands that can support cell adhesion (and ideally 

replicate native valve cell mechanobiology), and because their mechanical properties are 

similar to native tissue. The goal of decellularization is to maintain the integrity of the 

ECM while removing donor cells and antigenic material. This goal can be accomplished 

by treating the tissue with cocktails of detergents and/or enzymes 96. Once the valve is 

decellularized, it can be repopulated by cells in vitro by seeding cells onto the scaffold in 

a bioreactor.97 Alternatively, the decellularized valve can be chemically modified to 

enable in situ recellularization by endogenous cells.98 

Despite their advantages, TEHVs prepared from decellularized scaffolds have 

drawbacks as well. Because they are derived from animal or human tissues, there can be 

variability between valves. Furthermore, allograft-derived scaffolds are limited by the 

finite supply of cadaver tissue. Xenograft-derived scaffolds would avoid this constraint 

because they can be harvested from animals, but a significant barrier to clinical 

transplantation of xenografts is the presence of the α-gal epitope. This epitope is an 

oligosaccharide moiety that is abundantly present in the glycoproteins and glycolipids of 

non-primate tissues. However, in primates, numerous antibodies against α-gal are present 

in the circulation, leading to hyper-acute immune rejection of grafts containing this 

epitope.99 Although it is possible to denature the α-gal epitope through detergent-based 

and enzymatic washes, it remains difficult to do so in a way that preserves the bioactivity 

of desirable ligands and retains the recellularization capacity of the scaffold. 
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Furthermore, decellularization dramatically affects the mechanical properties of the valve 

leaflet, which can be problematic for TEHV durability. In one study of aortic valves that 

were decellularized using various detergent-based and enzymatic methods, the 

decellularized leaflets displayed an 80% decrease in stiffness and a 100% increase in 

extensibility compared to native leaflets.100 

Alternatively, rationally-designed synthetic materials can be used as TEHV 

scaffolds. In particular, several groups are developing TEHV scaffolds consisting of 

textiles embedded within bioactive hydrogels. In these composite scaffolds, the hydrogel 

component provides adhesion sites for cells, while the textile component provides 

mechanical strength to the construct. For example, one group embedded an anisotropic 

polyacrylonitrile mesh inside a VIC-laden gelatin-hyaluronan hydrogel, obtaining a 

construct that displayed good cell morphology and comparable mechanical properties to 

the native aortic valve leaflet.101 Similar studies have been conducted using bioresorbable 

materials such as poly(ether ester urethane) encapsulated within a VIC-laden PEG 

hydrogel.102 

Both in vitro and in situ cellularization methods have advantages and 

disadvantages. In vitro cell seeding methods allow TEHVs to be pre-conditioned with 

appropriate ECM, enabling them to function immediately upon implantation. However, 

these cell-laden constructs are less shelf-stable than are polymer-only materials that are 

designed to promote cellularization in situ. To overcome the limitations of both methods, 

some investigators are combining in vitro ECM conditioning with in situ cell seeding in a 

three-step workflow. First, cells are cultured on a fast-degrading polymer scaffold in a 

bioreactor, to allow them to synthesize ECM. Then, the valve is decellularized to create 
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an off-the-shelf, stable product. Finally, the TEHVs is implanted and recellularized in 

situ. A consortium of European researchers has used this strategy to develop a pulmonary 

TEHV replacement – the LifeValve – that has yielded promising results in preliminary 

benchtop and animal trials.103 

Percutaneous valve replacement is another surgical strategy that can reduce the 

risks of valve replacement for patients who cannot tolerate open-heart surgery. To date, 

traditional bioprosthetic valves such as the Edwards SAPIEN valve and the Medtronic 

CoreValve have been implanted percutaneously in over 100,000 patients.104 Recently, 

percutaneous delivery methods have been developed for TEHVs as well. For example, 

the LifeValve group has reported that their tissue-engineered construct is compatible with 

existing percutaneous surgical methods such as transapical and transvenous insertion.105 

As TEHVs continue to improve, they should be designed with percutaneous deliverability 

in mind. It will also be important to assess how the crimping process required to insert 

the TEHV into the delivery catheter impacts the resulting biomechanics and 

mechanobiology of the newly grown valve. 

2.6.2. Innovative	in	vitro	models	

As previously discussed, gene expression related to cell structure and motility are 

influenced by the dimensionality of the substrate. In the context of valves, VICs grown 

within 3D matrices demonstrated decreased activation as compared to VICs grown on 

tissue culture plastic. Moreover, VICs grown in 2D on tissue culture plastic demonstrate 

significant differences in genetic expression compared to native VICs. Because of these 

differences, investigators are moving toward engineering models that better mimic the 
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native tissue environment. Furthermore, bioreactors that subject samples to 

physiologically relevant forces are critical toward constructing a more accurate 

understanding of valvular response. To this end, bioreactors and 3D in vitro model 

systems that incorporate relevant mechanical and biochemical cues are currently being 

developed in order to elucidate specific targets for novel treatment strategies.  

The most widely used medium for development of these 3D systems is polymer 

hydrogels, both synthetic and natural. Natural hydrogels used in these studies include 

collagen, gelatin, and modified hyaluronan. A widely-used synthetic hydrogel is PEG, 

which lends itself to cell culture applications due to the fact that it is easily modifiable 

with peptide sequences and exogenous factors. Additionally, PEG is bioinert, making it 

easy to discern influential components on cellular behavior. A heterogeneous co-culture 

system to model the aortic valve was developed using modified PEG hydrogels. This 

system was designed such that VICs were embedded in 3D in a PEG hydrogel modified 

with peptide sequences that encouraged VIC attachment and remodeling of the matrix. 

VECs were then seeded on top of the construct, mimicking the endothelial layer present 

on the native aortic leaflet.106 This model allows for easy customization in terms of ligand 

conjugation and ability to tune bulk mechanical properties of the system in order to 

accurately recapitulate the cellular heterogeneity of the valve leaflet.  

To understand the underpinnings of valvular disease, it is important to elucidate 

VIC-VEC interactions. To assess these interactions without the potentially confounding 

influence of a scaffold material, a method was developed to create a layered, VIC-VEC 

co-culture in a scaffold-free system. Using magnetic nanoparticles to aggregate 

individual populations of VICs or VECs, cells were grown in specific clusters. 
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Homogenous clusters of VICs and VECs were then stacked using a customized magnetic 

pen to create a spatially-organized aggregate. In the 3D layered VIC-VEC aggregate, 

VICs demonstrated a downregulation in aSMA compared to VICs alone, suggesting that 

the VECs aid in maintaining the quiescent state of the VICs.107 This model was useful in 

parsing out cellular-specific behavior that occurs absent of matrix. 

Paper has recently become a more widely used material in the context of cell 

culture, for a variety of reasons. Paper is a readily available and relatively inexpensive 

material that has the capacity for directing fluid movement. In microfluidics applications, 

cellulose has been used extensively because of its porosity and inertness. The three-

dimensional, fibrous structure of the paper has the capability to mimic the cellular 

microenvironment. Additionally, because paper can be easily chemically and physically 

modified, there is a great potential for forming a variety of culture conditions.108 A 

layered filter paper model has the capacity to model substantial variability in 3D 

structure. This platform was originally developed to use paper as a mechanical support 

for cells cultured in ECM gels, ultimately utilizing this stacked cell culture platform to 

analyze hypoxia’s effect on cancer cells.109 This idea was built on for use in culturing 

VICs, by seeding VICs in collagen gels in this system and then analyzing migration and 

expression patterns in response to hypoxia.110 This system is advantageous in that it can 

recapitulate the heterogeneity of the valve environment via precise control over 

geometry, matrix composition, and cellular concentrations within each discrete layer of a 

multi-layered tissue mimic (Figure 2-6). 
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Figure 2-6: A layered, in vitro filter paper cell culture system toward modeling the 
heterogeneous valvular ECM environment. 

(A) Valve cells mixed with specific prepolymers are seeded on sample regions delineated by wax 
on individual filter paper sheets. After the prepolymer solidifies, paper layers can be stacked and 
compressed to create monolithic gel constructs. Additionally, individual sheets can be stacked to 
mimic the thickness of the native valve leaflet. (B) Discrete layers within constructs can contain 
differing gel types (i.e. collagen, hyaluronan)- allowing for recapitulation of native or diseased 
valve ECM. Credit: Adapted with permission from Sapp, Matthew C., et al. "Multilayer three-

dimensional filter paper constructs for the culture and analysis of aortic valvular interstitial cells." 
Acta Biomaterialia 13 (2015): 199-206. 
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Moreover, investigators have developed bioreactors for mechanobiology organ 

culture studies on whole valve tissues as well as engineered valve tissue mimics. These 

tissue-based approaches offer a complementary strategy that can be applied in 

conjunction with the 3D models described above to examine how mechanical forces are 

related to valvular response.  A range of mechanical stimuli can be applied to valve 

tissues using various custom-designed systems; for example, one report applied 

pathophysiologically-relevant shear stresses to mimic the side-specific shears 

experienced by VECs.111 In another study, mitral valves were mounted in a flow 

bioreactor system that could manipulate valve positioning to mimic normal, prolapsed, or 

functional regurgitation geometry (Figure 2-7). From this, it was possible to analyze 

ECM remodeling that occurs in mitral valve disease.93 Additionally, this system could be 

used to assess whether surgically altering the mitral valve geometry would result in 

reversal of the pathological ECM remodeling.94 By culturing valve cells within a 3D 

scaffold, it is also possible to test the resulting neotissue within bioreactor systems and 

thereby gain insight into the mechanical behavior of VICs under different stimuli. One 

elegant system cast VIC-laden collagen gels within a spring coiled around the periphery 

of a elastomeric membrane, allowing the entire system to be stretched once the gel had 

set.112 In this scheme, the scaffold serves predominantly as a means of transducing 

mechanical stretch to the cells. 
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Figure 2-7: The Rice University Flow Loop System (RUFLS) bioreactor 
simulates physiological shear forces and hydrostatic pressure pulses, with high tunability in 

regards to valve geometry.  
(A) Ventricular chamber of the system operates via pulses of pressurized air on a silicon 

membrane. This drives media through the mitral valve samples and a mechanical aortic valve 
mimic. (B-D) Attachment configuration for mitral valves. (B) Atrial side of a whole porcine 

mitral valve is sutured onto a ring to secure the annulus. (C) Papillary muscles are secured to steel 
coils, allowing for more precise geometrical configuration in the bioreactor. (D) Geometry of 

papillary muscles in relation to mitral valve is secured via attachment of coils to steel rods on the 
ventricular chamber. Placement of papillary muscles affects alignment of valve leaflets.  To allow 

for finer control of the papillary muscle placement, subsequent designs of the system utilized 
plastic holders onto which the muscles were sutured and the holders were then placed in the 

correct location using a screw and washer system in place of the steel rods. Credit: Adapted with 
permission from Gheewala, Nikhil, and K. Jane Grande-Allen. "Design and mechanical 

evaluation of a physiological mitral valve organ culture system." Cardiovascular Engineering 
and Technology 1.2 (2010): 123-131.  
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2.7. Future	directions	

Although the last two decades have witnessed an explosion in knowledge of heart 

valve mechanobiology, much remains to be learned. As described above, there is need for 

clarity in the broad range of results that have been shown when substrate stiffness is 

varied. It will be important to reconcile the findings from 2D and 3D studies, and to 

elucidate the influence of scaffold choice on valve cell behavior. In addition, many of 

these mechanobiology studies have been performed using valve cells harvested from 

healthy young adult animals. Pediatric-aged animals and older animals will be essential 

to examine for future studies of the mechanobiology of congenital heart defects and adult 

valve disease, respectively. There is also much work to be done understanding in vivo 

mechanobiology, which can be performed with novel animal technologies such as 

conditional knockout mice. These models will provide insight into normal valve 

mechanobiology, remodeling, disease, and surgical valve repair. Finally, the majority of 

valve mechanobiology investigations examine the effects of mechanical stimulation on a 

very limited set of cell phenotypic characteristics. Advances in genomic and proteomic 

approaches will allow for a fuller appreciation for the complex cellular responses. 

Together, these novel methods for studying heart valve mechanobiology will improve 

clinical outcomes for the millions of patients who are affected by heart valve disease 

worldwide. 

	



	

	

Chapter 3 

Heterogeneous multi-laminar tissue 
constructs as a platform to evaluate 

aortic valve matrix-dependent 
pathogenicity2  

3.1. Introduction	

Aortic stenosis is a common condition that leads to heart failure, affecting 0.4% 

of the US adult population and resulting in 55,000 hospitalizations annually.113 Calcific 

aortic valve disease (CAVD) is the leading cause of aortic stenosis and is predominantly 

characterized by the progressive stiffening and mineralization of the aortic valve leaflets.  

	
	

2 This chapter has been published as: 
 

Monroe, MN, Nikonowicz, RC, & Grande-Allen, KJ (2019). Heterogeneous multi-laminar tissue 
constructs as a platform to evaluate aortic valve matrix-dependent pathogenicity. Acta Biomaterialia, 97, 
420-427. 
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With limited preventative and therapeutic options, the disease burden worldwide is 

expected to increase from 2.5 million in 2015 to 4.5 million patients by 2030.114 

Currently, the only treatment available for CAVD is replacement of the valve via 

complete surgical replacement or transcatheter aortic valve replacement (TAVR)- 

invasive procedures associated with significant long-term risk and morbidity.115 While 

pharmacological or tissue-engineered treatments for CAVD are desirable alternatives, 

their development is hindered by our incomplete understanding of CAVD pathology, 

motivating more substantial research into underlying environmental factors that drive this 

disorder.116–118 

The aortic valve leaflet consists of a distinct, tri-laminar extracellular matrix 

(ECM) structure, with the fibrosa, spongiosa, and ventricularis layers containing 

predominantly collagen, glycosaminoglycans, and elastin respectively. Progression of 

CAVD is driven by maladaptive remodeling of the valve tissue – namely a significant 

increase in cellular proliferation and fibrosis, disorganized glycosaminoglycan (GAG) 

and lipid deposition, and the development of large, mineralized lesions throughout the 

leaflet. In healthy aortic valve tissue, circumferentially-organized fibrillar collagen I and 

III predominantly comprise the fibrosa, while proteoglycans and GAGs (versican, 

biglycan, decorin, and hyaluronan) reside within the spongiosa.117 As CAVD progresses, 

the fibrillar collagen and GAG content within the valve tissue is significantly altered. 

Increased and disorganized synthesis of fibrillar collagen occurs throughout the leaflet, 

particularly in the ventricularis.117,119,120 Proteoglycan and GAG content is upregulated 

within all three layers, and localizes to the tissue surrounding calcific nodules.117,121  
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 Remodeling is, in part, driven by valvular interstitial cells (VICs), the principle 

aortic valve cell type.121,122 In CAVD development, VICs evolve from a healthy, 

quiescent phenotype, to an activated phenotype, as evidenced by increased alpha smooth 

muscle actin (aSMA) expression. As the disease progresses, the VICs then transition to 

the pathological, osteogenic phenotype, evidenced by upregulated Runt-related 

transcription factor-2 (RunX2) and SRY-box 9 (Sox9) expression.3,123–125  

Factors that have been implicated in pathological VIC behavior include the types 

of ECM components present, mechanical stiffness of environments, and density of 

VICs.126–128 Despite this existing research, the connection between aortic valve (AV) 

ECM composition and VIC propensity toward calcification needs further elucidation. 

Various VIC cell culture models have attempted to recapitulate early stage development 

of CAVD, but these models have lacked important biochemical, geometric, and 

mechanical features of the native valve, posing challenges in directly correlating the 

results to CAVD progression in vivo.122,126,129–131 Furthermore, most 3D hydrogel models 

that have been utilized toward studying these factors lack the capacity to control spatial 

cell density and ECM organization, making these systems difficult to consistently 

analyze. Consequently, these limitations have prevented discovery of specific ECM 

changes that potentiate VIC pathological development.  

A promising in vitro system is a cells-in-gels-in-wells filter paper cell culture 

system, which was initially developed by the Whitesides lab and utilized to analyze lung 

cancer cells and their response to hypoxic environments.132–134 This system is 

advantageous in that it can recapitulate the heterogeneity of the valve environment via 

precise control over geometry, matrix composition, and cellular concentrations within 
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each discrete layer of a multi-layered tissue mimic. The Grande-Allen lab has adapted the 

filter paper cell culture system toward studying VIC migration patterns and response to 

hypoxic environments. From these studies, it was confirmed that VICs are successfully 

able to survive, proliferate, and migrate through these stacked sheets over the course of 

days. Moreover, VICs embedded in collagen-I within the filter paper scaffolds 

demonstrated preferential migration, proliferation, and activation patterns based on 

oxygen availability in the 3D filter paper constructs.134 

Building on these principles, this work aims to use the filter paper technology to 

develop 3D, heterogeneous cultures that mimic AV ECM environments of differing 

hyaluronan (HA) and collagen I proportions in order to parse out how these ECM 

components contribute to VIC pathological proclivity.  Hydrogels integrating cell 

attachment and enzymatically degradable sites were designed with mechanically similar 

properties in order to tease out VIC expression patterns solely in response to ECM 

composition. Altogether, this work utilizes a three-dimensional, laminar in vitro model 

toward elucidating how spatial composition of ECM components influence pathological 

VIC proclivity.  

3.2. Materials	and	Methods	

3.2.1. Isolation	and	culture	of	porcine	aortic	VICs	

Aortic valves were dissected from hearts of 6-month-old pigs that were obtained 

from a local commercial abattoir (Animal Technologies, Tyler, TX). Porcine aortic 

valvular interstial cells (PAVICs) were isolated using a previously established 
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collagenase digest protocol.135 They were then cultured in Dulbecco’s modified Eagle 

medium (DMEM, low glucose at 1 g l-1) containing Ham’s F12 (Hyclone, Logan, UT), 

10% bovine growth serum (BGS, Hyclone) and 1% antibiotic/antimyotic (Mediatech, 

Manassas, VA). Cells were incubated at 37°C in 5% CO2. The culture medium was 

changed every 2 days, and cells were passaged at 80-90% confluence. Experiments were 

performed on cells from passage two. 

3.2.2. Filter	paper	substrate	preparation	

The filter paper system was prepared as described previously.134 Briefly, #114 

filter paper sheets (Whatman, Pittsburgh, PA) with 190 µm thickness were cut into 125 x 

180 mm rectangles. Wells were printed on the surface of these filter paper sheets using a 

wax printer (ColorQube 8570, Xerox, Norwalk, CT). Sheets were cut into 62.5 x 62.5 

mm squares, containing 16 wells each. They were then baked at 150 °C for 3 minutes to 

allow the wax to perfuse through the thickness of the paper, resulting in a 3D wax barrier 

between wells. To sterilize, prepared sheets were submerged in ultrapure water and 

autoclaved at 121 °C for 60 minutes. Sheets were removed from water and allowed to dry 

for four days in sterile conditions within a biological safety cabinet. Dried sheets of wells, 

each measuring 6 mm in diameter, were then ready for cell culture use.  

3.2.3. 	Peptides	and	polyethylene	glycol	conjugation		

Peptide sequences were integrated into the collagen and HA hydrogels via 

incorporation with conjugated polyethylene glycol (PEG) in order to enhance cell 

attachment and remodeling capabilities. The peptide sequence GGGPQGYIWGQGK 

(‘PQ’), which is sensitive to MMP-2 and MMP-9 degradation, and integrin binding 
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peptide sequence RGDS were both purchased from American Peptide Company (Vista, 

CA).  

As previously described, 6 kDA polyethylene glycol-diacrylate (PEG-DA) was 

synthesized using acryloyl chloride. PEG-RGDS and PEG-PQ-PEG were synthesized as 

previously described.129 Briefly, 3.4 kDa monoacrylated PEG succinimidyl valerate 

(PEG-SVA, Laysan Bio, Arab, AL) was reacted at a molar ratio of 1.2:1 RGDS: PEG-

SVA or 1:2.1 PQ: PEG-SVA in HEPBS buffer (Santa Cruz Biotechnology, Dallas, TX) 

overnight at pH 8.0. The solution was dialyzed against ultrapure water in a 3500 

molecular weight cutoff dialysis membrane (SpectrumLabs, Rancho Dominguez, CA) for 

3 days to remove unreacted precursors. After dialysis, the solutions were sterile-filtered, 

frozen, and lyophilized. 

3.2.4. Collagen	and	hyaluronan	gel	formulations	

HA-based gels were prepared using Hystem, a commercially available thiolated 

HA (Sigma-Aldrich, St. Louis, MO), PEG-PQ, and PEG-RGDS. The Hystem was 

reconstituted with degassed water at 1 mg/mL. VICs were mixed with the HA solution at 

a concentration of 15 million cells/mL. A solution of 8% w/v PEG-PQ and 4mM PEG-

RGDS in PBS was then incorporated with the HA/cell solution to induce crosslinking via 

Michael reaction. Gels were allowed to crosslink in filter paper wells for 10 minutes 

before submersion in supplemented DMEM media and incubation at 37°C.  

In order to ensure that composition was the only variable within the final 3D 

constructs, the two hydrogels, collagen and HA, were engineered to have the same 

mechanics and peptide sites. To mimic the mechanics and peptide sites of the HA gels, 
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rat tail-derived collagen I, PEG-PQ, and PEG-RGDS were combined to produce a semi-

interpenetrating network of collagen I and pegylated peptides.136 The natural collagen 

solution was prepared using type I rat tail collagen (BD Biosciences, San Jose, 

California) at a concentration of 2 mg/ml in 0.02M acetic acid and DMEM solution.  The 

acetic collagen mixture was neutralized with 1M NaOH.  This specific collagen 

concentration was one that was optimized for the filter paper system by our lab. Through 

this optimization, the authors of the previous study found that a higher concentration 

would cause the entire filter paper system to contract. Another reason this particular 

concentration was chosen was in that it allowed for mechanical matching of the 

hydrogels- lower or higher concentrations would result in non-optimal hydrogel 

mechanics. 8% w/v PEG-PQ and 4 mM PEG-RGDS solutions were incorporated using a 

previously described white light photoinitiator system.129 This photoinitiator solution was 

comprised of 1.5% triethanolamine (TEOA), 10 mM Eosin Y, and 0.35% v/v 1-vinyl-2-

pyrillidinone (NVP) in a HEPES buffered saline.129 The neutralized 2 mg/mL collagen 

solution, cells (final concentration of 15 million/mL), 8% w/v PEG-PQ, 4 mM PEG-

RGDS, and photoinitiator solution were combined, seeded onto the filter paper wells, and 

exposed to bright white light for 30 seconds to crosslink the PEG. After 

photocrosslinking, the gels were allowed to sit for five minutes to ensure the full gelation 

of the collagen. The gels were then submerged in supplemented DMEM media and 

incubated at 37°C. 

3.2.5. Rheological	assessment	of	hydrogels	

A parallel plate rheometer (TA AR-G2, TA Instruments) was used to characterize 

shear mechanical behavior in the collagen and HA gels.  Hydrogel samples were 
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synthesized as described above, without incorporation of cells. 150 microliter volumes of 

gel samples were loaded onto the parallel plate system and kept hydrated via 

encapsulation in mineral oil. The samples were then subjected to amplitude and 

frequency sweeps using a 12 mm parallel plate. Storage moduli were quantified and 

plotted in both testing capacities. Shear mechanics of the gels were compared within 

physiologically relevant regimes (strain rates of 1-10% and frequencies of 1-10 Hz).137–

140 

3.2.6. Investigation	of	cellular	proliferation	in	hydrogel	constructs	

Single layer filter paper experiments were performed to ensure cell viability in the 

two engineered hydrogels (collagen and HA). To analyze cell proliferation over time, 

VICs were seeded at a starting density of 15 million cells/mL within collagen and HA 

gels on separate single layer sheets. Individual sheets were cultured for one, three, five, or 

seven days. After the culture time, sheets were incubated with 4 μM of the vital dye 

calcein (Molecular Probes, Grand Island, NY) in media for 1 hour at 37°C. Sheets were 

then washed with PBS and fixed using 10% formalin prior to fluorescence analysis. 

3.2.7. Construction	of	3D,	laminar	cultures		

Multilayer filter paper experiments were performed to measure VIC response to 

controlled 3D environments. As described above, cells mixed with either collagen or HA 

prepolymer solutions were seeded within filter paper wells and allowed to solidify. 

Individual sheets contained 16 wells of identical gel type. These individual sheets were 

then stacked, ensuring that wells lined up precisely, in specific layer configurations 

(Figure 3-1). These layered configurations were meant to mimic collagen localization in 
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the outer layers of the valve- with parametric setups of all collagen and hyaluronan 

hydrogels. Custom 3D-printed (Ultimaker 2) polylactic acid (PLA) plates and 

polytetrafluoroethylene (PTFE) screws (McMaster-Carr, Elmherst, IL) were used to 

compress sheets together. The PLA plates were sterilized by 8 hour submersion in 70% 

ethanol followed by 2 hour exposure to UV light under a biohood. PTFE screws were 

autoclaved prior to cell culture use.  Compression via PLA plates ensured contact of gels 

in adjacent layers and facilitated cell migration from sheet to sheet. The whole system 

was placed in a 100 mm petri dish, with the bottom plate resting on top of screw heads 

such that a 5 mm gap was left below the bottom plate. This allowed for media to cover 

both the top and bottom of the system. The top and bottom plates were open over the 

wells to allow for nutrient exchange and oxygen flow. Media was replaced every two 

days.  
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Figure 3-1: Schematic outlining experimental setup for 3D laminar cultures. 
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3.2.8. Quantifying	protein	expression	of	VICs	within	3D	stacks	

At the completion of the culture times, cells within the filter paper stacked 

constructs were analyzed via immunofluorescence for protein expression related to 

activation and osteoblastic differentiation. Additionally, calcein was used as a marker of 

viability, with the staining process described above. To analyze activation and 

osteoblastic differentiation, immunocytochemistry (ICC) was performed on each culture 

using either a rabbit anti-aSMA primary antibody (Abcam, Cambridge, MA) or mouse 

anti-RunX2 (Abcam) with incubation for 24 hours at 4 °C. The cultures were then 

incubated for 24 hours at 4°C in a goat anti-rabbit Alexa Fluor 555 secondary antibody 

and a goat anti-mouse Alexa Fluor 633 secondary antibody. Each sheet of paper was 

permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) in PBS for 15 minutes and 

blocked with 10% goat serum in PBS for 1 hour prior to antibody labeling. Antibody 

solutions were pipetted directly into each culture well. 

A small animal fluorescence imager (IVIS Spectrum Imaging System, 

PerkinElmer, Waltham, MA) was used to image the total fluorescence from each well. 

Following fixation and ICC, filter paper sheets were arranged in the gel scanner window 

to allow for simultaneous imaging of all experimental samples. Using the software of the 

gel imager, wells were selected as regions of interest and the software output the total 

radiant fluorescence of each well. Fluorescent values from wells of the same set were 

averaged together to produce a final numerical value. For all wells in all experiments, the 

value associated with background fluorescence emitted from collagen or HA matrix 

without cells was deducted.  In single layer experiments, all values were normalized to 
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the highest recorded value for that experiment. In multilayer experiments, all values were 

normalized to the highest values recorded by the imager. 

3.2.9. Statistical	analyses	

The experiments examining VIC proliferation had a sample size of four. 

Heterogeneous stack experiments were run a total of three times, with a sample size of 80 

total wells per stack in each run. Fluorescent values were normalized to negative controls 

in order to eliminate background noise. For graphical purposes, fluorescent values were 

normalized to the maximum value recorded, and data is presented as the mean +/-  the 

standard error of the mean.134 aSMA expression and RunX2 expression was normalized 

to cell viability. Statistical analysis was performed using Graphpad Prism (Graphpad 

Software, San Diego, CA). Statistical significance was determined for all experiments 

using an analysis of variance (ANOVA) test with a post hoc Tukey’s test. Groups were 

considered significant with a p-value < 0.05. In the resulting bar graphs, differing letters 

represent significant differences. Identical letters indicate that groups are not statistically 

different.  

3.3. Results	

3.3.1. Rheometric	analysis	of	hydrogel	substrates	

Rheometric analysis was employed in the hydrogel synthesis stage in order to 

ensure similar shear mechanics between the collagen-mimicking and hyaluronan-

mimicking hydrogels. Similar shear mechanics were desired to eliminate the possibility 

of mechanical influence on VIC expression over the culture period. Rheometry was used, 
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as opposed to other forms of mechanical testing, since it measures shear mechanics. In 

this context, quantification of shear mechanics was considered most important since shear 

reflects adherent interactions between the cells and substrate, i.e., the propensity that 

VICs will have toward adhering and gripping the hydrogel substrate given its shear 

mechanics.  

Mechanical data from three materials was gathered: collagen only (rat-tail derived 

collagen type I), collagen + PEG (rat-tail derived collagen type I combined with PEG-

PQ), and hyaluronan + PEG (thiolated hyaluronan combined with PEG-PQ and PEG-

RGDS). Here, we specifically examined how the materials performed under a specified 

range of strains (%) and frequencies (rad/sec or Hz). We assessed the hydrogels under 

physiologically regimes (strain rates of 1-10% and frequencies of 1-10 Hz) in 

determining how comparable they were. These regimes were selected by taking into 

account typical frequencies and strain rates imposed on matrices by cells.141 There was a 

substantial difference in mechanics between homogeneous collagen I and the hyaluronan 

hydrogel (which contained PEG), therefore efforts were made to bolster the collagen I 

such that the mechanics matched the hyaluronan hydrogel. Toward this, PEG was 

incorporated with the collagen to produce collagen v2, which matches the shear 

mechanics of the hyaluronan hydrogel as seen in both the rheological amplitude (Figure 

3-2A) and frequency (Figure 3-2B) sweeps.  
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Figure 3-2: Rheometric analysis of hydrogel substrates. 
Analysis of collagen type I (Col-I only), collagen type I/PEG (Col-I + PEG) and hyaluronan/PEG 
(HA + PEG) hydrogel substrates. Based on this analysis, Col I + PEG and HA + PEG hydrogels 

were utilized in subsequent filter paper experiments. Both amplitude (A) and frequency (B) 
sweeps indicate similar shear mechanics between the Col I + PEG and HA + PEG specimens 

within the physiologically relevant regimes (strain rates of 1-10% and frequencies of 1-10 Hz). g 
= strain rate, w = frequency, G’ = storage modulus. 
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3.3.2. VIC	proliferation	within	hydrogel	substrates	over	time	

In order to verify and examine VIC proliferation over the course of one week, 

VICs were first embedded in col-I and HA hydrogels within single sheet configurations, 

then cultured over a period of one, three, five, and seven days. After the culture period, 

cells were stained using calcein, which indicates live cells. Sheets from all culture periods 

were scanned, and samples were analyzed for total radiant efficiency (units of 

[(p/sec/cm2/sr)/(µW/cm2)]), a metric that describes total fluorescent intensity per well. 

Fluorescent values were normalized to negative controls in order to eliminate background 

noise. For graphical purposes, fluorescent values were normalized to the maximum value 

recorded, and data is presented as the mean +/-  the standard error of the mean. The 

average total radiant efficiency after seven days of culture was significantly different 

compared to one-day cultures in both the col-I and HA constructs (Figure 3-3), indicating 

that the number of VICs had increased significantly and confirming that VICs survived 

and proliferated within these materials.  
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Figure 3-3: Proliferation over time within single-layer hydrogel constructs. 
(A) Representative fluorescent samples (including no-cell controls) and mean radiant efficiency 

of experimental groups. Legend indicates heat map of radiant efficiency, with units of 
(p/sec/cm2/sr)/(µW/cm2).  (B) Graphical representation of VIC viability over time (n=4, p < 0.05). 
Bars that share a letter are statistically significant from each other, while those that do not share a 

letter are significantly different from each other. For instance, A and AB are not statistically 
different, while AB and C are statistically different.  

	 	



63	
	

	 	 	
	

3.3.3. VIC	expression	within	multilayer	stacks	

The filter paper cell culture paradigm allowed for construction of heterogeneous, 3D 

constructs and high-throughput analysis of cellular expression using fluorescent staining. 

Here, we constructed four distinct five-layer constructs with differing collagen and 

hyaluronan compositions, mimicking pathological and native proportions found in aortic 

valves. Each layer of a stack contains 16 hydrogels. A five-layer stack contains 80 

individual hydrogels. For each experimental group, we cultured 3 separate stacks. In 

total, the aggregate data was comprised of 240 gels per experimental group. Three stains 

were chosen to examine cell behavior after one week of culture: calcein, αSMA, or 

RunX2. As stated previously, calcein indicates viability of VICs by staining live cells 

(equivalent to cell number). Activation, a feature of VICs that is indicative of cell 

progression toward calcification, can be gauged through αSMA staining, and osteogenic 

transition is evidenced through RunX2 expression. Fluorescent values were normalized to 

negative controls in order to eliminate background noise. For graphical purposes, 

fluorescent values were normalized to the maximum value recorded, and data is 

presented as the mean +/-  the standard error of the mean.134 aSMA expression and 

RunX2 expression was normalized to the average cell number within a stack (as 

determined by cell viability). After one-week in culture, VIC number was significantly 

higher in more hyaluronan-heavy constructs (Figure 3-4A). Activation of VICs was 

significantly higher in relatively more collagenous constructs (Figure 3-4B). As 

previously discussed, activation of VICs, characterized by upregulated αSMA expression, 

has been shown to directly precede an osteogenic VIC phenotype, ultimately resulting in 

CAVD. 3,123,142 In addition, RunX2 expression was upregulated in increasingly 
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collagenous constructs (Figure 3-4C), indicating that VICs were tending toward a more 

osteogenic phenotype as opposed to cells in the hyaluronan-heavy constructs. 
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Figure 3-4: VIC expression within multilayer constructs.  
(A)  Viability (equivalent to cell number) measured via calcein stain, (B) activation measured via 
aSMA expression, normalized to viability, and (C) degree of osteogenic differentiation measured 

via RunX2 expression, normalized to viability (n = 80, p < 0.05). (D) Schematics representing 
hetereogeneous stack setups. X-axis proportions (Col-I :HA) refer to number of collagen to 

number of hyaluronan sheets in stack. Representative confocal images demonstrate ability for 
VICs to attach and spread through both (E) collagen and (F) hyaluronan hydrogel-filter paper 

scaffolds (blue = DAPI, green = phalloidin, red = aSMA). Bars that share a letter are statistically 
significant from each other, while those that do not share a letter are significantly different from 
each other. For instance, A and AB are not statistically different, while AB and C are statistically 

different.  
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Figure 3-5: Representation of layer-by-layer expression among constructs.  
(A) Calcein expression, (B) aSMA expression, and (C) RunX2 expression. Layer 1 corresponds 

to the top layer, while layer 5 refers to the bottom layer- with layers 2 through 4 going from top to 
bottom accordingly.  
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3.4. Discussion	

The multi-laminar filter paper cell culture system is a promising tool that has been 

used here to elucidate crucial features of the extracellular matrix environment that 

influence pathological progression in aortic VICs. In previous work, the compatibility of 

VICs and the filter paper system was verified via analysis of cell migration, proliferation, 

and expression in response to environmental factors.134 Here, we have built on that work 

by introducing completely novel heterogeneous material setups that allowed us to 

elucidate matrix-dependent pathogenicity. This method held many advantages for this 

type of analysis. It has allowed for high-throughput screening of relevant markers, with 

many technical replicates per construct layer. In addition, the layer-by-layer nature of this 

setup has lent itself to mimicking the inherent laminar and heterogeneous ECM structure 

of the aortic valve. From these studies, we were able to glean that the relative amount of 

fibrillar collagen within a 3D construct dictates the osteogenic capacity of VICs that 

reside in the construct, as exhibited by differential expression of proliferative and calcific 

markers. Conversely, these studies implicated hyaluronan in promoting number of VICs, 

a pattern that can be tied to the increased cell proliferation and hyaluronan deposition in 

calcified valves.121,143 

Previous studies have utilized collagen and hyaluronan hydrogels in studying VIC 

behavior. In one study, photocrosslinkable hydrogels were synthesized with differing 

proportions of gelatin and hyaluronan. Here, researchers varied both stiffness and gel 

composition and examined VIC differentiation.144 From this, it was shown that VICs 

maintain a quiescent phenotype within softer, gelatin hydrogels, and express pathological 
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markers within “hybrid” gelatin-HA hydrogels. Though these results are thought-

provoking, it is impossible to say whether or not VIC phenotype is primarily influenced 

by the composition of the hydrogels or the mechanics. Additionally, the distribution of 

the differing components (gelatin and HA) within the hydrogels is not defined, but 

assumed to be uniform. Similarly, another study examined VIC behavior within 

engineering HA and gelatin hydrogels, as well as combinations of those materials.128 

These particular experiments were designed such that VICs were embedded within 

spheroids within the hydrogels in order to examine cell spreading and migration. Here, it 

was found that gelatin promoted VIC spreading, proliferation, and migration, while the 

HA hydrogels resulted in significant increase in alpha-smooth muscle actin expression. 

Again, the distribution of HA and gelatin within hydrogels is not defined, but assumed to 

be uniform. Moreover, the mechanics of gels (gelatin and HA) differ such that it is not 

possible to attribute specific patterns of activity to composition solely. Additionally, 

gelatin and fibrillar collagen differ in their tertiary structure, and it may not be accurate to 

assume that VICs will have the same expression patterns in response to gelatin and 

collagen. These filter paper based studies have improved on these previously completed 

studies in that our hydrogels are heterogeneous with high control over distribution of 

materials and inclusion of controlled, equivalent mechanics of hydrogels.  

In this study, collagen and hyaluronan hydrogels were designed with similar 

mechanics in order to parse out the influence of prevalent extracellular components on 

VIC pathological development.  The collagen hydrogel used in previously published 

studies was relatively much more compliant as compared to the commercial 

hyaluronan.134 In order to bolster the collagen’s mechanical properties, the same PEG and 
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PEG-PQ used in creating the hyaluronan hydrogels was mixed with the naturally-derived 

collagen. This resulted in a stiffer collagen gel, without compromising attachment sites or 

remodeling capability of the material (Figure 3-2). VICs demonstrated proliferative and 

remodeling (via spreading) capabilities when embedded in both materials over the course 

of seven days, with the hyaluronan gel seemingly promoting increased VIC proliferation 

(Figure 3-3). Since mechanics of gels are similar, we assert that this differential 

proliferative capability is a direct result of the extracellular matrix component that the 

VICs are in contact with. Previously established PEG-based aortic valve model systems 

have utilized hydrogels that possess similar shear moduli, ~10 kPa.129,145,146 Though these 

values are not comparable to native physiological valve mechanics (with shear moduli ~ 

1 kPa), the hydrogels utilized in this study are more likely to be used toward tissue-

engineering applications due to their widespread availability, straightforward fabrication, 

and relative robustness as compared to other biocompatible hydrogels.140,147  

This study was particularly innovative in that the effect of both homogeneous and 

heterogeneous 3D tissue composition on VIC behavior could be directly compared to 

parse out specific collagen or hyaluronan-dependent cellular expression patterns.  Two of 

the engineered stacks were comprised of homogeneous collagen or HA (Figure 3-4), 

while the intermediate heterogeneous stacks represented potential matrix organizations in 

native and/or diseased valve tissue (Figure 3-4B-D). Notably, we aimed to mimic native 

AV architecture in that collagen was designated to the outer layers of the heterogeneous 

stacks, just as fibrillar collagen is localized to the fibrosa and ventricularis, with HA 

comprising the spongiosa (Figure 3-4C). The data presented in this work takes into 

account the aggregate expression of VICs within all cells in a construct. This is due to the 
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fact that, in analyzing expression, more profound patterns were gleaned from taking into 

account bulk expression as opposed to layer-by-layer (Figure 3-5). From the aggregate 

data, we found VICs demonstrated significantly different expression patterns in the 

constructed material setups. Additionally, VICs demonstrated enhanced viability in 

constructs with increasing hyaluronan content (Figure 3-4A). Considering that both 

increased VIC density and hyaluronan are associated with calcified valves, these findings 

could indicate that these two factors are linked 121,143. Another reason that VICs 

demonstrate increased proliferation within HA hydrogels could be due to the fact that 

VICs are reverting to an embryonic state within the constructs. As the cardiac cushions 

form during embryonic development, there is relatively increased GAG content. 

Predominantly HA environments potentially lend themselves to increased VIC 

proliferation because of this.148  

Additionally, we observed an apparent dose-dependent reaction of collagen 

content with overall increased activation, increased osteogenic progression, and 

decreased proliferation over seven days of culture (Figure 3-4). This finding aligns with 

the observation that the fibrillar collagen content of diseased aortic valves is relatively 

higher than healthy valves. Calcific valves have been shown to possess increased and 

disorganized collagen architecture throughout the aortic valve leaflet, with marked 

increase in fibrillar collagen deposits within the spongiosa and ventricularis.119,120 In 

previous studies using monolithic 3D constructs, VIC activation had been shown to 

decrease in fibrillar collagen constructs over time.149 Our incongruous finding could be 

due to the fact that our model setups possess a different geometry and composition- the 

gels used in this study were much smaller (2 microliter volumes as opposed to several 
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milliliters in volume), the cell concentration was relatively denser (15 million per 

milliliter) and the gels were layered.  

While providing an excellent platform to assess broad cellular impact due to 

varied extracellular matrix, the filter paper cell culture system presents a number of 

limitations that obstruct our ability to draw detailed conclusions regarding selected 

cellular mechanisms. With this system, it is difficult to incorporate external mechanical 

stimuli, especially tensile forces. It is feasible that bioreactor systems could be built that 

incorporate this construct type and compression or shear force; however, the inherent 

nature of the filter paper limits the amount of force that the construct can withstand over 

time. Along those lines, the material properties of the filter paper limit the culture time of 

the constructs to a maximum of two weeks before the paper starts to disintegrate. This 

prevents studies of longer durations which have potential to elucidate patterns of VIC 

behavior and development. In addition, the ability to perform a wider array of 

biomolecular analyses, including qRT-PCR and Western blot, as well as some specific 

dyes such as DAPI and ethidium homodimer (dead stain) are hindered due to the design 

of the system, as filter paper fibers interfere with the sufficient collection of cellular 

material. Since the inception of this filter paper system, polymer-based iterations have 

emerged which lend themselves to more forms of analyses.133,150 However, in this study, 

the filter paper system was incredibly useful in allowing for rapid fabrication and analysis 

of multiple complex 3D systems.  

The high level of control over variables associated with the constructs, including 

cell density, cell type, material composition, material mechanics, and layer quantity, 

lends itself to a plethora of potential studies involving VICs. One such study could be 
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toward parsing out the impact of substrate mechanic heterogeneity (with stiffer substrate 

on the outer layers and softer on the inside, for instance) on VIC behavior. Future studies 

could also focus on incorporating valvular endothelial cells to outer layers of the 

construct to better mimic the aortic valve environment as well as to study how 

heterogeneous cellular interactions combined with extracellular matrix impact disease 

progression.  

3.5. 	Conclusions	

Here, we adapted an established filter paper cell culture system toward analysis of 

matrix components on VIC pathological propensity. From a materials design perspective, 

the actual construction and culture of these heterogenous tissue mimics is the true 

breakthrough of this study. Two prevalent aortic valve extracellular matrix proteins were 

incorporated in hydrogels and were designed for construction of these laminar tissue 

mimics. Hydrogels were designed such that we could parse out the specific roles of 

fibrillar collagen and hyaluronan. VIC behavior and expression patterns in these 3D 

constructs were quantified layer-by-layer, and it was found that increasingly collagenous 

constructs fostered a relatively more pronounced pathological phenotype. Knowing that 

collagen I plays a prominent role in perpetuating a calcific phenotype in VICs, future 

studies could hone in on specific biochemical pathways that dictate this expression, 

which could contribute toward a pharmacological treatment option for CAVD. There are 

also important implications of this work toward the tissue engineering space. In materials 

selection for tissue engineered valves, engineers could take our findings into account 

when deciding to whether or not to use collagen or hyaluronan gels.  



	

	

Chapter 4 

Cardiovascular disease and androgens: 
clinical trends and potential 

mechanisms 

4.1. Introduction	

A burgeoning point of discussion within the medical community is the role of 

androgens in cardiovascular (CV) health. This has arisen from clinically-documented 

discrepancies in CV presentation and risk between males and females, with males 

typically at increased risk of developing cardiovascular disease (CVD).151 Testosterone 

(T), the most predominant androgen, serves several vital physiological roles. In males, 

testosterone is the major sex hormone, and therefore is instrumental in the development 

and maintenance of sex organs, sperm production, bone growth, muscle strength, and 

facial hair growth. In females, testosterone is the primary androgen and contributes to 

physiological functioning of the ovary, as well as bone strength.152,153 The serum 
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concentration of T varies significantly in patients based on sex and age. 135,151,154 Males 

possess a 15- to 20-fold greater amount of circulating T as compared to children or 

females at any age, with an average range of 7.7 to 29.4 nmol/L compared to 0 to 1.7 

nmol/L in premenopausal females. Aging is associated with a decline in circulating T 

concentration for men, with a 1-3% decrease of circulating T levels per year beginning at 

35 years of age. Similarly, premenopausal women experience a 50% reduction in 

circulating T beginning in their 40s up until they commence menopause. That level 

further declines ~60% the twenty years following menopause.155,156  

Given the diversity in T levels among these patient populations and the mounting 

evidence of a potential causal association between T levels and adverse CV events, 

androgens have emerged as a potential factor-of-interest in regulating pathological CV 

events. The increased incidence of cardiovascular disease (CVD) among males and CV-

related deaths of males who have abused anabolic steroids have led to a widespread belief 

that excess androgens induce CVD; however, studies have also shown that testosterone 

deficiency has led to adverse CV events (including myocardial infarction) within 

males.157,158 Because of this, an alternate hypothesis has arisen, that any level of T that 

veers from an amount that supports normal, physiological functioning, whether higher or 

lower, could be deleterious to a patient’s CV health.  

Toward exploring the interplay of androgens and CV functioning. this review will 

outline androgen physiology, the understanding of which is paramount for discerning the 

role of androgens in CV disease, along with documented instances of CV consequences 

in response to androgen-related treatments. Finally, this review will cover CV disorders 

with demonstrated sex-linked differences, and the potential role of androgens within 
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those disease states. (Note: in this article, male and female are descriptors of biological 

sex, with males possessing XY sex chromosomes/testes and females possessing XX sex 

chromosomes/ovaries). 

4.2. Androgen	physiology	

4.2.1. Androgen	biosynthesis	

An androgen is defined as a hormone capable of developing male characteristics 

in reproductive tissues, including the reproductive tract, secondary sex characteristics, 

and fertility, as well as contributing to the anabolic status of tissues.159 Testosterone (T) is 

the primary androgen in both males and females.  T is metabolized into bioactive 

components dihydrotestosterone (DHT) and estradiol. T and DHT can actively exert 

biological effects via binding to the androgen receptor, and estradiol acts by binding to 

the estrogen receptor. Active, circulating T is biosynthesized by two main sources: the 

adrenal cortex and the gonads.151,152 Gonadal production of T is stimulated in both males 

and females by gonadotropin-releasing hormone (GnRH) from the hypothalamus and is 

synthesized through a sequence of  enzymatic steps from cholesterol. In males, 95% of 

circulating T originates from the Leydig cells of the testes, the production of which is 

triggered by pituitary (luteinizing and follicle-stimulating) hormones. The remaining 5% 

of circulating testosterone within males is from the adrenal cortex, which produces 

testosterone along with several pro-androgens. The predominant adrenal pro-androgens 

include dehydroepiandrosterone (DHEA) and dehydroepiandrosterone sulfate (DHEAS), 

which, in turn, are peripherally synthesized into the active androgens T and DHT.156,159 In 

females, the largest production of testosterone (50%) occurs via the peripheral conversion 
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of pro-androgens. The adrenal cortex produces 25% of circulating T, with the remaining 

25% originating from the ovaries.160–162  

4.2.2. Androgen	pathways	of	action	

Circulating T participates in four main pathways of action (Figure 4-1). The first 

pathway is direct action, characteristic of skeletal muscle, wherein circulating T binds to 

androgen receptors (ARs) directly. T imparts its physiological effects by binding to 

intracellular ARs. The AR-T complex then translocates to the nucleus, where the 

complex spurs transcription of specific genes. In addition to imparting direct action, T is 

converted to two bioactive metabolites, DHT and estradiol. In the second pathway, the 

amplification pathway, around 5-10% of circulating T is converted to DHT via an 

enzyme called 5a-reductase. DHT is a more potent androgen in that its binding affinity to 

AR is greater than that of T, and possesses a 3-10 times greater molar potency in 

transactivation of the AR as compared to T. This pathway is characteristic of the prostate 

and hair follicles. In the third pathway, termed the diversification pathway, 0.2% of 

serum T is converted to estradiol via aromatase, which, in turn, binds to estrogen 

receptors. This pathway is characteristic within brain and bone tissues. Finally, the 

remaining circulating T undergoes inactivation within the liver via oxidation and 

conjugation to inactive metabolites.159,163,164 
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Figure 4-1: Schematic illustrating classical pathways of circulating testosterone. 
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4.2.3. Pharmacological	androgen	modulation	

For some disease states, pharmacological methods have been employed to 

modulate testosterone availability and influence. Patients experiencing symptoms from 

decreased physiological T levels are typically prescribed supplemental pharmacological 

testosterone treatment. To treat patients experiencing increased T levels, androgen 

inhibitors are often employed. Two main mechanisms of androgen inhibition are used: 

systemic inhibition of testosterone production or competitive inhibition of ARs. Systemic 

inhibition of testosterone production is achieved by targeting pituitary signaling or key 

steps in testosterone synthesis. For example, GnRH agonists limit testosterone production 

by inducing excess production of GnRH, resulting in a transient surge of testosterone, 

and activating the negative feedback loop. This process ultimately inhibits pituitary 

stimulation of gonads. Similarly, corticosteroids inhibit the pituitary stimulation of the 

adrenal glands. GnRH antagonists have also been employed as a more rapid alternative to 

GnRH agonists. GnRH antagonists bind to the GnRH receptors in the pituitary gland 

directly to inhibit luteinizing hormone (LH) and follicle stimulating hormone (FSH) 

release. In this way, androgen production is halted with the relative immediate decrease 

in LH and FSH, whereas GnRH agonist take much longer to activate the negative 

feedback pathway of the pituitary gland.164,165 Additionally, GnRH antagonists are less 

susceptible to resistance that agonists may experience because of decreased sensitivity of 

the GnRH receptor from continuous exposure to agonists.  

Relatively novel pharmacological methods, including abiraterone (CYP17 

inhibitors), inhibit key steps in gonadal and adrenal androgen synthesis.166 CYP17 is an 

enzyme found in testes, adrenal glands, and prostate tumor tissue, and is an important 
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factor in generating testosterone from testosterone pre-cursors. CYP17 inhibitors block 

this action directly; however, CYP17 inhibitors have been also shown to induce increased 

adrenocorticotropic hormone, leading to hypertension, edema, and hypokalemia via 

promotion of mineralocorticoid precursor synthesis.167 

In addition to upstream, systemic inhibition of testosterone production, factors 

that competitively inhibit binding of androgens to the AR, or antiandrogens, have been 

utilized. One such antiandrogen is MDV3100, which has been shown to prevent the 

translocation of the AR-T complex by competitively binding to ARs in prostate 

cells.166,168 MDV3100 in particular has shown particular promise in being a true AR 

antagonist without partial agonist properties, which can induce unwanted side effects. 

Additionally, MDV3100 has exhibited an ability to suppress the action of the AR-T 

translocating the nucleus much more effectively as compared to another common 

pharmacological antiandrogen, bicalutamide.168  
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Figure 4-2: Schematic illustrating modes of androgen inhibition 
including through pituitary agonists (GnRH agonists and corticosteroids) and factors that 

competitively bind to ARs 
Credit: Chen, Yu, Nicola J. Clegg, and Howard I. Scher. "Anti-androgens and androgen-depleting 

therapies in prostate cancer: new agents for an established target." The Lancet Oncology. 10.10 
(2009): 981-991. 
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4.3. Cardiovascular	consequences	of	androgen-related	treatments	

4.3.1. Exogenous	testosterone		

4.3.1.1. Treatment	of	low-serum	testosterone		

Exogenous testosterone is used as a pharmacological therapy for several 

conditions. The effect of these treatments on the CV health have come under more 

intense scrutiny in recent years, with more studies focused on determining if there is a 

causal relationship between androgens and CV health. Contradictory findings exist from 

observational and controlled studies investigating the CV effects of T therapy on male 

patients with low serum testosterone levels. In observational studies from Traish et al. 

(n=656) and Wallis et al. (n=38,340), elderly male patients with low serum T levels 

receiving T therapy (1000 mg over the course of 12 weeks) exhibited significant 

reduction in mortality, along with lessened stroke and myocardial infarction 

incidence.169,170 In a separate controlled clinical study, however, of 252 elderly males 

with low serum T treated with exogenous T, a higher incidence of CV events was 

observed in the treatment group, leading to an early halt to the trial.171  These patients had 

no prior neuromuscular, orthopedic, or cardiovascular diseases. It should be noted that 

these poor outcomes could be attributed to the remarkably higher dosages administered as 

compared to previous studies, with 15 grams administered to patients daily as opposed to 

1000-2000 mg administered over the course of 12 to 15 weeks.171  

The effect of T therapy on males with previously established CV disorders has 

also been studied in a controlled fashion. For instance, in a controlled study (n=23), 

males treated with exogenous T who had low testosterone levels and a history of 
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coronary artery disease (CAD) demonstrated modestly increased myocardial perfusion.172 

Mathur et al. (n=13) found that testosterone treatment in males with stable, chronic 

angina improved the patients’ mean time to ischemia.173  

Larger meta-analyses reveal more nuanced trends. A study from Cheetham et al. 

(n=44,335), for instance, demonstrated that T treatment holds benefits for patients with 

low serum testosterone levels (less than 300 ng/dl). Specifically, patients exhibited 

decreased CV events, including myocardial infarction, unstable angina, and 

revascularization procedures over a median follow-up of 3.4 years.174 It is important to 

note that, though these outcomes were promising for males with low serum testosterone, 

males with average or high levels of serum testosterone have been shown to be at 

increased CV risk. In a separate study, men with serum testosterone levels greater than 

400 ng/dl had a higher chance of developing adverse CV outcomes over a median 13 

month follow up.175 These results support the hypothesis that homeostatic testosterone 

levels lead to improved cardiac outcomes.   

4.3.1.2. Treatment	of	chronic	heart	failure		

Within the context of chronic heart failure (CHF), exogenous T treatment has 

demonstrated promise as an effective treatment for both male and female patient 

populations. Studies conducted by Caminiti et al. (n=70) and Mirdamedi et al. (n=50) 

found that males with CHF undergoing T treatment exhibited improved exercise capacity, 

muscle strength, and glucose metabolism.176,177 In these studies, with a follow up time of 

13 months, patients showed no significant change in left ventricular ejection fraction and 

exhibited an dose-dependent increase in peak oxygenation based on relative patient-

specific difference in serum testosterone.176 In a separate study by Iellamo et al. (n =36), 
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it was found that elderly females (60 – 80 years old) with advanced CHF receiving 

transdermal T treatment over six months demonstrated improved functional capacity, 

insulin resistance, and muscle strength.178 No adverse effects were reported in these 

studies. However, given the relatively low sample size and short duration of follow up, 

further studies should be conducted to solidify the benefits of T in treating CHF.  

4.3.1.3. Anabolic	steroid	abuse		

Anabolic steroids are derivatives of testosterones that have been historically used 

illicitly to enhance athletic performance through muscular development. These anabolic 

steroids are typically injected directly into the bloodstream, imparting systemic 

physiological effects.179 Several case studies have documented sudden cardiac death in 

athletes that abuse anabolic steroids, with subjects as young as 20-years-old.180–182 These 

subjects typically have no previous medical complaints, and present hypertrophic hearts, 

severe atherosclerosis, and pulmonary thromboembolism upon autopsy. Autopsy reports 

in these cases revealed a serum ratio greater than 6 of testosterone and its associated 

metabolites. These effects, particularly cardiac hypertrophy, are attributed to the 

activation of cardiac ARs, which are activated in a dose-dependent manner. Even after 

discontinuing anabolic steroid use, permanent CV side effects remain, most commonly, 

left ventricular hypertrophy.183 Though these are illicit uses of androgen-derived 

substance, these instances offer insight into how excess activation of androgens directly 

affect CV outcomes. 
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4.3.2. Androgen	deprivation	therapy	

4.3.2.1. Treatment	of	prostate	cancer		

CV effects have also been studied in response to androgen deprivation. Androgen 

deprivation treatment is an established treatment for patients with prostate cancer, as it 

has been shown that androgens spur the progression of the disease. Keating et al. 

(n=73,196) were the first to identify a link between androgen deprivation therapy in 

prostate cancer patients and increased incidence of diabetes, CHD, myocardial infarction 

(MI), and sudden CV death via an observational study.184 A recent pooled meta-analysis 

of patients treated with androgen deprivation therapies revealed associations between 

certain androgen deprivation therapies and CVD.165 This data demonstrated that GnRH 

agonists, the most common type of androgen deprivation treatment, demonstrated a 

strong positive association with adverse CV outcomes, including CV death, MI, and 

stroke. GnRH antagonist use yielded marginally better outcomes, with mixed associations 

with CVD and no association with CV death. Combined androgen blockade (CAB) is a 

common method of treatment in prostate cancer that combines GnRH agonists or 

antagonists with AR antagonists. Two meta-analyses of an observational study 

(n=13,906) revealed that this method of treatment exhibited a positive, though not 

statistically significant, association with CV death, MI, and stroke.185,186 The use of 

CYP17 inhibitors, which operate by inhibiting synthesis of testosterone, has come under 

scrutiny for their marked association with CV risk. In particular, CYP17 inhibitor 

treatment is strongly positively correlated to increased risk of CV events and risk of 

hypertension.187,188 
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4.3.2.2. Treatment	of	polycystic	ovary	syndrome		

Polycystic ovary syndrome (PCOS) is a chronic condition characterized by 

hyperandrogenism (relatively increased levels of androgens) and anovulation. This 

condition is the most common endocrine disorder in females, affecting 10% of 

reproductive-age females.189 Often, patients with this condition are afflicted by 

comorbidities related to the metabolic syndrome, such as insulin resistance and obesity. 

This association leads to long-term, increased risk of PCOS patients developing type-2 

diabetes and CV disease.190,191  Hyperandrogenism induces undesirable effects in 

patients, including hirsutism, acne, and alopecia. To address this, antiandrogens 

(competitive inhibitors of T) are often prescribed.189 However, no formal studies have 

been conducted to parse CV outcomes from these antiandrogen treatments in PCOS. 

Recent work has found evidence that variants of AR serve an etiological role in 

PCOS.192,193 Given this, and the already elevated CV risk that PCOS patients possess, this 

association should be investigated further to discern whether these treatments exacerbate 

or mitigate CV risk.  

4.4. Androgen-related	trends	in	cardiovascular	disease	

The discrepancy in CVD incidence among males and females has instigated 

further research into the link between sex hormones (estrogen and testosterone) and the 

development of CVD. As males have demonstrated an increased risk of CVD, it was first 

surmised that androgen level and risk of developing CVD were positively associated.194 

However, recent work has demonstrated a protective role of T in CVDs. A prospective 

study by Barrett-Conner et al. revealed that males in the lowest quartile of total T levels 
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were 40% more likely to die from CVDs as compared to those in all other quartiles, 

regardless of age, adiposity, or lifestyle.157 Due to this contradicting information, 

increased efforts have been toward understanding the role of androgens and, more 

specifically, ARs in CVDs.  

4.4.1. Hypertension	

Increased arterial blood pressure, or hypertension, affects 25% of the adult 

population in the United States, and is a prime risk factor for CV death. In older males 

with decreased overall T levels, androgen replacement therapy has been shown to 

decrease blood pressure; however, in males with normal T levels, this treatment 

exacerbated hypertension.195 Interestingly, it has been proposed that estrogen may play a 

protective role in inhibiting high blood pressure in post-menopausal women given the 

drastic decrease in estrogen post-menopause, which ostensibly leads to an increased 

sensitivity to environmental factors such as ingested salt.  However, clinical studies failed 

to prove this phenomenon.196,197 Animal studies utilizing castrated rats with and without 

functional AR showed that subjects without functional AR demonstrated decreased blood 

pressure as compared to rats with functional AR, suggesting that AR may play a role in 

the development of hypertension.198 However, contradictory outcomes have been 

observed in other studies where AR knockout mice demonstrate relatively increased 

blood pressure as compared to native mice.199,200 These complex results in regard to the 

positive or negative outcomes of AR could indicate that hypertension is guided by ARs 

on a cell-by-cell basis as opposed to systemic AR activation or depression.  
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4.4.2. Cardiac	hypertrophy	

Individuals who are afflicted by hypertension are often at increased risk of 

developing cardiac hypertrophy. It has been shown that ARs are present in both male- 

and female-derived cardiac myocytes.201 These receptors have been shown to direct and 

modulate cardiac phenotype, and, furthermore, produce cardiac hypertrophy via receptor-

level mechanisms. Sex-linked differences have been observed in cardiac hypertrophy 

development.202 Pre-menopausal females are thought to be relatively protected against 

hypertrophy compared to males, since estrogen has been shown to exert a protective role 

via counteracting pro-hypertrophy signaling pathways. Testosterone, conversely, has 

been shown to spur this development via ARs in cardiomyocytes.203 This sexual 

dimorphism has led to exploration of therapeutics centering on either estrogen 

replacement or androgen deprivation.  

4.4.3. Congestive	heart	failure	

Congestive heart failure is among the most common reasons for hospitalizations 

worldwide.204 Recently, the role of androgens in heart failure have been studied more 

closely. This was prompted by a marked difference in post-pubescent cardiac mass 

between males and females, with males generally having a larger cardiac mass.205 The 

presence of ARs in cardiomyocytes has led researchers to attribute this difference in mass 

to the availability of androgens in these patient populations. However, T supplementation 

in males with low testosterone has been shown to mitigate remodeling and improve left 

ventricular ejection fraction.206–208 At a cellular level, T induces heat shock protein 70 in 

cardiomyocytes, which acts as a preconditioning mechanism in ischemia settings and can 
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prevent cellular death upon additional ischemic stress.202 These molecular mechanisms 

support the theory that T supplementation is beneficial in patients with severe heart 

failure. Other observational studies have reinforced this assertion, which have shown that 

T levels are lower in patients with severe heart failure.209,210 An important caveat is that 

testosterone supplementation is only beneficial in those patients with hypogonadism; T 

supplementation can be detrimental to those with normal or relatively increased T levels.  

4.4.4. 	Atherosclerosis	

Clinically, it has been shown that males exhibit increased and earlier formation of 

atherosclerosis as compared to females.211 This trend is consistent with the molecular 

development of atherosclerosis – T increases cholesterol uptake and foam cell formation 

responsible in fatty streak formation, the first step in the formation of atherosclerosis.212  

T has also been shown to increase the activation and migration of vascular smooth 

muscle cells and the apoptosis of endothelial cells, cellular events that contribute to the 

formation of atherosclerosis.213 In an observational study by van Popele et al. (n=1032) of 

men and women over 55 years old, patients in the highest quartile of serum T content 

were predicative of reduced prevalence of atherosclerosis- a trend at odds with molecular 

understanding.214 Additional human observational studies have concluded that lower 

levels of T are associated with increased severity of atherosclerosis as evaluated by 

measuring intima media thickness.215,216 Interventional in vivo studies have also 

demonstrated the possible benefit of increased T in delaying atherosclerotic development 

in castrated male rabbits.217 Today, there exists a lack of clear consensus on whether 

androgen levels, whether endogenous or exogenous, can lead to improved atherosclerotic 

outcomes, as evidenced by the observational and in vitro outcomes being at odds. 
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Additional mechanistic studies are required to resolve this discrepancy and elucidate the 

role of T in atherosclerotic development. 

4.4.5. Calcific	aortic	valve	disease	

Being male is a well-known risk factor in the development of calcific aortic valve 

disease (CAVD), so pathophysiological development has traditionally been studied in all 

male cohorts.14,15 However, recent studies have documented sex-related developmental 

differences in CAVD, with males exhibiting relatively calcific and females exhibiting 

relatively fibrotic pathological phenotypes. This, in turn, affects left ventricular 

remodeling capacities in the respective sexes, with females exhibiting concentric, 

hypertrophic myopathy, and males exhibiting fibrotic, dilated cardiomyopathy.5 This 

distinct difference in pathological development has been studied at a cellular level; 

valvular interstitial cells, the primary cell type in aortic valves, present differential 

remodeling, proliferative, and apoptotic capabilities.218,219 Toward understanding the 

potential role of androgens in this disease state, ARs have been studied in calcified and 

healthy valves (Figure 4-3). Higher AR expression was observed in calcified human 

valves as compared to healthy valves, indicating that AR may play an active role in the 

calcific, pathological remodeling of the aortic valve.16,220 Though this association has 

been made, the exact relation between androgen levels and CAVD progression remains to 

be studied. 
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Figure 4-3: AR expression visualized via immunostaining in calcified versus healthy human 
aortic valves and calcified human femoral artery.  

(scale bar = 100 microns, arrows indicate positive AR staining); Credit: adapted from Zhu, 
Dongxing, et al. "Ablation of the androgen receptor from vascular smooth muscle cells 

demonstrates a role for testosterone in vascular calcification." Scientific reports. 6 (2016): 24807.   
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4.5. Conclusion	

Much remains to be learned regarding the relationship of androgen levels to CVD, 

including whether it be causal or a marker of overall health. The androgenic mechanism 

of action within each of these CVD states is not ubiquitous, and merits further research 

toward a more complete understanding of the interplay between sex-hormones and risk of 

CVD. With that said, it is clear that there are relationships between androgens/ARs and 

pathological development within these CV disease states. Understanding the role of 

androgens in a comprehensive manner will allow for appropriate, tailored treatments for 

patients. 	
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Chapter 5 

Investigating the role of testosterone 
in sex-specific presentation of CAVD 

5.1. Introduction	

Being male is an established risk factor for developing cardiovascular disease, 

including calcific aortic valve disease (CAVD).6,151,221 Recent studies have established 

that the pathological phenotype of CAVD is different between men and women, with 

female-derived valves presenting relatively increased levels of fibrosis and decreased 

valve mineralization.219,221,222 This drastic discrepancy in the ratio of calcification to 

mineralization necessitates further studies into procalcific/profibrotic pathways and how 

they are differentially activated for males and females. These clinical outcomes point to 

underlying biomolecular processes that drive the differential pathological development 

between the sexes. A possible factor is the influence of sex hormones, as they vary in 

type and quantity from male to female.  

The concentration of the sex hormone testosterone (T), and its metabolized 

byproduct dihydrotestosterone (DHT, a more potent androgen), vary significantly in 

patients based on sex and age.135,151,154 Males possess a 15 to 20-fold greater amount of 
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circulating T as compared to children or females at any age, with an average range of 7.7 

to 29.4 nmol/L as compared to 0 to 1.7 nmol/L in premenopausal women. Aging is 

associated with a decline in circulating T concentration for men, with a 1-3% decrease of 

circulating T levels per year beginning at 35 years of age. Similarly, postmenopausal 

women experience a 50% reduction in circulating T beginning in their 40s, and that level 

further declines ~60% following menopause.155,156  

Circulating T is metabolized by 5a-reductase to DHT and by aromatase to 

estradiol (E2, an estrogen). Within cardiovascular tissues, the direct action of T is 

mediated by the androgen receptors (ARs). Transcription of target genes is modulated via 

the AR binding to androgen-response elements (AREs) in promoter and enhancer regions 

of target genes.151,223 A distinct upregulation of ARs has been observed in calcified 

human valves and vessels as compared to healthy tissue, indicating that relative T and 

DHT concentration could have an impact on calcification within cardiovascular tissues.16 

This trend is in line with the regulatory role of androgens in the process of bone 

formation, with increased levels closely tied to initiation of osteoblast and osteoclast 

functioning.224–226  Additionally, previous studies have correlated increased androgen 

levels to increased levels of calcification within atherosclerotic lesions in mice models.227 

However, there remains conflicting evidence in terms of the relationship between 

changes T concentration and cardiovascular effects.  Within in vitro systems, it has been 

observed that T exerts a protective effect among vascular cells undergoing calcification 

via a transactivation of growth arrest-specific gene 6 (Gas-6), a key regulator of inorganic 

phosphate-induced calcification.228 In a separate study, it was demonstrated that 

testosterone-induced calcification was present in vascular smooth muscle cells after 9 
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days of culture, and this calcification was dampened within AR-ablated smooth muscle 

cells compared to native, wild-type cells.16  

Though contradicting, these studies support the assertion that testosterone plays a 

critical role in the pathological calcification of cardiovascular tissues. Toward elucidating 

this within the context of CAVD, we explored the direct effects of exogeneous 

testosterone concentration on VIC calcification proclivity. In this study, we first sought to 

identify baseline expression differences (without treatment) between male and female-

derived cells using 3D platforms. We then went on to explore the influence of DHT on 

male and female-derived valvular interstitial cells (VICs) using both 2D and 3D in vitro 

platforms. VICs embedded within collagen/hyaluronan substrates or in 2D cultures were 

treated with concentrations of DHT, cyproterone acetate (CA, an AR agonist), 

combinations of DHT and CA, or control media, then analyzed for markers indicative of 

proliferation, activation, and calcification. Altogether, this work investigates the role of 

testosterone in the pathological development of CAVD in both 2D and 3D environments.  

5.2. Materials	and	Methods	

5.2.1. Isolation	and	culture	of	porcine	aortic	VICs	

Aortic valves were dissected from hearts of male and female 6-month-old pigs 

that were obtained from a local commercial abattoir (Animal Technologies, Tyler, TX). 

Porcine aortic valvular interstitial cells (PAVICs) were isolated using a previously 

established collagenase digest protocol. They were then cultured in Dulbecco’s modified 

Eagle medium (DMEM, low glucose at 1 g l-1) containing Ham’s F12 (Hyclone, Logan, 
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UT), 10% charcoal stripped fetal bovine serum (FBS, Sigma-Aldrich) and 1% 

antibiotic/antimyotic (Mediatech, Manassas, VA). Cells were incubated at 37°C in 5% 

CO2. The culture medium was changed every 2 days, and cells were passaged at 80-90% 

confluence. Experiments were performed on cells from passage two. 

5.2.2. Multilayer	sex-separated	hydrogel	cultures	

A filter paper cell culture system was utilized toward examining differential 

behavior of female and male-derived PAVICs within heterogeneous environments. Here, 

we utilized previously established hydrogels- collagen, using rat tail-derived collagen I, 

and hyaluronan, using thiolated hyaluronan. Filter paper and associated hydrogels were 

prepared for cell culture as previously described. Multilayer filter paper experiments were 

performed to measure VIC response to controlled 3D environments. As described 

previously, cells mixed with either collagen or HA prepolymer solutions were seeded 

within filter paper wells and allowed to solidify. Individual sheets contained 16 wells of 

identical gel type. These individual sheets were then stacked, ensuring that wells lined up 

precisely, in specific layer configurations. These five-layered configurations were meant 

to mimic collagen localization in the outer layers of the valve- with parametric setups of 

all collagen and hyaluronan hydrogels (see Chapter 3, Section 2.7). Custom 3D-printed 

(Ultimaker 2) polylactic acid (PLA) plates and polytetrafluoroethylene (PTFE) screws 

(McMaster-Carr, Elmherst, IL) were used to compress sheets together. The PLA plates 

were sterilized by 8 hours of submersion in 70% ethanol followed by 2 hours of exposure 

to UV light under a biohood. PTFE screws were autoclaved prior to cell culture use.  

Compression via PLA plates ensured contact of gels in adjacent layers and facilitated cell 

migration from sheet to sheet. The whole system was placed in a 100 mm petri dish, with 
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the bottom plate resting on top of screw heads such that a 5 mm gap was left below the 

bottom plate. This allowed for media to cover both the top and bottom of the system. The 

top and bottom plates were open over the wells to allow for nutrient exchange and 

oxygen flow. Media was replaced daily. 

5.2.3. Treatment	media	formulations	

Male and female-derived PAVCs were treated with control media, 

dihydrotestosterone (DHT, Steraloids, Wilton, USA), cyproterone acetate (CA, Sigma-

Aldrich), or a combination of the two. Medium was supplemented with different 

concentrations of DHT (17.3 nM, 34.5 nM, and 345 nM), CA (18 nM, 36 nM, and 360 

nM), and combinations of DHT and CA (17.3 nM + 18 nM and 345 nM + 18 nM for 

DHT and CA, respectively). Hormones were dissolved in 95% ethanol, which was also 

added to the control medium as a vehicle control. All medias were formulated with 

charcoal stripped FBS, which eliminates the possibility of confounding hormonal 

influence on the cells from hormones typically found in FBS. 

5.2.4. Investigation	of	cell	spreading	and	activation	

Male and female PAVICS were seeded in six-well plates at a concentration of 

100,000 cells per well. Hormone-supplemented or control media was applied 

accordingly. Media changes occurred daily during these experiments. After three days of 

culture, cells were fixed with 10% formalin. To analyze activation, 

immunocytochemistry (ICC) was performed using a rabbit anti-aSMA primary antibody 

(Abcam, Cambridge, MA) with incubation for 24 hours at 4°C. The cultures were then 

incubated for 24 hours at 4°C in a goat anti-rabbit Alexa Fluor 555 secondary antibody. 
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PAVICs were permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) in PBS for 15 

minutes and blocked with 10% goat serum in PBS for 1 hour prior to antibody labeling. 

Antibody solutions were pipetted directly into each culture well.  

5.2.5. Proliferative	assessment	

A colorimetric, cell counting kit-8 (CCK-8, Dojindo Molecular Technologies, 

Japan) assay was utilized toward assessing PAVIC proliferative capacities under the 

described hormonal treatment conditions. For establishing standard curves, male and 

female PAVICs were seeded in a 96-well plate at prescribed concentrations (400 

cells/well to 25,000 cells/well) via serial dilution. 10 µL of CCK-8 reagent was 

subsequently added directly to each well. Cultures were placed in a 37°C CO2 incubator 

and allowed to react for two hours. Absorbance was then measured at 450 nm using a 

spectrophotometric plate reader. This data was used to construct a standard curve relating 

absorbance to cell number, for which a best fit linear formula was determined for each 

sex-specific cell population.  To measure proliferation, PAVICs were seeded at a 

concentration of 1,000 cells per well in a 96 well plate and subjected to experimental 

treatment. After three days of culture, with daily media changes, 10 µL of the CCK-8 

reagent was added to directly to wells and allowed to incubate for two hours. As with the 

standard curve measurement, a spectrophotometric plate reader was used to measure 

absorbance of plates at 450 nm. Using the aforementioned established standard curves, 

cell numbers were determined for each treatment population.  
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5.2.6. Single-layer	hormone-treated	cultures	

Single-layer filter paper cultures were utilized as a high-throughput method to 

assess effects of hormones on PAVICs within differing scaffolds. Cells were mixed with 

either collagen or hyaluronan prepolymer solutions then applied to filter paper sheets. 

Each filter paper sheet contained four wells, with consistent cell population and scaffold 

type. Individual sheets were then submerged in corresponding experimental media 

treatment (described in 5.2.2) and placed in a 37°C incubator. Media was replaced daily. 

5.2.7. Investigation	of	cellular	proliferation	and	activation	within	hydrogel	

constructs	

At the completion of the culture times, cells within the filter paper stacked 

constructs were analyzed via immunofluorescence for protein expression related to 

activation. Additionally, calcein was used as a marker of viability, with the staining 

process as follows. After the culture time, sheets were incubated with 4 μM of the vital 

dye calcein (Molecular Probes, Grand Island, NY) in media for 1 hour at 37°C. Sheets 

were then washed with PBS and fixed using 10% formalin prior to fluorescence analysis. 

To analyze activation, immunocytochemistry (ICC) was performed on each culture using 

a rabbit anti-aSMA primary antibody (Abcam, Cambridge, MA) with incubation for 24 

hours at 4°C. The cultures were then incubated for 24 hours at 4°C in a goat anti-rabbit 

Alexa Fluor 555 secondary antibody. Each sheet of paper was permeabilized with 0.1% 

Triton X-100 (Sigma-Aldrich) in PBS for 15 minutes and blocked with 10% goat serum 

in PBS for 1 hour prior to antibody labeling. Antibody solutions were pipetted directly 

into each culture well. 
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A small animal fluorescence imager (IVIS Spectrum Imaging System, 

PerkinElmer, Waltham, MA) was used to image the total fluorescence from each well. 

Following fixation and ICC, filter paper sheets were arranged in the gel scanner window 

to allow for simultaneous imaging of all experimental samples. Using the software of the 

gel imager, wells were selected as regions of interest and the software output the total 

radiant fluorescence of each well. Fluorescent values from wells of the same set were 

averaged together to produce a final numerical value. For all wells in all experiments, the 

value associated with background fluorescence emitted from collagen or HA matrix 

without cells was deducted.  In single layer experiments, all values were normalized to 

the highest recorded value for that experiment. In multilayer experiments, all values were 

normalized to the highest values recorded by the imager. 

5.2.8. Statistical	analyses	

For the CCK-8, 2D αSMA staining, and 3D single layer filter paper cultures, 

PAVICs were harvested and utilized from three separate batches of five porcine hearts 

per sex (N=3). In addition, three technical replicates per experimental (hormonal 

treatment) group were utilized. For these experiments, a 2-way analysis of variance 

(ANOVA) with post-hoc Tukey’s test was employed to establish trends of significance.  

Heterogeneous stack experiments were run a total of three times, with a sample 

size of 80 total wells per stack in each run. Fluorescent values were normalized to 

negative controls in order to eliminate background noise. For graphical purposes, 

fluorescent values were normalized to the maximum value recorded, and data is 

presented as the mean ±  the standard error of the mean. áSMA expression and RunX2 
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expression were normalized to cell viability. Statistical analysis was performed using 

Graphpad Prism (Graphpad Software, San Diego, CA). Statistical significance was 

determined for all experiments using an analysis of variance (ANOVA) test with a post 

hoc Tukey’s test. Groups were considered significant with a p-value < 0.05.  

5.3. Results	

5.3.1. Sex-separated	VICs	within	multilayer,	3-D	cultures	

To assess whether extracellular ECM components induce a differential impact in 

regards to viability and pathological development on VICs derived from male versus 

female subjects, multilayer filter paper culture systems were implemented.  Male or 

female-derived PAVICs were seeded in prepolymer solutions of either collagen or 

hyaluronan and cultured within multilayer filter paper constructs for one week (Figure 

5-1A). Cultured stacks were analyzed for bulk expression patterns related to viability 

(calcein, Fig. 5-1B), activation (⍺SMA, Figure 5-1C), and osteogenic potential (RunX2, 

Figure 5-1D). Both male and female VICs exhibited a dose-dependent trend of increasing 

viability with increasing hyaluronan  content in the stack. Notably, female-derived VICs 

demonstrated a significantly greater viability, as measured by calcein fluorescence, 

compared to all other conditions when cultured within a stack containing only hyaluronan 

(Figure 5-1B). Additionally, bulk VIC activation was significantly downregulated in 

female-derived VICs within the hyaluronan-only stack as compared to every other group 

(Figure 5-1C). A similar level of RunX2 expression was measured among all stacks and 

cell-types (Figure 5-1D).     
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Figure 5-1: Relative viability, activation, and calcific expression (via RunX2 expression) of 
male or female-derived PAVICs within multilayer, 3D setups.  

(A) Multi-layer, hydrogel-in-filter paper setups were constructed accordingly. (B) Bulk viability 
of cells within constructs as determined via calcein staining. Bulk (C) RunX2 and (D) aSMA 
expression of VICs within multilayer constructs. Significance determined via 2-way ANOVA 

(N=1, n=80, *p<0.05). 
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5.3.2. VIC	proliferation	in	response	to	hormonal	treatments	in	2D	culture	

PAVICs were assessed for their proliferative capacity via CCK-8 assay after three 

days of culture in specified concentrations of DHT, CA, CA combined with DHT, or 

control media. In sex-separated analysis, females treated with the lowest dosage of DHT 

(17.3 nM) presented a significantly upregulated proliferative capacity as compared to 

every other group (Figure 5-2A). When combined, a significant difference (p < 0.01) was 

detected in the proliferation capacity of PAVICs (male and female) treated with 17.3 nM 

DHT solution as compared to all other groups (Figure 5-2B). 
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Figure 5-2: Proliferative capacity of PAVICs grown under hormonal treatment conditions 
in 2D culture.  

Male and female-derived PAVICs were treated with dosages of DHT, CA, combinations of CA 
and DHT, or control media. (A) Sex-separated cell counts were collected via CCK-8 assay after 

three days of culture. (B) Combined sex cell counts baseline-adjusted against control group. 
Statistical significance was determined via 2-way ANOVA (N=3, **p<0.01). 
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5.3.3. Immunofluorescent	analysis	of	VICs	in	response	to	hormonal	treatments	

in	2D	culture	

After culturing for three days atop tissue culture plastic under the specified 

hormonal treatments, PAVICs were fixed and stained via immunofluorescence for ⍺SMA 

(Figure 5-3A-D).  Images collected via confocal microscopy were analyzed for DAPI 

counts (Figure 5-3E-F) and total ⍺SMA fluorescent intensity (Figure 5-3G-H). These 

metrics provide insight into relative proliferative capabilities of the PAVICs, as well as 

relative potential for osteogenic differentiation . Females treated under 17.3 nM DHT 

conditions demonstrated significantly greater DAPI counts (i.e. cell number) relative to 

all other treatment groups (Figure 5-3E). If sex-derivation is disregarded, the VICs 

treated with the 17.3 nM solution of DHT demonstrated significantly (p<0.01) greater 

proliferation as compared to all other groups (Figure 5-3F). Additionally, female VICs 

treated with the 17.3 nM DHT solution demonstrated a significant (p<0.05) elevation in 

⍺SMA expression relative to all other groups (Figure 5-3G). Combined, sex-agnostic 

⍺SMA analysis yielded similar results, with the 17.3 nM treated group exhibiting 

significantly (p<0.05) greater ⍺SMA expression (Figure 5-3H). 
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Figure 5-3: Immunofluorescent analysis of male and female-derived PAVICs under varying 
hormonal culture conditions in 2D. 

 Representative fluorescent images of PAVICs treated with (A) DHT, (B) CA, (C) DHT + CA, or 
(D) control media stained for aSMA expression (red) and DAPI (blue).  Quantitative analysis of 
fluorescent images completed based on (E) individual DAPI counts and (G) aSMA fluorescent 
intensity. Data from both sexes combined and displayed as percentage difference compared to 

control for (F) DAPI counts and (H) aSMA. Statistical significance determined via 2-way 
ANOVA (N=3, *p<0.05, ^p<0.06).  
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5.3.4. VIC	response	to	hormonal	treatments	in	3D	cultures	

The filter paper, 3D culture technology was utilized to analyze VIC response to 

hormonal treatments in a high-throughput manner. VICs derived from male and female 

subjects were embedded in either collagen or hyaluronan and seeded in filter paper 

scaffolds. After the polymers solidified, single layer paper constructs were treated with 

hormonal solutions accordingly. Sheets were cultured for three days, then fixed and 

stained using calcein (a fluorescent stain for cell viability) and immunostaining for 

⍺SMA. A small animal imager, and the associated software, was used to collect and 

analyze fluorescent expression per well in each single sheet. Though no significant trends 

were detected in looking at sex-separated expression trends with regard to viability 

(Figure 5-4A) or ⍺SMA expression (Figure 5-4C), some interesting trends were detected 

in combining the sex-separated data. As compared to the control, VICs within hyaluronan 

constructs exhibited decreased viability with DHT or CA treatments, while VICs in 

collagen constructs, on the whole, exhibited baseline or greater viability (Figure 5-4B). 

Additionally, VICs embedded in collagen constructs and treated with DHT or CA 

demonstrated relatively lower activation as compared to the control group (Figure 5-4D).  
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Figure 5-4: Relative viability and activation of treated PAVICs within hyaluronan and 
collagen I hydrogels.  

VICs were cultured using varying hormone treatments within single-layer hydrogel/filter paper 
substrates for a total of three days and stained using calcein or aSMA antibody. Relative (A) 

calcein and (C) aSMA expression acquired in the form of fluorescent efficiency via small animal 
imager. Data from both sexes combined and presented as % difference from control for (B) 

calcein data and (D) aSMA expression to highlight substrate influence. Statistical significance 
determined via 3-way ANOVA (N=3).  
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5.4. Discussion	

The distinct difference in clinical presentation of CAVD between male and 

female patients, with female patients presenting relatively fibrotic and less mineralized 

aortic valve leaflets, motivates further investigation into the cellular and extracellular 

mechanisms that drive this divergence in pathological development. Here, we 

hypothesized that this difference derives from the significant discrepancy in baseline 

androgen (specifically, testosterone) levels between the two sexes.  

Toward this, we began probing for broad differences in cellular mechanisms using 

2D and 3D cellular platforms. The VICs utilized in these experiments were isolated from 

young (6-month-old) castrated male or intact female subjects. Porcine males are castrated 

when they are around two months old, meaning the concentration of testosterone that 

their cardiovascular systems are exposed to is drastically less than that of intact males, 

going from 3.5 ng/mL to 0.5 ng/mL in serum testosterone level.229 Young female porcine 

subjects have an average blood testosterone serum level of 150 pg/mL, a threefold 

decrease from the average testosterone serum level in castrated males.230  Given this 

difference in level of testosterone exposure in vivo, we hypothesized that VICs derived 

from females and castrated male porcine subjects would exhibit significantly different 

characteristics in the way of viability, activation, and osteogenic transformation. 

Furthermore, we predicted that VIC response to exogenous DHT dosages would vary 

based on how VICs were primed in vivo with relatively high or low serum testosterone 

levels.  

To analyze baseline differences in female versus male-derived VICs, we utilized a 

3D, laminar cells-in-gels-in-filter paper culture method. In this system, we designed 
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stacks of varying heterogeneity using collagen I and hyaluronan hydrogels. Female and 

male-derived cells were cultured separately in these distinct, layered stacks (Figure 

5-1A). Data from all layers in each stack were combined to analyze bulk expression 

patterns of VICs within stacks. Overall, results from this study aligned with previously 

documented trends; specifically, increasing viability and decreasing VIC activation with 

increasing hyaluronan content 231. Interestingly, female VICs demonstrated significantly 

enhanced viability and dampened activation capacity over male VICs within homogenous 

hyaluronan stacks (Figure 5-1B-C). Female-derived VICs trended toward maintaining a 

quiescent phenotype within homogeneous hyaluronan stacks, as compared to male-

derived VICs, which trended toward a relatively activated, pathological phenotype when 

cultured under the same conditions (Figure 5-1C). From this study, it seems male-derived 

VIC, absent of any exogenous hormone treatment, are relatively more prone to 

pathological evolution in hyaluronan-rich environments that lack fibrillar collagen.  

Previous studies examining baseline differences in PAVIC proliferation and 

apoptotic capacities found that male-derived PAVICS demonstrated a relatively increased 

proliferative capacity (based on Click-iT EdU Alexa Fluor 488 assay) and relatively 

increased apoptotic capacity (based on Promega Caspase-Glo 3/7 assay). Microarray 

results from this same study pointed to significant differences in expression of genes 

related to cell death, proliferation, and inflammation.218 Here, it was found that male cells 

exhibited increased proliferative capacity, whereas we found female- derived cells 

exhibited increased viability. However, it is important to note that the authors of the 

previous study did not note the age of the porcine subjects they were isolating the VICs 

from- an important factor to take into account. Additionally, the proliferative assay from 
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the previous study was performed in 3D, while this study was in 3D cultures. Regardless, 

given that these previous results found significant differences in male versus female-

derived PAVICs on a genetic level using microarray assay, it would be interesting to 

assess PAVICs for these specific markers in future studies. The preliminary 3D culture 

study we performed raises important questions about the interplay of extracellular 

components and their differential influence over VICs depending on their sex, including 

how relative amounts of these components modulate the threshold at which VICs 

transition to a pathological phenotype. 

We next set out to study whether testosterone plays a significant role in VIC 

calcific pathological differentiation. Though no work has been done previously in regard 

to the effect of T on VIC behavior, other studies have been performed to examine the 

effect of T on proliferative abilities of hair follicle-derived fibroblasts and gingival (gum-

derived) fibroblasts.257,258 In these both of these studies utilizing human-derived 

fibroblasts (no sex indicated), 2D cell cultures were treated with 17.3 nM, 34.5 nM, and 

345 nM DHT concentrations. In both of these studies, DHT stimulated proliferation, at a 

34.5 nM concentration for hair follicle-derived VICs,257 and at a 345 nM concentration 

for gingival fibroblasts.258 Since these concentrations of DHT were previously 

established for use in these fibroblast studies and significant differences were observed, 

we utilized these treatment concentrations in our studies as well. Since a marked 

difference was observed in proliferation based on DHT treatment in hair follicle and 

gingival fibroblasts, we hypothesized that DHT treatment would alter VIC proliferation at 

one or more of these dosages in our studies as well. 
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Both 2D and 3D in vitro culture conditions were utilized to parse how exogenous 

hormone treatments could impact VICs within these different geometries. Sex-separated 

VICs grown on 2D tissue culture plastic were analyzed in the way of viability and 

activation. The lowest dosage of DHT (17.3 nM) yielded highest the VIC viability among 

male and female-derived subpopulations, with the female subpopulation exhibiting 

significantly increased viability (p<0.01) as compared to all experimental groups (Figure 

5-2A, Figure 5-3E). Similarly, the lowest DHT dosage induced increased activation 

among VICs in both male and female-derived subpopulations, with female-derived VICs 

demonstrating significantly increased activation (p<0.05) (Figure 5-3G). The fact that this 

lowest dose induces a profound change in fundamental VIC characteristics over a 

relatively short time course (3 days of culture) is compelling, especially in that the 

female-derived subpopulation is attenuated to a greater extent. This discrepancy could be 

attributed to the relative difference in serum T level these VICs were primed to in the 

male or female subjects they were isolated from, with VICs from male subjects 

conditioned to a higher T concentration relative to females. 

Experiments utilizing the hydrogel-in-filter paper culture platform provided 

insight into how specific extracellular components can interact with testosterone 

treatments to propagate or attenuate VIC pathological progression. Though no significant 

difference was detected based on the sex of the animal that the VICs were derived from, 

the hydrogel substrate, in combination with hormone treatment, seemingly had a bearing 

on extent to which viability and activation were modulated. Specifically, VICs embedded 

in hyaluronan hydrogels and treated with DHT exhibited decreased viability, while VICs 

embedded in collagen hydrogels and treated with DHT exhibited on par or increased 
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viability rates as compared to control samples (Figure 5-4B).  Moreover, when treated 

with the lowest dosage of DHT, VICs cultured in the collagen scaffolds displayed 

relatively attenuated activation levels as compared to the control condition, while VICs 

cultured in hyaluronan displayed similar activation levels to that of VICs in untreated 

conditions (Figure 5-4D). Previous 3D filter paper culture studies have established a 

dose-dependent relationship with increased collagen content resulting in overall increased 

VIC activation.231 The fact that VIC activation is altered due to DHT treatment within 

these constructs raises important questions about the interplay of substrate composition 

and hormone treatment on VIC pathological progression.  

The findings of these studies support the claim that testosterone influences VIC 

phenotype on some level. However, these trends should be confirmed with future studies 

that implement longer culture times and utilize human-derived VICs. In addition, since 

our studies utilized macroscopic markers of VIC phenotype (viability and activation), it 

would be prudent to quantify known CAVD-linked genetic marker expression, including 

RunX2 and Sox9, via qRT-PCR in order to determine underlying variation in sex-linked 

and DHT-treated phenotype.  

5.5. Conclusion	

Altogether, these studies implicate testosterone as an influencer in fundamental 

VIC development and functioning. Through 2D in vitro studies, we identified a dosage of 

DHT (17.3 nM) that induces increased VIC viability and activation, especially in female 

derived VICs. 3D filter paper culture studies allowed us to pinpoint substrate-hormone 

relationships that enhance quiescent VIC phenotype. These findings and experimental 
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designs should serve as a catalyst toward further studies of the mechanistic underpinnings 

that drive sex-linked CAVD development. In turn, understanding this discrepancy will be 

vital in the development of targeted CAVD therapies.	

	

 



	

	

Chapter 6 

Extracellular vesicles influence the 
pulmonary arterial extracellular matrix 

in congenital diaphragmatic hernia3 

6.1. Introduction	

Congenital diaphragmatic hernia (CDH) is a developmental anomaly that results 

in a significant proportion of the diaphragm not forming properly, along with stifled 

pulmonary parenchymal and pulmonary vascular maturation.232 The pulmonary vascular 

consequences, leading to pulmonary hypertension, are often severe. Unfortunately, 

current overall survival is stagnant at 70%,233 with mortality ultimately resulting from 

	
	

3	This	chapter	has	been	submitted	for	peer-reviewed	publication	as:	
	

Monroe	MN,	Zhaorigetu	S,	Gupta	VS,	Jin	D,	Givan	KD,	Curylo	A,	Olsen	SD,	Cox	CS,	Segura	A,	Buja	M,	
Grande-Allen	KJ,	Harting	MT.	Extracellular	vesicles	influence	the	pulmonary	arterial	extracellular	
matrix	in	congenital	diaphragmatic	hernia.	Pediatric	Pulmonology.	2020	–	in	submission	
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pathophysiologic pulmonary vascular development and function. Current clinical therapy 

is centered around preventing further pulmonary damage through optimal ventilator 

management, supportive lung bypass through extracorporeal life support, and use of 

selective pulmonary vasodilators.234,235 No therapy directly addresses the abnormal 

vascular remodeling that stifles vascular functioning and responsiveness. 

The vast majority of the non-survivors in CDH have profound pathophysiologic 

vascular abnormalities including decreased pulmonary vascular arborization, extended 

medial/adventitial muscularization, and limited distal angiogenesis.236 Specific 

abnormalities of the vasculature include thickened media and adventitia of the pulmonary 

arteries,237 hyperplastic muscularization,236 and profoundly reduced small vessel or distal 

angiogenesis.238 These pathologic anatomic changes are associated with pathophysiologic 

vascular hypo-responsiveness.239  

Although it is known that CDH-affected pulmonary vascular remodeling includes 

extensive deposition and degradation of extracellular matrix (ECM),240,241 it is unclear 

how these ECM changes precisely develop in the setting of CDH. Previous studies have 

established that the vessel walls of CDH-afflicted pulmonary arteries exhibit a thickened 

adventitia and media, with increased smooth muscle cell proliferation in the media and 

increased fibrosis and fibroblast proliferation in the adventitia.242 Furthermore, recent 

studies have identified significant upregulation of elastase and matrix metalloprotease 

activity in CDH-affected pulmonary arteries, indicating disrupted ECM remodeling 

capacities.241 While some investigation regarding ECM characterization in CDH-affected 

pulmonary vasculature has occurred, CDH-affected and healthy neonatal PA tissue 

baseline properties, including mechanical, ECM composition, and enzymatic dynamics, 



120	
	

	 	 	
	

have not been established. These metrics that are vital for quantifying the efficacy of 

potential pharmaceutical treatments targeting the ECM and vasculopathy. 

The burgeoning, potential biologic treatment we explore in this study is 

mesenchymal stromal cell-derived extracellular vesicles (MSC-EV). Extracellular 

vesicles (EV) are small lipid membrane vesicles (~100 nm) of endocytic origin that are 

secreted or released by many cells into the extracellular milieu both in vitro and in 

vivo.243 Their physiologic functions are diverse, including intercellular communication, 

allowing exchange of proteins, cytokines, surface receptors, RNA, enzymes, and growth 

factors between parent and target cells. MSC-EV have highly variable content, including 

numerous protein candidates that may be associated with previously identified 

therapeutic effects of MSCs, and may be altered by the environment to which their parent 

cells are exposed.244–247 These biologic capsules exert physiologic effects, both 

immediate and delayed, via pleotropic mechanisms, a recognized advantage over focused 

drug delivery. Recent, compelling work identified MSC-EV as the mediators of 

cytoprotective action for hypoxia-induced PH via suppression of hyperproliferative 

pathways.248  

In this study, we hypothesize that CDH instigates pulmonary arterial extracellular 

matrix disorganization, reflective in altered mechanics and composition, and that the 

proposed MSC-EV treatment attenuates pathological expression that contributes to this 

disorganization. Toward this, we evaluated the material composition and 

mechanobiologic properties of pulmonary artery derived from a nitrofen-induced CDH 

rat model. Using this data, we investigated MSC-EV as a therapeutic opportunity to 

influence the pulmonary artery ECM. 



121	
	

	 	 	
	

6.2. Materials	and	methods	

6.2.1. Isolation	and	culture	of	human	mesenchymal	stromal	cells	(hMSCs)	

hMSCs were isolated from commercially available fresh human bone marrow 

aspirates of a 34-year-old female (AllCells, Alameda, CA) using density centrifugation 

and plastic adherence as previously described.248 After 3 weeks, an adherent population 

of MSCs was  obtained and screened for typical spindle-like morphology and growth 

kinetics. The cells were further expanded by plating 106 P2 cells at 200 cells/cm2 in 

Nunc™ Cell Factory™ Systems (2528 cm²) with complete culture medium (CCM) 

consisting of α-minimal essential medium (α-MEM; Life Technologies, Grand Island, 

NY), 17% fetal bovine serum (Atlanta Biologicals, Norcross, GA), 100 units/ml 

penicillin, 100 μg/ml streptomycin, and 2 mM L-glutamine (all from Life Technologies). 

At 70% cell confluency, the medium was discarded, the cultures were washed with 

phosphate-buffered saline (PBS) (Life Technologies), and the adherent cells harvested 

with 0.25% trypsin (Life Technologies) for 5 minutes at 37°C, then frozen at 106 cells/ml 

for subsequent experiments as P3 cells and characterized as previously described.249,250 

6.2.2. Isolation	of	EVs	by	sequential	filtration	

EVs were isolated from MSCs (MSC-EV) as previously reported.14 Briefly, we 

cultured hMSCs (1000 cells/cm2) to ~75% confluency over 5-6 days in 3180 cm2 

Corning CellStack Systems (5 layer) to 500 ml CCM at a time by approximately 18-

25x106 hMSCs. Then, the cells were re-cultured in serum-free CCM after 48 hours, the 

conditioned media was collected and filtered (0.2 μm) to remove floating cells and cell 

debris. The filtered media was then loaded into the LabScale tangential flow filtration 
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system with a Biomax 500 kDa (5 μm) Pellicon filter (Millipore, Billerica, MA). Three 

(3) volume exchanges were conducted using PBS with target feed pressure <20 psi and 

retentate pressure <10 psi. A volume reduction step was then performed, with EVs 

recovered in a final volume of approximately 7-10 ml of PBS. Between uses, the 

equipment and filter were flushed with PBS, cleaned using 0.1 N NaOH, and re-flushed 

with PBS. This allowed large volumes of conditioned media to be concentrated into an 

EV-enriched solution appropriate for use in vitro and in vivo. MSC-EVs were 

characterized and quantified as previously described.18  

6.2.3. Experimental	model	of	CDH	and	MSC-EV	treatment	

The nitrofen-induced CDH rodent model is well-established.251,252 The animal 

protocol was approved by the Animal Welfare Committee (AWC14-009) within the 

McGovern Medical School at the University of Texas Health Science Center. Power 

analyses were performed to determine the optimal number of animal subjects required to 

observe significant differences under the proposed conditions. 

To create the CDH animal model, pregnant Sprague–Dawley rats (ENVIGO, 

Houston, TX) were fed 100 mg of nitrofen (Sigma-Aldrich, St. Louis, MO) dissolved in 1 

ml of olive oil at gestational day (GD) 9.5 (±6 hours). Control dams were fed the same 

dose of olive oil only. The anatomic and pulmonary vascular cell/tissue consequences 

have been described previously.237,252,253 Litters were born on GD 22 and immediately 

euthanized via thoracotomy. Pups with CDH were identified at the time of thoracotomy 

by direct examination of a diaphragmatic defect with herniation of abdominal contents. 

Only pups with large (>50% diaphragmatic area) defects underwent treatment and tissue 
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isolation. CDH pups were treated with intracardiac MSC-EVs (1x1010/ml in PBS; CDH + 

EV group). Control pups and a select number of CDH pups were treated with 1 mL PBS 

alone. In all cases, the main pulmonary artery (MPA) was isolated 5 minutes after 

injection (utilizing a Leica M50 dissecting microscope) and placed in cold PBS. 

6.2.4. Histological	and	immunostaining	analyses	

MPAs and lungs (both n=10 for the Control, CDH, and CDH-EV groups) were 

isolated using a minimal touch technique under a Leica dissecting microscope. The PA 

and right lung samples were fixed in 4% paraformaldehyde in PBS (pH 7.4) overnight at 

4°C. The tissue was then rinsed in 15% sucrose for 24 hours at 4°C, and embedded in 

optimal cutting temperature compound (Tissue-Tek; Sakura Finetek, Torrance, CA). The 

left lungs were fixed in 10% neutral-buffered formalin for 24 hours, and embedded in 

paraffin. Both frozen and paraffin-embedded tissues were sectioned (5-8 µm) for 

immunostaining analysis. 

Frozen sections were initially rehydrated using PBS, whereas paraffin-embedded 

sections were deparaffinized then rehydrated using PBS. Slides were then incubated with 

blocking agent, 10% normal goat serum in PBS, at room temperature for 60 minutes. 

Slides were incubated overnight with rabbit polyclonal anti-collagen I (1:100 dilution), 

rabbit polyclonal anti-MMP9 (1:50 dilution), rabbit polyclonal anti-LOX (1:100 

dilution), or rabbit polyclonal anti-elastin (1:100 dilution) at 4°C, then washed three 

times with 1x PBS and incubated with biotinylated goat anti-rabbit antibody (Jackson 

Immunoresearch Laboratories, West Grove, PA, 1:100 dilution) at room temperature for 

60 minutes. For detection, the slides were incubated with avidin-biotinylated peroxidase 
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complex (Vectastain ABC Kit, Vector Laboratories, Burlingame, CA) for 30 minutes, 

followed by reacting with DAB (SK-4100 DAB Substrate Kit, Vector Laboratories) for 

color development. Hematoxylin was used as a counterstain.  

Images were captured using a Leica DMIL LED microscope with a digital camera 

(DMC 2900) then quantitatively analyzed using Image-J. Four representative images of 

the vessel wall were collected for each MPA sample. Distal pulmonary vessels were 

chosen from three random pulmonary samples that were sliced in the coronal plane, near 

the hilum. Secondary or tertiary vessels, captured in a perpendicular fashion and in 

complete circular cross-section, were selected for evaluation.  Using colorimetric 

thresholding, the DAB stain was selected, and an area percent was calculated to show the 

fraction of ECM constituent expressed in the tissue sample.  

6.2.5. Transmission	electron	microscopy	(TEM)	

Arterial tissue sections were initially fixed with 3% glutaraldehyde in PBS (pH 

7.4) and post-fixed in 1% osmium tetroxide. Dehydration was carried out in graded 

alcohol washes (70%, 80%, 90%, 100% ethanol), followed by two acetone washes. The 

samples were infiltrated with Epon plastic resin, embedded and cut into 1 μm-thick 

sections with an RMC MTXL Ultra Microtome (Boeckeler Instruments, Tucson, AZ) for 

low-resolution images. For ultrastructral images, the samples were cut into 60–80 nm-

thick sections and stained with uranyl acetate and lead citrate. Images were acquired with 

a JEOL JeM-1230 transmission electron microscope (JEOL, Tokyo, Japan). 213 

TEM micrographs were analyzed using Image-J to measure collagen fibril width, 

medial wall thickness, elastic fiber composition, and “miscellaneous” (non-elastic fiber) 
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ECM content. Collagen fibril width was measured by superimposing five lines at equal 

intervals over the image. For each collagen fibril, the shortest distance between the first 

intersection point of the fibril and the superimposed line and the opposite fibril edge were 

recorded. The medial wall thickness was assessed with ten discrete length measurements 

per image. The distance between the internal and external elastic lamina was measured 

for the section of the medial wall where both edges were visible. Miscellaneous ECM 

content, consisting of collagen, proteoglycans, and glycosaminoglycans, was also 

calculated via colorimetric thresholding. 

6.2.6. Mechanical	testing	

A myograph system was adapted to perform uniaxial tensile testing on the MPAs. 

Extracted vessels were consistently trimmed to 1.5 mm in length. The vessel rings were 

then affixed to the system via two hooks, with one hook grounding the vessel and one 

hook stretching the vessel in the z-direction. A knob on the testing column allowed for 

manual manipulation of vessel stretching. The force transducer of the myograph system 

output real-time force measurements (mN), while a digital indicator output real-time 

vessel displacement (mm) as stretching occurred. As the myograph system was designed 

to ascertain the vessel’s electrically-driven contractile capacity, raw force data was output 

in mV. This output corresponds directly to the vessel tension-force. MPAs were first 

trained in Krebs buffer to confirm viable tissue, as previously described.254 Briefly, 

vascular reactivity was compared utilizing a water-jacketed organ bath in which 1.5 mm 

cross-sections of PAs were equilibrated in oxygenated Krebs buffer (gassed with 5% 

CO2/21% O2/balance N2) at 37°C. After training, the vessels were allowed to relax, then 

stretched to failure while discrete force measurements were collected at 50-micron 
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intervals. These metrics were used to calculate engineering stress, engineering strain, and 

Young’s modulus (Equation 7-1, Equation 7-2, Equation 7-3). Young’s moduli were 

calculated using stresses corresponding to a strain range of 0-1 mm/mm. Ultimate tensile 

strength was determined by calculating stress using the maximum force output per 

sample and the average vessel wall thickness of the experimental group derived from 

TEM analysis.   
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𝝈 = 	
𝑭
𝑨𝒐	

Equation 7-1: Engineering stress (s) as a function of force (F) and initial cross-sectional 
area (Ao). 

	

𝜺 = 	
𝜹
𝑳𝒐	

Equation 7-2: Engineering strain (e) as a function of displacement (d) and initial sample 
length (Lo). 

	

𝑬 = 	
𝝈
𝜺
	

Equation 7-3: Young’s modulus (E) as a function of engineering stress (s) and strain (e). 
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6.2.7. Statistical	analyses	

For histological and TEM analyses, PAs were derived from three separate animals 

(n=3) per experimental group. In histological analyses, 4 images were collected and 

analyzed per stained vessel (n=4). For TEM, two to three images were collected per 

animal. Eight individual pups were used per experimental group in mechanical testing 

(n=8). In all the analyses, comparison among groups was performed using one-way 

analysis of variance followed by post-hoc comparison (Newman–Keuls multiple). 

Differences between the means were considered significant at p<0.05. Statistical analyses 

were performed using Graphpad Prism v8.2. 

6.3. Results	

6.3.1. Histological	evaluation	of	the	ECM	

Immunohistochemical staining of PA tissues was performed to assess the protein 

composition and enzymatic expression of ECM elements that play a direct role in tissue 

mechanics and matrix structure. Based on quantification of the stained area, we observed 

no significant difference (p=0.05) in collagen I content among experimental groups 

(Figure 6-1A-B). We were able to attribute a slight but statistically different net reduction 

in elastin content in the CDH-EV group compared to CDH and control groups (Figure 

6-1C-D). A stark significant reduction was observed in CDH-EV MMP-9 expression 

relative to CDH and control groups (Figure 6-2A-B). LOX expression was observed to be 

significantly greater in the CDH group as compared to CDH-EV and control groups 

(Figure 6-2C-D). In distal pulmonary vasculature, collagen content was similar across 
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samples, while elastin within the vessel was lower in CDH and CDH+EV samples as 

compared to the control (Figure 6-3A-D). In the distal vasculature, there was no 

significant difference in LOX expression, and the controls demonstrated significantly 

greater MMP-9 expression (Figure 6-4A-D). In terms of dimensions (determined from 

image analysis of the histological sections), the MPAs and distal PAs within the CDH-

treated group were smaller in circumference but had a greater wall thickness than those 

for the control group (Figure 6-5). In the CDH+EV group, the MPA circumference was 

not significantly different from the control MPA, but the distal PA circumference was 

significantly smaller than the control vessel. Distal PA wall thickness was similar 

between CDH and CDH+EV samples, with both significantly thicker than the control 

distal vessels.  
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Figure 6-1: Collagen I and elastin composition within the main PA. 
Immunohistochemical staining analysis, quantified via ImageJ, of strucutral ECM components 

(A) collagen I and (C) elastin in pulmonary artery tissue samples (N=3, scale bar=50 µm). 
Representative images of PA sections stained for (B) collagen I and (D) elastin.  Statistical 

signficance was determined via ANOVA (* p < 0.05).  
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Figure 6-2: MMP-9 and LOX expression within the main PA.  
IHC-DAB analysis, quantified via ImageJ, of enzymatic components (A) MMP-9 and (C) LOX 

(N =3, scale bar = 50 µm). Representative images of PA sections stained for (B) MMP-9, and (D) 
LOX .  Statistical signficance was determined via ANOVA (* p < 0.05, ** p < 0.01).  
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Figure 6-3: Collagen I and elastin composition of distal PAs.  
Representative images of distal vessels within parenchymal tissue. Vessels in further 

respresentative images displayed with parenchyma hidden for ease of visualization. IHC-DAB 
analysis, quantified via ImageJ, of structural components (A) collagen I and (C) elastin (N =3, 
scale bar = 50 µm). Representative images of PA sections stained for (B) collagen I, and (D) 

elastin. (E) Representative images of distal vessels within parenchyma. Statistical signficance was 
determined via ANOVA (* p < 0.05).  
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Figure 6-4: MMP-9 and LOX expression within distal PAs. 
IHC-DAB analysis, quantified via ImageJ, of enzymatic components (A) LOX and (C) MMP-9 
(N =3, scale bar = 50 µm). Representative images of PA sections stained for (B) LOX, and (D) 

MMP-9. Statistical signficance was determined via ANOVA (* p < 0.05).   
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Figure 6-5: Quantification of vessel geometries using computational image analysis. 
Vessel wall thickness measurements of (A) MPA and (B) distal pulmonary vessels. Vessel 
circumference measurements of (C) MPA and (D) distal pulmonary vessels. Signficance 

determined via ANOVA (N=3, * p<0.05, ** p<0.01).  
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6.3.2. TEM	evaluation	of	the	ECM	

Transmission electron micrographs revealed structural differences in the ECM of 

CDH, EV-treated, and control PAs. We measured collagen fibril width and medial vessel 

wall thickness among the samples using image analysis (Figure 6-6). This data revealed a 

significant relative elevation in average CDH medial thickness (83.7 µm) compared to 

the control (66.5 µm) and CDH-EV samples (65.7 µm) (Figure 6-6A-C). Average 

collagen fibril width within the CDH-EV group (37.4 nm) was comparable to that of 

control (36.1 nm) and CDH (33.5 nm) (Figure 6-6D-F). Using image thresholding, we 

quantified elastic fiber and “miscellaneous” (non-elastic fiber) ECM composition (Figure 

6-7). From these measurements, we detected a significant reduction in average elastic 

fiber composition within the CDH group (1.9%) and comparable levels between the 

control (7.3%) and CDH-EV groups (6.4%) (Figure 6-7D-F). Similarly, miscellaneous 

ECM content was greater within the CDH group (16.3%) than in the other experimental 

groups (control 12.4%, CDH-EV 9.8%) (Figure 6-7A-C). It was notable that the CDH-

EV samples were comparable to the control samples in regard to elastic fiber content, 

miscellaneous protein content, and medial wall thickness – parameters where significant 

differences were observed in the disease-mimicking CDH samples. 

  



136	
	

	 	 	
	

	

Figure 6-6: Transmission electron micrograph analysis of the structural features of the 
main PA vessel wall.  

(A) A thickened medial layer was measured in CDH samples as compared to control and 
CDH+EV groups. (B) Representative TEM images of sample medial layer.  (D) Quantification 

(ImageJ) of medial collagen fibril width. (E) Representative TEM images of collagen fibril 
structure. Schematics illustrating regions of interest in image analysis: (C) arrows represent 

measurements recorded for medial wall thickness; (F) space between arrows represents 
measurement recorded for collagen fibril width (N =3, scale bar = 0.2 µm, ** p < 0.01).   
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Figure 6-7: Strutural ECM features of the main PA. 
Features of PA structure were quantified from transmission electron micrographs of the vessel 

wall: (A) miscellaneous ECM content, comprised of collagen, proteoglycans and 
glycosaminoglycans, and (D) elastic fiber composition. Representative TEM images of vessel 

wall architecture (B,E). Schematics illustrating regions of interest in image analysis: highlighted 
red area represents (C) miscellaneous ECM and (F) elastic fibers (N=3, scale bar = 0.2 µm, ** p 

< 0.01).  
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6.3.3. Biomechanical	evaluation		

To assess the effect of differential ECM factors on the mechanical integrity of the 

vessel, we characterized uniaxial tensile mechanics of PA vessel rings. Here, we 

employed a wire myograph system to extract simple deformation and force data from PA 

vessel ring samples. Using those data and known vessel geometries, stress/strain curves 

were determined (Figure 6-8B) and used to calculate two metrics of material behavior, 

Young’s modulus (Figure 6-8C) and ultimate tensile strength (UTS) (Figure 6-8D). 

Young’s modulus represents the resistance of the tissue to elastic deformation; UTS is the 

maximum stress borne by the tissue before failure. There was no statistically significant 

difference between the plotted stress/strain curves, with Young’s moduli of 22.3 MPa, 

16.2 MPa, and 18.6 MPa for the control, CDH, and CDH-EV samples respectively. 

Control PA samples possessed significantly greater UTS (25.1 MPa) compared to CDH 

and CDH-EV samples (13.6 MPa and 14.9 MPa), indicating that the control tissue was 

structurally more robust. The CDH samples trended toward being weakest among 

experimental groups, as demonstrated by lower average elastic modulus and UTS 

(p=0.074). 
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Figure 6-8: Mechancial characterization using adapted myograph system.  
(A) Schematic illustrating mecahnical testing setup (Lo = initial length, Lf = final length, d = 

displacement, t = time), (B) Stress-strain behavior of vessels, (C) Young’s moduli and (D) 
ultimate tensile strength.  Statistical signficance was determined via ANOVA (N=8, * p < 0.05).  
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6.4. Discussion	

The pulmonary vascular ECM may play a critical role in the development and 

progression of the pathologic pulmonary vasculature and, subsequently, pulmonary 

hypertension in CDH. Through these combined experiments and analyses, we were able 

to identify underlying structural and compositional ECM differences in CDH PAs, which 

have a strong potential to influence pathological PA mechanics. Moreover, we 

determined that, when applied to pulmonary arterial tissue via perfusion, MSC-EV 

treatment resulted in attenuation of mechanical and compositional changes in the CDH-

mimicking samples. 

Our analyses allowed for assessment of PA characteristics, including enzymatic 

activity, vessel architecture, and ECM composition. LOX activity, medial thickness, and 

miscellaneous ECM content were significantly increased in the CDH-affected tissue 

compared to control tissue. Upregulated LOX activity typically leads to increased 

crosslinking activity of fibrillar collagen and elastin. This crosslinking results in 

increased density of fibrillar collagen and elastic fibers which contributes directly to 

increased vessel wall stiffness. While we observed no significant change in stiffness, a 

significant difference in UTS was detected. The control sample exhibited an average UTS 

of 25.1 MPa – significantly greater than the UTS of the CDH sample, which was 13.6 

MPa. Reduction in UTS could be a consequence of the lower elastic fiber density that 

was detected within CDH samples via TEM analysis. Since elastic fibers contribute to the 

overall strength of the tissue, the relative disorganization could have led to weakened 
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vessel mechanics. Other major contributors to weakened tissue mechanics would be 

underdeveloped matrix-matrix and cell-matrix connections, which merit further research.  

The data suggest the proposed EV treatment has the potential to reverse CDH-

related changes, especially through rapid alteration of ECM remodeling enzymes. In 

assessing enzymatic activity, we examined a matrix metalloprotease (MMP), which 

directs remodeling of the ECM via degradation of specific ECM proteins. Specifically, 

MMP-9 hydrolyzes plasminogen to generate angiostatin – a component heavily linked to 

PH.255 The MSC-EV treatment had a profound inhibitory effect on MMP-9 production 

compared to both control and CDH conditions, a trend that we confirmed with repeated 

analysis. Along with altered MMP production, the EV treatment reduced LOX 

production, reduced elastin production, and increased elastic fiber formation. These 

results imply that EVs exert an effect on elastic fiber formation – a process by which the 

elastin protein is secreted, crosslinked by LOX, then assembled into mature elastic fibers. 

The EV treatment seemingly bolstered structural aspects of the PA and mitigated 

pathological ECM disorganization as exhibited by increased medial wall thickness and 

stiffness trending toward being closer to control tissue. 

Our hypothesis that MSC-EV treatment attenuates the pathological development 

of the PA ECM is consistent with the data, particularly in terms of vessel architecture and 

enzymatic expression. As a cell therapy, MSC-EVs have previously been shown to 

demonstrate a protective paracrine-mediated effect on cardiovascular tissues – including 

pulmonary arteries.256 Though the precise mechanism of action is largely 

uncharacterized, MSC-EVs are thought to exert their effects via the secretion of bioactive 

factors that influence cell communication and the release of soluble factors, including 
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enzymatic components. Moreover, MSC-EVs have been shown to have an impact on 

extracellular matrix remodeling – specifically in regard to increased fibrosis.17 In our 

work, we found that MSC-EVs exerted a profound effect on enzymatic expression within 

a relatively short timeframe (30-60 minutes). In order to solidify the impact of this 

treatment and gain insight into the mechanisms of action, a wider array of ECM 

components should be evaluated, including other fibrillar collagens (collagens II, III, IV), 

tissue inhibitors of metalloproteinases (TIMPs), and elastase. 

Though we were able to identify a broad range of pulmonary arterial factors 

affected by our proposed MSC-EV treatment, the methods used in this study did not lend 

themselves to ascertaining the precise mechanisms of action. The rodent model utilized 

for this work presented a number of limitations including the fact that the arterial tissue 

had to be extracted expeditiously following MSC-EV treatment, which limited direct 

exposure time and the opportunity for more significant structural influence. Given 

tenuous viability within 60 minutes of birth, all experiments required rapid execution. 

This time frame could account for our more compelling observations in the expression of 

matrix enzymes, as opposed to the subtler differences in foundational proteins.  

Additionally, structural and histological trends observed within the MPA were not 

consistent with the distal pulmonary vasculature. Notably, vessel wall thickness of the 

MPA was significantly greater in the CDH group relative to the CDH+EV and control 

group, while for the distal vasculature, both the CDH and CDH+EV group wall 

thicknesses were significantly greater than the control group. MPAs of the control and 

CDH samples contained more elastin compared to EV-treated groups; however, in distal 

vessels, the control contained more elastin than both CDH and EV-treated samples. 



143	
	

	 	 	
	

Moreover, enzymatic expression trends differed – while the MPA demonstrated a 

profound reduction in MMP-9 expression within the EV-treated samples, distal vessels 

exhibited only slightly less MMP-9 among both CDH and EV-treated samples. This 

difference could be attributed to the exposure time and relative distance from the MSC-

EV injection site for the respective vessels. Given this distance, the MPA also may 

exhibit substantially different signaling capacity from the CDH and MSC-EV treatments 

as compared to the distal vasculature, directly affecting the ECM remodeling response.  

In this study, we utilized a myograph system to characterize uniaxial tensile 

strength of rodent vessels, which can be applied to other types of small rodent vessels to 

compare approximate mechanical behavior. However, for a more comprehensive 

quantification of altered mechanical properties, more established mechanical analyses, 

e.g. biaxial testing, could be employed.	

6.5. Conclusion	

We have shown how the structure, composition, and mechanics of the PA ECM 

are altered in the nitrofen model of CDH. Notably, enzymatic activity, vessel thickness, 

and elastic fiber density were significantly altered in CDH-effected MPAs. We assert that 

a disorganized ECM structure caused by CDH leads to dampened strength-bearing 

capacity of the vessel tissue, as exhibited by a decreased UTS. Additionally, we have 

shown evidence of how the MSC-EV treatment exerts therapeutic effects on CDH-

effected PAs by altering enzymatic activity and ECM organization, ultimately attenuating 

pathological vessel structural remodeling. These findings, which provide insight into 
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previously understudied EV-ECM interactions, have critical implications toward the 

design of an effective therapeutic for CDH-PH.  

  



	

	

Chapter 7 

Conclusions and Future Directions 

Cardiovascular tissue undergoes significant alterations to the extracellular matrix 

(ECM) composition and mechanics during pathological development. These changes can 

be attributed to altered hemodynamics, cellular response, or exogenous factors. Systems 

were engineered and utilized in the three aims of this dissertation to characterize ECM 

pathological transformations in calcific aortic valve disease (CAVD) and congenital 

diaphragmatic hernia (CDH)-induced pulmonary hypertension. A high-throughput, 

layered cell culture system was employed in Aims 1 and 2 (Chapters 3 and 5) to model 

the biochemical heterogeneity of the valve environment and examine valvular interstitial 

cell (VIC) responses. Transmission electron microscopy and more traditional 

immunostaining methods were used to characterize pulmonary artery tissue in Aim 3 

(Chapter 6). Altogether, this body of work highlights the importance of considering the 

influence of extracellular matrix in cardiovascular disease states, as these factors, in 
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conjunction with cellular activity, have a significant bearing on the development and 

severity of disease. 

In Specific Aim 1, we retooled an innovative, laminar, filter paper based, 3D cell 

culture tool to investigate how different proportions of extracellular matrix components 

influenced overall VIC proclivity toward calcification. This study was the first to employ 

a 3D, high-throughput system to analyze VIC response to differential, heterogeneous 

compositional environments. From the engineered homogenous and heterogeneous 

setups, we were able to parse the specific extracellular factors that influenced 

pathological and physiological cellular development. Using this system with engineered 

collagen and hyaluronan hydrogels, we found that increasing proportions of collagen in 

these constructs induced a relatively pathological response, with decreased VIC viability 

and increased VIC activation. This aim established this filter paper culture method as a 

viable tool for analyzing how layer-specific features induce bulk tissue expression 

patterns. The ease of feature tunability and the high-throughput nature of this system lend 

it to further applications, such as exploring how heterogeneous matrix stiffness can 

propagate or diminish calcification.  

In Specific Aim 2, we honed in on the role of testosterone in the development of 

CAVD. First, we assessed baseline differences in male- versus female-derived VICs 

using the same model system from Aim 1. We observed that collagen induced increased 

activation in both male- and female-derived VICs, which was consistent with the results 

in Aim 1. Interestingly, male-derived VICs demonstrated increased activation relative to 

female-derived cells in all setups, indicating that the sex of the specimen the VICs were 

derived from had a bearing on in vitro behavior, even in the absence of exogenous 
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hormone. Next, dosages of dihydrotestosterone (DHT), an active metabolite of 

testosterone, were applied to VICs in 2D and 3D cultures. VICs grown on 2D tissue 

culture plastic were treated with DHT and activation and viability were characterized. We 

found that the 17.3 nM dosage of DHT induced significantly more activation and 

proliferation compared to other experimental treatment groups. From there, VICs were 

grown in 3D culture using the filter paper culture system from Aim 1. VICs were grown 

in single sheet setups of collagen and hyaluronan and treated with DHT dosages.  From 

this, we observed potential differential substrate influence in combination with DHT 

treatment. Specifically, VICs embedded in hyaluronan hydrogels and treated with DHT 

exhibited decreased viability, while VICs embedded in collagen hydrogels and treated 

with DHT exhibited on par or increased viability rates as compared to control samples. 

These studies are among the first to explore sex-based influence in CAVD using in vitro 

platforms. Results from these studies suggest that testosterone exerts an influence in 

valvular calcification. This exciting finding will spur further studies into precise 

androgen-linked mechanisms of action in VICs through analyzing a wider breadth of 

genetic and protein-related markers. This analysis should include established markers of 

ECM remodeling (ACAN & DPP4), osteogenic transformation (STC1 & NPPC), and 

sex-linked expression (SRY & AR). These markers have been previously established as 

significantly different in male- and female-derived VICs.218 

Finally, in Specific Aim 3, we investigated the precise ECM changes that occur as 

a result of pathological CDH-related remodeling in pulmonary arteries. Furthermore, we 

assessed the efficacy of a perfusable extracellular vesicle-based treatment in attenuating 

this pathological remodeling. To measure relative vessel strength, we retooled a 
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myograph system to gather simple stress/strain metrics. This technique could be applied 

in the future to other murine or exceedingly small vessel structures. We found from both 

mechanical and compositional analysis that the extracellular vesicle treatment, 

remarkably, diminished pathological changes in enzymatic and protein expression within 

the CDH-affected pulmonary arteries. Given these promising results, future work will 

further seek to validate the extracellular vesicles as a viable clinical treatment by 

evaluating the influence of the treatment in both the main and distal pulmonary 

vasculature using a lengthier timescale of treatment.  

All of the studies within these aims utilized animal-derived (porcine or murine) 

tissue. The porcine heart was chosen as an analog for human tissue since it is similar in 

size, coronary anatomy, and physiology to the human heart. The murine model allows for 

a streamlined, ethical way to mimic disease and assess treatment efficacy. Though our 

findings in the way of heterogeneity and ECM within these studies are worthy of 

consideration, future experiments should seek to replicate these trends using human cells 

or tissues. 

Furthermore, this body of work has broader implications for the field of tissue 

engineering overall. First, by emphasizing consideration of cell-substrate relationships in 

the material selection process. Additionally, this work motivates further research into 

personalized medicine based on patient population characteristics. And finally, this work 

establishes extracellular vesicles, a burgeoning technology, as promising in becoming a 

clinically translatable therapy. 
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The extracellular environment is vital in the homeostatic maintenance, as well as 

the pathological progression, of cardiovascular tissues. This doctoral dissertation centered 

on this concept and utilized a variety of analytical and engineering tools toward exploring 

the interplay of ECM and cells. The filter paper culture system and the myograph 

uniaxial tensile testing setup can be applied toward a host of other cells and tissues to 

explore extracellular-induced differences. The findings presented here highlight the 

importance of accounting for extracellular environment, as well as cellular phenotype, in 

assessing disease states and developing effective clinical therapies.  
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