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1. InTRODuCTIOn

Calcific aortic valve disease (CAVD) has become the most common heart valve disease in the 

Western population, affecting approximately 25% of adults over 65 years, of which 2-3% has clini-

cally significant aortic stenosis.1 Even mild CAVD is associated with adverse outcomes, with a 50% 

increased risk of cardiovascular death.2 There are no known therapies that slow disease progression, 

and surgical valve replacement is the only effective treatment for aortic stenosis.3 Over 275,000 

aortic valve replacement surgeries are performed annually worldwide. This number is expected to 

triple by 2050.4 These statistics emphasize the burden of aortic valve disease and the necessity of 

understanding its mechanisms.

CAVD is a progressive disease that starts with initial changes in the cell biology of the valve 

leaflets, which develop into atherosclerotic-like lesions and aortic sclerosis, and eventually lead 

to calcification of the valve, causing left ventricular outflow tract obstruction.5, 6 In turn pressure 

overload leads to progressive left ventricular hypertrophy and eventual heart failure. Although 

CAVD progresses with age, it is not an inevitable consequence of aging. CAVD traditionally has 

been considered a degenerative phenomenon, in which years of mechanical stress on an otherwise 

normal valve, cause calcium to deposit on the surface of the aortic valve leaflets. The evolving con-

cept, however, is that CAVD is an actively regulated process that cannot be characterized simply as 

“senile” or “degenerative”. The progressive calcification process involves lipid accumulation, increas-

ing angiotensin-converting enzyme activity, inflammation, neovascularization, and extracellular 

matrix degradation.

The risk factors for CAVD are similar to those for atherosclerosis: age, gender, hypercholester-

olemia, diabetes, smoking, renal failure, and hypertension.1 In addition, pathological studies of 

explanted human stenotic aortic valves have identified lesions similar to those in atherosclerotic 

plaques, which contain inflammatory cells and calcific deposits.7 The involvement of high choles-

terol levels is corroborated by studies demonstrating that patients with familial hypercholester-

olemia develop aortic valve lesions that calcify with age.8 Furthermore, preclinical studies have 

demonstrated atherosclerotic-like lesions in aortic valve leaflets in atherosclerosis in rabbits and 

mice. From the notion that CAVD and atherosclerosis might share a similar mechanism, statins 

(3-hydroxy-3-methylglutaryl-coenzyme A [HMG-CoA] reductase inhibitors) emerged as a potential 

therapy for treating CAVD. Indeed, retrospective studies have demonstrated a reduction in disease 

progression when patients were treated with statins.9-11 In addition, animal studies confirmed 

that statin treatment inhibits calcification.12, 13 Large prospective clinical trials however failed to 

demonstrate any effect on CAVD progression in patients treated with high doses of statins.14, 15 Ar-

guably, this may be due to the late implementation of the statins, after aortic valve calcification has 

progressed to the irreversible stage. However, it may also be a sign that CAVD and atherosclerosis 

should not be considered as similar patho-physiological entities.

The aortic valve consists of endothelial cells and valvular interstitial cells that maintain the 

health of the valve and are important in valvular disease. Valvular interstitial cells likely mediate 
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the progression of CAVD.16 Signals in aortic valve biology that trigger activation, differentiation, or 

pathological change are unclear. However, in human specimens of CAVD, there is evidence that val-

vular interstitial cells differentiate to myofibroblasts and osteoblast-like cells, which are eventually 

responsible for calcium deposition.17 Possible pathological triggers include hemodynamic shear 

stress, solid tissue stresses, reactive oxygen species (ROS), inflammatory cytokines and growth fac-

tors, and physiological imbalances such as the metabolic syndrome, diabetes mellitus, end-stage 

renal disease, and calcium or phosphate imbalance.18-20 The cellular and molecular factors involved 

in the development of aortic valve stenosis, however, remain largely obscure.

The poor prognosis and increased mortality after the onset of symptoms provide a rationale for 

the pursuit of a better understanding of the disease process, which can lead to effective therapeutic 

strategies to prevent CAVD. This chapter first discusses our current understanding of the aortic 

valve and its physiology, risk factors, diagnosis, and clinical management of CAVD in order to set the 

background for this thesis.

2. ThE AORTIC VALVE

Aortic heart valves maintain unidirectional blood flow throughout the cardiac cycle with minimal 

obstruction, without regurgitation. The aortic valve prevents retrograde flow back into the left 

ventricle during diastole. Heart valves open and close approximately 40 million times a year, and 

3 billion times over an average lifetime. Mechanical forces exerted by the surrounding blood and 

heart drive the aortic valve’s function. The dynamic structure and physiology of aortic heart valves 

enables them to avoid excess stress concentration and to withstand wear and tear over many 

years.21 Aortic valve functionality must be seen in conjunction with the aortic root, and viewed as 

one apparatus.18 A variety of pathological processes can lead to aortic valve malfunction, with seri-

ous clinical consequences. This malfunction usually is associated with calcific changes of the valve 

connective tissue, and eventually causes aortic stenosis. Before we elaborate on the pathology of 

CAVD, we will discuss normal aortic valve anatomy and physiology and their relationship to aortic 

valve function.

2.1 Aortic valve anatomy

The aortic cusps are thin, flexible structures that come together to seal the valve orifice during 

diastole. The aortic valve is normally composed of three cusps or leaflets. The individual cusps are 

attached to the aortic wall in a semilunar fashion, ascending to the commissures (where adjacent 

cusps come together at the aorta) and descending to the basal attachment of each cusp to the 

aortic wall; this anatomical structure is also called the aortic valve annulus. A portion of the annulus 

is attached to cardiac muscle, while the other half is continuous with the fibrous leaflets of the mi-

tral valve. The functional unit of the aortic valve includes the cusps and their respective aortic sinus 

complexes, also called the aortic root. The aortic root is a bulb-shaped structure to which the aortic 
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cusps are attached. Behind the aortic valve cusps are dilated pockets in the aortic root known as the 

sinuses of Valsalva, from which the coronary arteries originate. The nomenclature of the aortic valve 

cusps and their respective sinuses are based on the position of the coronary artery ostia — the left 

coronary cusp, the right coronary cusp, and the non-coronary cusp (and their associated sinuses).

In the middle of the free margin of each cusp on the ventricular surface is a pronounced thicken-

ing, known as the nodule of Arantius. Coaptation of these three nodules ensures complete closure 

of the valve during diastole. Along the ventricular surface of each cusp, between the free edge and 

the closing edge, is a crescent shaped region called a lunula. These thin areas of leaflet contact the 

corresponding regions of both adjacent cusps to ensure a competent seal. The remainder of the 

cusp (noncoapting portion) is known as the belly. Native human aortic valves are virtually avascular, 

and receive nutrients through hemodynamic convection and diffusion. In most cases, the dimen-

sions of the three leaflets are slightly unequal.22 The dynamic, complex three-dimensional anatomy 

of the aortic trileaflet cusps and the aortic root allows for stress sharing between leaflets, the sinuses 

of Valsalva, and the aortic wall.23, 24

2.2 Aortic valve function

The aortic valve functions synergistically with the aortic root to maintain efficient cyclic opening 

and closing — opening when exposed to forward flow, and then rapidly and completely closing 

under minimal reverse pressure. Importantly, opening of the valve precedes, rather than responds 

to, the forward movement of blood from the ventricle.25, 26 This illustrates the complex function of 

the valve, and is one of the reasons for considering movement of the whole root — from the level 

of the annulus to the sinotubular junction — when describing aortic valve functionality.

As blood decelerates in the aorta at the end of systole, vortexes in the sinuses of Valsalva behind 

the AV cusps facilitate valve closure. These vortexes help funnel oxygenated blood into the coronary 

arteries and create a small pressure gradient across the leaflet, which helps bring the leaflets to a 

smooth and efficient closure. The ability to prevent reverse flow of the aortic valve depends on the 

stretching and molding of the three cusps to fill the orifice during the closed phase of the cardiac 

cycle, during which back pressure from the blood is present in the aorta. Simultaneously, the valve 

annulus expands, pulling the cusps and thus preventing collapse.27

A further increase in the annular radius at end diastole and into the isovolumic contraction 

phase of the cardiac cycle pulls the cusps from their commissures such that a small stellate orifice 

results, even without the presence of transvalvular flow. The valve orifice changes quickly from stel-

late, to triangular, and finally a to a circular pattern, as blood is ejected from the ventricle. The aortic 

root adjusts from a conical to a cylindrical shape during ejection, providing optimal hemodynamics 

at the larger flow volume.25 The aortic valve closes much more gradually than it opens. The total 

surface area of the three cusps is approximately 40% larger than the cross-sectional area of the 

aortic root at the annular level. This allows each cusp to bow slightly towards the left ventricular 

outflow tract, which prevents the cusp from inverting during diastole.28 The normal aortic valve 

orifice area (AVA) is 2.6-3.5 cm2, however depends on the body mass area of the individual.29
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2.3 Aortic valve structure

The structure of the aortic valve cusps is organized into three layers: (i) the zona ventricularis, clos-

est to the left ventricle chamber and composed largely of elastin, which can extend in diastole 

and recoil in systole to minimize cusp area; (ii) the zona fibrosa, closest to the outflow surface, rich 

in densely packed collagen organized in radial and circumferential direction, which provides the 

strength and stiffness of the cusps and is mainly responsible for bearing diastolic stress; and (iii) 

the centrally located zona spongiosa, which consists mainly of glycosaminoglycans (GAGs) that ac-

commodate shear forces of the cuspal layers, and absorbs shock during the valve cycle.18 (Figure 1)

This organization of the aortic native heart valve allows for certain unique qualities. First, 

accordion-like folds called corrugations, present in the valve cusps, allow for the cuspal shape and 

dimensions to vary with the cardiac cycle. Second, microscopic collagen folding (also known as 

crimp) allows lengthening of the valve at minimal stress. Cusp tissue also displays anisotropy, the 

quality conferred by collagen architecture that permits differences in radial and circumferential 

extensibility. Finally, the macroscopic collagen alignment enables forces from the cusps to transfer 

to the aortic wall.30 By employing these properties, the native heart valve avoids excess stress con-

centration on the cusps and supporting tissues and can withstand biomechanical loads caused by 

repetitive deformations. In addition, biomechanical stress may induce the remodelling and repair of 

connective tissue.21 The aortic valve tissue is comprised of a cell population that withstands a large 

amount of pressures and stresses.

Figure 1. Human normal aortic valve histopathology depicts a tri-layered structure (F) – fibrosa, (S) – spongiosa and (V)- ventricu-
laris.
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2.4 Aortic valve cell population

The native aortic heart valve consists of two types of cells: valvular interstitial cells (VICs) that 

permeate the entire valve tissue, and valvular endothelial cells (VECs) that cover the surface. The 

components of the extracellular matrix (ECM) are synthesized, degraded, and maintained by VICs, 

which seem to have adaptive characteristics. In the healthy aortic valve, they have primarily qui-

escent fibroblast-like properties, but they can change to an activated phenotype during valvular 

remodelling, response to injury, or pathology. VECs regulate immune and inflammation responses 

and provide the native heart valve with its nonthrombogenic properties.31 Small populations of 

smooth muscle cells32 and nerve cells have also been described.33, 34

2.4.1 Valvular Interstitial Cells

VICs remodel ECM proteins in the aortic valve leaflet, and are of mesenchymal origin. Different 

phenotypes of VICs are present in the mature native valve. Five identifiable phenotypes of VICs 

have been described: embryonic mesenchymal cells, quiescent VICs (qVICs), activated VICs (aVICs), 

progenitor VICs (pVICs), and osteoblastic VICs (oVICs).35-39 qVICs are considered to be at rest in the 

valvular interstitium and maintain normal valve physiology by becoming activated in response to 

injury or disease. It is believed that this process leads to the differentiation of VICs into activated VICs, 

demonstrating a fibroblast-like phenotype. More specifically, aortic valve VICs secrete and turn over 

proteins at a dramatically increased rate compared to other cell types in vivo, which indicates that 

VICs continually repair mechanically induced tissue micro-damage to enable long-term durability. 

ECM remodelling results from the synthesis of ECM-degrading enzymes by VICs, such as matrix 

metalloproteinases (e.g., MMP-1, MMP-2, MMP-9, and MMP-13) and cathepsins (e.g., cathepsins S, 

K, and B), and tissue inhibitors (e.g., tissue inhibitors of metalloproteinases [TIMP]).39 The cellular 

and molecular mechanisms that control this phenotype differentiation also participate in aortic 

valve pathology. In particular, VICs become activated when stimulated by mechanical loading, and 

mediate connective tissue remodelling to restore a normal stress profile in the tissue.40

The pressure load applied to the leaflet causes an increase in circumferential and radial leaflet 

length, which increases strain on the tissue.41 Valve strain seems highest at areas where leaflets 

attach to the aortic wall; these locations are also where calcification seems to begin in CAVD.42, 43 

Mechanical forces acting on the valve translate into biological responses at the tissue level, which 

in turn lead to a VIC response at the cellular level — which causes constant synthesis and renewal 

of the ECM.44 Intracellular signalling leads to changes that include increased VIC stiffness and in-

creased ECM biosynthesis. Concurrently, the higher valvular pressure gradients on the left side of 

the heart lead to larger local tissue stress on VICs, which in turn leads to higher VIC stiffness and 

collagen biosynthesis in the left-sided valves.45

2.4.2 Endothelial Cells

The surface of the aortic valve is lined with a single monolayer of VECs that maintain non-throm-

bogenicity. VECs are similar to arterial endothelial cells in the expression of von Willebrand factor 
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because they produce nitric oxide and have prostacyclin activity.46 Cell junctions between VECs are 

also similar to those of arterial endothelial cells. VECs however seem to be phenotypically different 

from arterial endothelial cells,47 based on the observation that VECs originate developmentally 

from sources different from arterial endothelial cells. In addition, VECs are oriented circumferentially 

across leaflets, perpendicular to the direction of the blood flow, in contrast to vascular endothelium, 

which aligns parallel to flow.18, 48

Comparing valvular and vascular endothelium in a static culture has led to the identification 

of significantly different genes.49 In addition, although VECs and arterial endothelial cells are both 

prone to calcification, different mechanisms lie at the heart of the process. VECs show an increased 

expression of genes involved in chondrogenic differentiation, while arterial endothelial cells more 

strongly express osteogenic genes.50 Due to their location at the surface of the aortic valve, VECs 

are important in relation to the hemodynamic forces exerted on the heart valve. The ventricularis 

part of the valve (inflow) is exposed to rapid, pulsatile, unidirectional shear stress. In contrast, the 

fibrosa part of the valve (outflow) experiences a lower, almost oscillatory shear stress.51 Interestingly, 

recent evidence suggests that different transcriptional profiles are expressed by the endothelium 

on the opposite faces (ventricularis vs. fibrosa) of a normal adult pig aortic valve.52 Studies have 

demonstrated that high pulsatile shear stress on the fibrosa side of the aortic valve increases inflam-

matory receptors and the expression of bone morphogenic protein (BMP),53 but also decreases 

the expression of inhibitors of fibrosis and calcification, including osteoprotegerin (OPG), C-type 

natriuretic peptide (CNP), and chordin.54 In addition, in vivo studies have demonstrated that CAVD 

initiates on the fibrosa side of the valve.17, 55

Investigators have hypothesized that these differences in endothelium between opposite sides 

of the aortic valve may contribute to the typical predominant localization of pathologic aortic valve 

calcification near the outflow surface (zona fibrosa).52 VECs may also have an active role in valve 

tissue remodelling by migrating into the valve through endothelial-to-mesenchymal transition 

(EndMT) processes, akin to those during valve development. During EndMT, VECs lose endothelial 

markers and gain myofibroblast-like markers similar to those observed in activation of VICs. Similar 

to the embryological process that gives rise to VICs, these myofibroblast-like VECs invade the leaflet 

interstitium. In vitro evidence suggests that these EndMT changes of VECs may be dependent on 

mechanical strain. However, the exact role of EndMT in disease onset is unclear.

2.4.3 Cellular Interaction

VICs and VECs exist in close communication, which indicates that cellular interaction is vital for leaflet 

biology. Studies have demonstrated that VECs interact with VICs in a complex hemodynamic and 

mechanical environment to maintain aortic valve cusp tissue integrity. Additionally, VECs regulate 

VIC function through paracrine signals, such as controlling VIC contractility and leaflet mechanics.56 

More specifically, valvular endothelial dysfunction has been implicated as the initiator of inflamma-

tory reactions, blood clots, and even calcification.57 The interaction between vascular endothelial 

cells and vascular smooth muscle cells, and its importance to normal vessel function, has been well 
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documented. Such interaction likely exists between valvular endothelium and VICs, however has to 

date been poorly studied.

VIC–VEC co-culture studies have corroborated that VECs help maintain a qVIC phenotype.57 

Moreover, when exposed to shear stress, the presence of endothelium stabilized VIC proliferation, 

increased the synthesis of ECM proteins by VICs, and decreased GAG loss.57 These results suggest 

that damage to or loss of valvular endothelium leads to VIC hyperplasia and myofibroblast activa-

tion. When the endothelial layer of aortic valve explants was removed, it promoted the formation 

of calcific nodules.16 Studies also have demonstrated that neurogenic dilation of aortic valve cusps 

only occurred only when the endothelium was intact.33 The communication between VECs and 

VICs is fundamental in normal and pathological signalling, but more work is needed to further 

delineate these relationships.

3. CLInICAL ASPECTS OF CALCIFIC AORTIC VALVE DISEASE

CAVD is a progressive disease that begins with initial changes in the cell biology of valve leaflets, 

develops into atherosclerotic lesions and aortic sclerosis, that eventually leads to calcification of 

the valve, which causes left ventricular outflow tract obstruction and eventual heart failure. This is 

known as calcific aortic stenosis, which is viewed as the critical end stage of this disease process, 

and is associated with poor outcomes.

3.1. Epidemiology

CAVD is the most common cause of aortic stenosis in the developed world. Increased aortic valve 

cusp thickness due to fibrosis and lipid accumulation, but without left ventricular outflow tract 

obstruction, is known as aortic valve sclerosis. Aortic valve sclerosis and aortic stenosis are gener-

ally viewed as the early stage and late stage, respectively, of the CAVD pathological process. Aortic 

sclerosis is common in the elderly population; the prevalence in the general population is 29%.1 

A landmark study1 identified 26% of study population older than 65 years having aortic sclerosis, 

indicating that aortic sclerosis associates with age. In the same population, 2% had aortic stenosis. 

These numbers increase with age — those over 74 years old, 37% had aortic sclerosis, and almost 

3% had aortic stenosis. Importantly, approximately 16% of patients with aortic sclerosis will develop 

aortic stenosis within 6 to 8 years.58 Other studies have reported that up to 33% of patients with aortic 

sclerosis developed aortic stenosis within 4 years of follow-up.59 No known therapies slow aortic valve 

disease progression, and surgical valve replacement currently is the only effective treatment for aortic 

stenosis. In addition, aortic valve sclerosis increases the risk of myocardial infarction or cardiovascular 

death by 50% (Lloyd-Jones, 2009). As such, aortic valve disease has a serious impact on general health.
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3.2 Risk factors

Calcific aortic stenosis shares nearly identical risk factors with atherosclerosis. Clinical risk factors 

for calcific aortic stenosis include age, male sex, hypertension, smoking, elevated serum levels of 

lipoprotein (A), and low-density lipoprotein (LDL) levels.1 Other studies have demonstrated that 

traditional risk factors that are important in atherosclerosis, including the metabolic syndrome and 

renal failure, also associate with calcific aortic stenosis.60-63 This overlapping of risk factors has led to 

the hypothesis that calcific aortic valve disease and atherosclerosis have similar etiologies, but there 

are epidemiological discrepancies, as demonstrated by the inconsistency in coexisting prevalence 

between calcific aortic stenosis and coronary artery disease. Only 50% of patients with severe 

calcific aortic stenosis have significant coronary artery disease, and the majority of patients with 

coronary artery disease have no calcific aortic stenosis.64 Furthermore, metabolic diseases such as 

hyperparathyroidism (secondary to chronic renal failure, Paget’s disease) have also associated with 

accelerated progression of aortic valve calcification and stenosis.65, 66 Further studies are needed 

to understand the differences between the pathophysiology of atherosclerosis and aortic valve 

disease both clinically but also at a fundamental level.

3.3 Symptoms and diagnosis

A discrepancy exists between the onset of symptoms and the onset of disease. Symptoms usually 

do not occur until calcific aortic stenosis has developed. The symptoms and clinical signs of CAVD 

are better understood by discussing the physiological changes that occur. Calcific aortic stenosis 

leads to left ventricular outflow tract obstruction, which causes several physiological changes, best 

described in a left ventricular pressure-volume loop. Ventricular emptying is impaired by outflow 

tract resistance, which results from a reduced aortic valve orifice area during systole. This, in turn, 

causes a large pressure gradient over the aortic valve — which means that ventricular pressure 

needs to exceed the increased aortic pressure gradient, causing increased peak systolic pressure 

and subsequent aortic valve closure due to an increased end-systolic volume. Consequently, stroke 

volume decreases. Higher end-systolic volume raises the afterload, and thus the incoming venous 

return, leading to increased end-diastolic volume. This process activates the Frank-Starling mecha-

nism, which increases contraction force and thus maintains a normal stroke volume when the 

aortic stenosis is mild. Stenosis severity correlates with the increase of left ventricular outflow tract 

obstruction and afterload. When the end-systolic volume increases more than the end-diastolic 

volume, stroke volume will decrease, leading to a reduction in arterial pressure. The cardiovascular 

system will strive to maintain arterial pressure, increasing peripheral vascular resistance. In addition, 

the left ventricular heart muscle will demonstrate hypertrophy to compensate for a chronic in-

crease of afterload. Most cardiovascular systems can compensate for aortic stenosis until the orifice 

diameter is less than 0.6 cm2/m2 (~1.0 cm2).

The patient will remain relatively asymptomatic up to this point, due to adequate physiological 

compensatory mechanisms. Symptoms generally appear when the valve orifice is around 1.0 cm2, 

and typically include shortness of breath, syncope, and chest pain. Left ventricular hypertrophy 
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combined with a stenotic aortic valve may lead to impaired blood flow to the heart muscle, in 

turn causing increased oxygen demand by the heart muscle and leading to angina pectoris. Aortic 

stenosis can present itself clinically with a systolic ejection murmur at the right upper sternal 

border, often radiating to the neck. Peaking of the murmur late in systole, a palpable delay of the 

carotid upstroke, and a soft second heart sound can all point to aortic stenosis. Aortic stenosis is 

usually confirmed using ultrasound echocardiography.67, 68 The severity of aortic valve dysfunction 

is determined by the combination of the following hemodynamic indices: peak ejection velocity, 

effective orifice area, and mean transvalvular pressure gradient.67 As described earlier, CAVD pro-

gression involves the narrowing of the valve orifice and increased ventricular ejection velocities and 

pressure gradients. Mild aortic valve stenosis is generally defined by restricted opening of the valve 

cusps, with a mean transvalvular pressure gradient of less than 25 mm Hg; moderate aortic valve 

stenosis by a mean gradient between 25 and 40 mm Hg; and severe aortic valve stenosis by a mean 

gradient of 40 mm Hg or more.58 Because direct imaging of the aortic valve still involves technical 

challenges, echocardiography remains the gold standard for assessing aortic valve dysfunction.

3.4 Treatment

3.4.1 Surgical Treatment

Unless discovered during monitoring for other conditions, patients rarely exhibit detectable symp-

toms of aortic valve disease until after it has already progressed to an advanced stage.69 Patients 

with severe aortic stenosis have a life expectancy of less than 10 years if untreated. Of these patients 

with concomitant heart failure, 50% will die within a year.70 Aortic valve replacement is the only 

effective treatment, but optimal timing for surgery in asymptomatic patients remains unclear.71 

Asymptomatic patients have good survival without surgery, and combined with the surgical risk 

for operative mortality and post-operative complications, surgeons are reluctant to perform valve 

replacement in these patients.72

Replacement valves, be they mechanical or bioprosthetic, have several shortcomings. The body 

recognizes a mechanical valve as foreign material, giving rise to thromboembolic complications 

that require lifelong anticoagulation therapy.73 Bioprosthetic valves are prone to reduced durability 

(~20 years) because of structural dysfunction resulting from progressive leaflet deterioration and 

calcification, eventually requiring reoperation.73, 74 Bioprosthetic valves are the conduits of choice 

for patients over 60–65 years who are relatively physically inactive, and when there is a contraindi-

cation for anticoagulation therapy. Mechanical valves are chosen for active patients under 60 years, 

who can tolerate anticoagulation therapy.

3.4.2 Pharmacological Treatment

The need for alternatives to surgery is emphasized by the increasing age of the general population 

and the rising prevalence of CAVD. Therapeutic strategies to restrict disease progression are needed 

to delay and possibly avoid surgical valve replacement. Because CAVD and atherosclerosis have 
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similar disease progression and risk factors, pharmacological treatment of CAVD mostly has been 

focused on lipid-lowering agents (statins) and angiotensin-converting enzyme (ACE) inhibitors.1, 75 

LDLs are present in human aortic valve lesions. In addition, studies have demonstrated the pres-

ence of oxidized lipids in calcifying areas of aortic valves.76 Statins inhibit the pathway for synthesiz-

ing cholesterol in the liver and lower plasma cholesterol levels. Animal studies and retrospective 

clinical studies have demonstrated that statins could potentially slow CAVD progression.10, 77-79 

However, large clinical trials have demonstrated that statins do not affect CAVD in general valve 

disease population.10, 14, 77, 80 ACE, angiotensin II, and angiotensin II type 1 receptors have also been 

identified in aortic sclerotic lesions.75, 81 Retrospective studies associate ACE inhibitors with a lower 

rate of aortic valve calcification, but ACE inhibitors do not inhibit CAVD progression.77 Interestingly, 

angiotensin II type 1 antagonists have prevented aortic valve lesion formation in hypercholesterol-

emic rabbits.82 Trials are ongoing to elucidate further the effect of ACE inhibitors on the progression 

of CAVD. As we gain more information about the specific mechanisms of CAVD, different potential 

pharmaceutical targets surface. The valve endothelium has received a great deal of attention and 

could potentially be a drug delivery platform. A recently developed method tests for the presence 

or absence of diseased aortic valves in atherosclerotic mice using an anti-VCAM-1 peptide to target 

early-stage aortic valve disease endothelium.13 We still generally lack clinically significant pharma-

cological therapies for CAVD, which indicates the importance of additional research to elucidate 

mechanisms of CAVD progression.

4. PAThOLOGy OF CALCIFIC AORTIC VALVE DISEASE

4.1 Pathology

CAVD is a progressive disorder that ranges from mild valve thickening to severe calcification with 

impaired leaflet motion or aortic valve stenosis.83 Though CAVD traditionally was viewed as a pas-

sive degenerative disease resulting from years of stress, we now recognize it as an actively regulated 

disease, with evidence suggesting that it follows a mechanism akin to bone formation.17 CAVD 

has also been termed a fibrocalcific disease, resulting from increased collagen content found in 

both valve leaflets of animal models as well as human specimens. An important hallmark of CAVD 

progression is a fibrotic collagen accumulation, leading to thickened, stiffened valve with eventual 

functional deterioration. Ultimately calcific nodules form within these sclerotic leaflets, worsening 

loss of tissue compliance and eventually causing stenosis.

Calcification is characterized by the deposition of calcium phosphate within the extra cellular 

matrix. This mineralization can be considered as either a dystrophic calcification, a disorganized 

crystal structure often associated with precipitation of calcium phosphate on debris remaining after 

cell death, or as a bone-like crystal lattice of hydroxyl-appetite, indicative of an osteogenic process. 

Both types of mineralization have been described, however it remains uncertain how these types 

of mineralization relate to each other. Whether the initial fibrotic response and the calcific processes 
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occur in parallel during disease progression is unclear. However, it is believed that continuous ac-

tivation of VICs is responsible for the persistent synthesis and deposition of collagen in the fibrotic 

leaflet, and that osteoblast-like cells seem to cause active mineralization. However, investigators 

have been unable to produce both phenotypic changes within the same in vitro culture conditions.

4.2 Endothelial Dysfunction

As described earlier, the surface of the aortic valve is lined with an endothelial monolayer. Although 

the exact initiating factors for the inflammatory process in CAVD are unclear, studies have demon-

strated that the endothelium plays an important role. Because VECs are located at the surface of 

the aortic valve, the endothelium is subjected to hemodynamic forces. Different shear stresses are 

exerted on each side of the aortic valve. In vivo studies have demonstrated that early CAVD lesions 

initiate on the fibrosa (outflow) side of the valve.53 Endothelium subjected to abnormal blood flow 

seems more susceptible to inflammatory cytokines.40, 84 Research has shown that high pulsatile 

shear stress on the fibrosa side of the aortic valve induces up-regulation of inflammatory receptors 

by VECs for circulating cytokines and inflammatory monocytes, leukocytes and T-lymphocytes.85, 86 

In addition, elevated stretch loading on the aortic valve induced pro-inflammatory cytokine (bone 

morphogenetic protein [BMP2/4]) expression on the fibrosa part of the aortic valve. These results 

indicate the potential role of BMPs in early CAVD lesions.87 Another mechanism proposed as an 

initiating factor in CAVD, but also in atherosclerosis, is the expression of pro-oxidant phenotypes 

(ROS) in VECs.49, 53, 88 ROS, including oxidized lipids, can cause endothelial cell injury, which can lead 

to a loss of endothelial alignment and an increase the upregulation of cell adhesion molecules — 

permitting increased inflammatory infiltration.89

These events may together or individually initiate and/or sustain chronic inflammation, and lead 

to the development of CAVD.55 The expression of endothelial nitric oxide synthase (eNOS) — a 

vasodilator that protects blood vessels against atherosclerosis — is reduced in conditions with 

oxidative stress, such as disturbed blood flow, but is elevated by antioxidant signalling. Although 

its role in CAVD is less clear, eNOS expression is reduced on the VECs of the fibrosa side compared 

to the ventricularis side of the aortic valve. This reduction indicates that eNOS might be involved in 

the fibrosa susceptibility in CAVD pathogenesis.49 Moreover, inhibition of eNOS expression results 

in increased cusp stiffness of the aortic valve.56 Statins decreased the amount of calcification and 

increased VEC eNOS in rabbits, which suggests that eNOS may protect against CAVD. However, 

during fetal valve development, an induction of eNOS expression on the fibrosa vs ventricularis 

sides was observed (figure 2).

4.3 Valvular Interstitial Cell Remodelling and the Role of the Extracellular Matrix

VICs are responsible for the physiological remodelling that maintains integrity and pliability in the 

aortic valve. In terms of CAVD, the general hypothesis is that VICs undergo myofibroblast differentia-

tion to become osteoblast-like cells, which in turn deposit calcium in the aortic valve. This myofibro-

blast activation seems to be activated by invading inflammatory cells and activated endothelial cells 
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that produce cytokines such as TGF-β1, BMP2/4, IL-1, IL- 6 and TNF-α. Increased α-smooth muscle 

actin (α-SMA) and smooth muscle myosin (SMM), decreased vimentin, increased migration, and 

increased proliferation characterize myofibroblast activation of VICs.36, 54, 90, 91 Furthermore, studies 

have demonstrated that in CAVD, inflammatory cells and VICs secrete MMPs and cathepsins, which 

are involved in extracellular remodelling.39, 92-94 The exact role of the inhibitors of these proteins, 

such as TIMPs and cystatin C, which are also expressed by VICs in CAVD, remains to be established. 

In CAVD, the zona fibrosa is especially prone to this remodelling process, characterized by disruption 

and disorganization of collagen bundles, fragmentation of elastin, and an increase in proteoglycan 

deposition. The disruption of the ECM contributes to the release of growth factors such as TGF-β1, 

which consequently influences VIC differentiation (as described earlier). The osteoblast-like cell dif-

ferentiation of VICs is subject to a number of mechanisms, which are described in the next section.

4.4 Inflammation

Pathologically, stenotic valves are characterized by the presence of chronic inflammatory cellular in-

filtrates such as macrophages and T-lymphocytes, by the accumulation of lipids, and by thickening 

of the fibrosa and mineralization.7 Early CAVD lesions are similar to atherosclerosis lesions, consisting 

of prominent LDL, lipoprotein (a), and apolipoproteins.95 Inflammatory cells and lipids in stenotic 

valve leaflets co-localize near the surface of CAVD lesions, supporting the notion that CAVD is an 

active inflammatory disease process. Evidence suggests that one pathological concept of CAVD 

is that mechanical stress, together with atherosclerotic risk factors, leads to valvular endothelial 

dysfunction, followed by the deposition of LDL particles and other compounds that trigger inflam-

mation. The inflammatory state can lead to the activation of inflammatory signalling pathways, 

macrophage infiltration, and T-lymphocyte activation. Activation of inflammatory pathways con-

tributes to the disease process, which in turn activates VICs to express osteoblastic phenotypes and 

cause calcium deposition.

Figure 2. Human fetal aortic valve section immunostained with anti-CD31 and anti-eNOS reveals side-specific expression of eNOS. 
(F) – fibrosa, (V) - ventricularis.



23

Calcific Aortic Valve Disease – Status Quo

1
4.5 biomechanics

The roles of mechanical and hemodynamic factors have been well studied, considering the context 

of designing and analyzing prosthetic valves. CAVD associates with mechanical and hemodynamic 

factors, as demonstrated by the correlation of CAVD lesions with regions of disturbed blood flow. 

Mechanical forces are vital in valve homoeostasis, but deviations from normal mechanical stress 

patterns can exacerbate pathological differentiation, as seen in CAVD. Contrary to the traditional 

belief that mechanical forces contribute to valve disease in a wear-and-tear fashion, we now see a 

direct relationship between mechanics and the active regulation of the aortic valve cell phenotype. 

This relationship is corroborated by studies that describe a side-specific pathological susceptibility 

of CAVD, demonstrating that the zona fibrosa especially suffers from mechanically induced patho-

logical development. This relationship also reflects the difference in cellular level strains in valve 

tissue layers when subjected to mechanical forces. Mechanical forces and hemodynamic changes 

associated with CAVD exert their influence on the cells with which they are in direct contact, namely 

endothelial cells.

The exposure of shear stress to valve endothelial cells leads to the downregulation of genes 

associated with the activation and osteogenic differentiation of VICs.49, 53 VICs exposed to patho-

logical cyclic strain demonstrated increased expression of (α-SMA, BMP2/4, MMP, and cathepsin 

activity.87 Similarly, hypertensive pressure showed increased VCAM-1 expression and decreased 

osteopontin.96 Myofibroblast activation is also observed in autologous replacement valves im-

planted in an increased pressure environment, such as pulmonary autografts (Ross procedure) or 

tissue-engineered heart valves.97, 98 Moreover, increased mechanical stiffness of the ECM occurs 

due to changes resulting from CAVD,99 and VICs cultured on stiff substrates demonstrate increased 

myofibroblast differentiation and calcification.54

All in all, studies have demonstrated that changes in the mechanical environment and hemo-

dynamic forces are important in the pathological process and changes occurring in CAVD. More 

specifically, biomechanics in the context of CAVD can catalyze the disease process, but are not an 

independent factor of osteoblastic differentiation.

4.6 Transcription Growth Factor–βeta

Transcription growth factor–βeta (TGF-β) regulates biological functions in various systems. In the 

aortic valve, TFG- β affects VIC differentiation, increasing the expression of α-SMA, smooth muscle 

myosin, and calponin.100 TGF- β binds to its receptors (TGF- β receptors I and II), which initiates 

signalling through Smad proteins, which in turn interact with the transcription factors FoxH1, c-

Jun, c-fos, and Gli-3. TGF- β can also initiate mitogen-activated protein kinase (MAPK) pathways. 

Both signalling pathways regulate cell cycle, proliferation, migration, cytokine secretion, and ECM 

synthesis and degradation — all of which are important in normal valvular biology.101 The ECM 

components heparin and fibronectin participate in the effect of TGF- β on VICs.102 By binding TGF- β 

to the pericellular environment, heparin induces α-SMA expression in VICs. Heparin also induces 

new TGF- β synthesis by VICs. VICs express fibronectin, a major component of the ECM that can 
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sequester TGF- β to activate VICs.103 In CAVD, elevated VIC activation by TGF- β causes pathological 

remodelling of the ECM. More specifically, increased TGF- β1 expression increases collagen, glycos-

aminoglycan, and hyaluronic acid synthesis. In addition, studies of calcified valves have indicated 

increased expression of TGF- β in ECM. In vitro studies demonstrate that TGF- β promotes migration, 

aggregation, and formation of apoptotic alkaline phosphatase nodules. Anti-apoptotic agents 

prevent apoptosis and calcification in TGF-β-treated VICs. This indicates that TGF- β also promotes 

CAVD through a process involving apoptosis similar to atherosclerotic plaques.90

4.7 Lipoproteins and the Wnt signalling pathway

Landmark studies of patient aortic valve specimens with CAVD demonstrated the presence of LDLs 

in the valvular tissue. It became clear that lipids participate in the calcification of aortic valves relate 

to events leading to the eventual osteoblast-like differentiation of VICs. Lipids induce oxidative 

stress in the endothelium. Similar to vascular disease, endothelial dysfunction predisposes LDL 

migration through the endothelium. The accumulation of LDL can recruit inflammatory cells, sub-

sequently leading to the release of inflammatory cytokines, which can activate VICs to differentiate 

into osteoblast-like cells.

The active role of lipids in the calcification process is confirmed in humans and in animals, which 

show a higher rate and severity of CAVD.92 Interestingly, studies have demonstrated a relation be-

tween the bone formation signalling pathway and the LDL metabolism pathway. More specifically, 

the regulation of the LRP5/Wnt signalling has been implicated in cardiovascular calcification.12, 104, 105 

LDL receptor-related protein (LRP) signalling in bone is regulated through the canonical Wnt path-

way. Wnt, a growth factor involved in bone and heart development,106, 107 binds to receptors 

composed of frizzled protein and either of LRP5 or LRP6. This inhibits β-catenin degradation and 

leads to its accumulation and subsequent entry into the cellular nucleus. Calcified valves express el-

evated LRP5 and β-catenin, compared to healthy controls.12, 104 β-catenin modulates the expression 

of several target genes, including cyclin D, Runx2/Cbfa1, and Sox9.105 These transcription factors 

are crucial for myofibroblast differentiation to osteoblasts. The exact role of lipids in CAVD has yet 

to be elucidated. The recent failure in lipid-lowering pharmaceutical trials indicates that treating 

hyperlipidemia alone does not affect CAVD.

4.8 The OPG/RAnKL/RAnK signalling pathway

Calcified valves demonstrate the expression of RANKL (ligand of receptor activator of nuclear factor 

κ B, RANK) and osteoprotegerin (OPG), which also play a role in the cytokine system that regulates 

bone turnover.108, 109 RANKL, a member of the TNF-α superfamily, is a transmembrane protein lo-

cated on the surface of osteoblasts, stromal cells, T cells, and endothelial cells.110 RANKL interacts 

with RANK, a transmembrane protein located on osteoclast precursors or mature osteoclasts, 

and induces osteoclastogenesis via NFκB. The interaction of RANKL with RANK also increases the 

binding of osteoblast transcription factor runx2/cbfa-1, which is essential for osteoblast differentia-

tion.109 This interaction can be blocked by OPG, subsequently limiting the activation of RANK and 
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thus preventing osteoclast differentiation. This pathway is critical in cardiovascular calcification, and 

provides a possible link between cardiovascular calcification and bone metabolism,111 but deter-

mining the exact mechanism will require further investigations. Studies have shown that RANK/

RANKL are highly increased in stenotic valves.112 In VICs, RANKL treatment induces an osteoblast-

like phenotype, that favours bone formation, increased nodule formation, and increased alkaline 

phosphatase activity, along with elevated synthesis of matrix elements and enhanced DNA binding 

of Runx2/Cbfa-1.113 Treatment of VICs with TNF- α causes similar effects.91

Furthermore, mice deficient in OPG show calcification of large-sized and medium-sized ves-

sels,114 which supports the protective role of OPG against calcification. Interestingly, OPG has the 

opposite effect on skeletal bone, and inhibits bone resorption. Our study – as described in this 

thesis -demonstrated that cardiovascular calcification inversely correlates with low bone mineral 

density of long bones in an animal model of CAVD.111 These results led to the hypothesis that cal-

cium metabolites in the valve may originate from bone, and are mediated through inflammatory 

signalling. Further studies are needed to evaluate this hypothesis.

4.9 The renin-angiotensin system

Emerging evidence suggests that the renin-angiotensin system (RAAS) and the kallikrein-kinin sys-

tem (KKS) are important in the regulation of heart valve homeostasis. In terms of CAVD, the RAAS/

KKS balance seems to shift toward pro-fibrotic. ACE is a potent pro-fibrotic protein, capable of form-

ing the equally pro-fibrotic angiotensin II (ATII).115 ACE is produced by monocytes/macrophages 

and binds to circulating LDL particles. ACE can inactivate the anti-fibrotic enzyme bradykinin (BK), 

which is generated by the KKS.81 Studies have demonstrated the presence of ATII receptors on 

VICs in CAVD; the density of these receptors is significantly higher in CAVD than in healthy aortic 

valves. The importance of the RAAS is demonstrated in studies where the ATII type 1 antagonist 

olmesartan had similar protective effects as atorvastatin in CAVD in rabbits.82 Retrospective studies 

with ACE inhibitors also seem to slow calcification,77 but randomized clinical trials are warranted.

4.10 neoangiogenesis

Healthy human aortic valves are avascular and receive their nutrients through diffusion. In CAVD, 

however, neo-vessel formation or angiogenesis occurs, especially around calcified nodules. Histo-

pathological studies have demonstrated the expression of vascular endothelial growth factor in 

calcified valves.116 Furthermore, endothelial progenitor cells localize in the zona fibrosa of calcified 

native and bioprosthetic valves, indicating that cells of extra-valvular origin contribute to CAVD.117 

Whether VIC differentiation or inflammatory cells are involved in the neovascularization is unclear. 

Interestingly, the aortic valve also expresses anti-angiogenic factors, such as chondromodulin-1 and 

endostatin.118 This observation has led to the hypothesis that the aortic valve possesses mecha-

nisms to inhibit neovascularization in the healthy native valve, but in CAVD these mechanisms are 

disrupted, adding to its pathological process.



Chapter 1

26

1
4.11 Genetics

The potential involvement of genes in CAVD has received much attention. Lessons learned from 

studies of bicuspid aortic valves, which associate with relatively quick calcific deterioration, demon-

strate the potential role of a genetic component — namely, NOTCH1 and eNOS. For instance, 40% 

of adult mice that lack eNOS develop bicuspid aortic valves.119 NOTCH1 is a receptor-based tran-

scriptional activator and has been shown to promote endothelial-to-mesenchymal transformation 

(EndMT) and valve formation during valvular development. NOTCH1 normally inhibits calcification 

by inducing the expression of its target genes Hey1 and Hey2, which in turn interact with and 

repress the activity of Runx2/Cbfa1. Inactivation or mutations of NOTCH1 catalyze the progression 

of Runx2/Cbfa1-mediated calcification.120 Much research is still needed to elucidate the role of a 

genetic component in CAVD, but evidence indicates that its development could be multifactorial.

4.12 Calcific Aortic Valve Disease – Status Quo

In summary, the previously discussed mechanisms lead to a suggested final common pathway of 

CAVD — the active mineralization of valvular matrix by activated VICs that have differentiated into 

osteoblast-like cells (Figure 3).

Figure 3. Schematic depiction of cellular, molecular and biomechanical mechanisms in calcific aortic valve disease 
(CAVD). qVIC: quiescent valvular interstitial cells, aVIC: activated valvular interstitial cells, oVIC: osteoblastic valvular interstitial cells. 
ACE: angiotensin-converting enzyme, AngI/II: angiotensin I/II; EndMT: endothelial-to-mesenchymal transition; ICAM-1: intracellular 
adhesion molecule-1, VCAM-1: vascular adhesion molecule-1; LDL: low-density lipoprotein; αSMA: alpha-Smooth Muscle Actin, 
Runx2: runt-related transcription factor 2; TGFβ: transforming growth factor-beta; TNFα: tumor necrosis factor-alpha
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The calcification process initiates mainly in the zona fibrosa. The osteogenic differentiation of VICs 

is characterized by the presence of osteoblast-related genes such as osteocalcin, osteonectin, and 

the transcription factors runx2/cbfa1. The RANKL/RANK/OPG and Lpr5/Wnt signalling pathways can 

lead to the stimulation of runx2/cbfa1-mediated calcification of the aortic valve. Excess of circula-

tory LDL, accompanied by ACE, acts through the Lrp5/Wnt signalling pathway and induces mineral-

ization of the valve stroma. Inflammation also stimulates VIC differentiation into osteoblast-like cells. 

Inflammatory cells produce cytokines that stimulate the RANKL/RANK/OPG pathway; ACE that acts 

through Wnt; and enzymes that degrade the ECM (e.g., MMPs, cathepsins). The inflammatory state 

and the degradation of ECM upregulates TGF- β, which stimulates the myofibroblast differentiation 

of VICs and further degrades ECM. Biomechanical forces, in which increased mechanical pressure 

environments can stimulate myofibroblast differentiation of VICs, also influence ECM homeostasis. 

CAVD should be considered a multifactorial disease for which the onset and progression to aortic 

valve stenosis mandate further investigation.

5. COnCLuSIOn

CAVD is a growing burden in the Western world. It is a progressive disease ranging from mild valve 

thickening to severe calcification with aortic valve stenosis. Despite its increasing prevalence and 

clinical significance, the mechanisms of CAVD are unclear. Fuelled by the absence of effective thera-

pies other than aortic valve replacement, studies are needed to achieve a better understanding 

of CAVD — a complex disease in which multiple cellular and molecular mechanisms have been 

identified. The presence of additional comorbidities and clinical risk factors indicates a multifacto-

rial pathogenesis.

The National Heart, Lung and Blood Institute Aortic Stenosis Working Group and more recently 

the Alliance of Investigators of Calcific Aortic Valve Disease set out recommendations for CAVD 

research: 1) identification of genetic, anatomic, and clinical risk factors for the distinct phases of 

initiation and progression of CAVD; 2) development of high-resolution and high-sensitivity imaging 

modalities that can identify early and subclinical CAVD, including molecular imaging and other 

innovative imaging approaches; 3) understanding the basic science of CAVD, including signalling 

pathways and the roles of valve interstitial cells and endothelial cells, autocrine and paracrine signal-

ing, the extracellular matrix and its stiffness, interacting mechanisms of calcification, biomechanics, 

and hemodynamics; 4) development of suitable multi-scale in vitro, ex vivo, and animal models; 5) 

identification of the relationship between CAVD and bone metabolism; 6) creation of tissue banks 

from valve tissue acquired from surgery, pathology, and autopsy, with and without CAVD; and 7) 

establishing clinical studies of CAVD to determine the feasibility of pharmacological intervention 

and optimal timing of surgical valve replacement.
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1. RATIOnALE

Calcific aortic valve disease (CAVD) has become increasingly prevalent worldwide and is associated 

with significant morbidity and mortality. There are currently no therapeutic options beyond surgical 

valve replacement, with transcatheter aortic valve replacement reserved for patients with excess 

operative risk. These challenges warrant better understanding of mechanisms involved in CAVD, 

with the eventual goal of new preventive and therapeutic strategies.

To date, our understanding of human CAVD has mostly been based on pathological specimens 

from patients undergoing valve replacement. However, considering that patients do not exhibit 

symptoms prior to significant aortic valve stenosis, these valves are almost entirely a reflection 

of end stage disease, providing little insight into disease onset or the progression of disease in 

humans. As such, most of our knowledge stems from in vitro cell studies or experimental in vivo 

models, which are both irrefutably important tools to study mechanisms of disease. However, in 

vitro cell studies are not accurate physiological representations of cellular behavior in vivo. On one 

hand, this is due to the inherent unnatural environment attributed to the petri dish. On the other 

hand, this is due to the absence of simulating the complexity of organ systems as they occur in vivo.

Experimental in vivo models are able to simulate such complexity, and provide for elucidating 

multiple variables that might influence disease. However, experiments performed in animal models 

differ significantly from humans. For instance, murine models require dietary and/or genetic ma-

nipulation to induce cardiovascular calcification and leporine models must be fed high cholesterol 

diet to induce disease observed in humans.1 Considering the inability of translating beneficial effect 

of statins in animal models to humans, one can argue that CAVD may progress in humans differ-

ently from animals. One can also argue that our current experimental models of CAVD – in vitro or 

in vivo- have not yielded the understanding required to effectively translate therapeutic targets 

to patients. Understanding early CAVD and disease progression is vital if we are to develop new 

treatment strategies.

Elucidating mechanisms involved in early CAVD seems to face two important challenges. First, 

developing imaging modalities that can visualize the early CAVD process, and second, developing 

experimental models that accurately recapitulate the disease process as it may occurs in situ.

The clinical golden standard for detecting valvular disease in patients is visualizing valvular 

dysfunction by echocardiography. However, this imaging modality is unable to identify early leaflet 

changes mainly because regurgitant blood flow and leaflet thickening occur in subsequent stages 

of CAVD remodeling and calcification. As such, development of detection strategies to identify 

these early leaflet changes is needed. To this end optical molecular imaging has emerged as a tool 

to visualize progression of cardiovascular calcification, and might offer the resolution necessary to 

identify patients who will respond to therapy. In addition, molecular imaging has the potential to 

offer temporal understanding of CAVD and could thus identify hallmarks of disease progression 

usable to develop an optimal therapeutic strategy at each stage of CAVD.
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However, understanding hallmarks of disease onset and its progression relies greatly on eluci-

dating cellular processes of disease. Yet, cells behave differently when isolated from the complex 

architecture of their native tissues and cultured on Petri dishes. In particular, VICs in two dimensional 

culture will undergo spontaneous myofibroblast-like activation, whereas in situ they are mostly 

quiescent fibroblast like cells.2 To this end, the challenge has arisen to develop experimental in vitro 

models, which are physiologically more accurate in simulating the micro-environment native to 

valves. Hydrogel micro engineering has emerged as a powerful tool to address this challenge by 

applying principles of tissue engineering to recapitulate tissue processes in vitro.3 By using natural 

extracellular matrix proteins, hydrogel micro engineering aims to fabricate the cellular micro-

environment of the heart valve. The structure and composition of these hydrogels can be tailored 

to deliver the appropriate chemical, biological and physical cues that resemble the native valvular 

milieu.

The objective of this thesis is to address current challenges in understanding CAVD and particularly 

develop new means of studying early CAVD. The specific aims can be defined as follows.

I Using molecular imaging as a tool to study early onset CAVD and identifying hallmarks of disease 

progression

II Developing an in vitro model that can recapitulate the process of early CAVD as it may occur in situ
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2. OuTLInE

The outline of this thesis follows these goals and is partitioned in two: (I) visualization of early CAVD, 

(II) developing a model for early CAVD.

Part I consists firstly of Chapter 3, which reviews literature on visualizing novel concepts of CAVD 

both in animal models as well as in humans. Chapter 4 explores molecular imaging as a tool to study 

mechanisms of early CAVD in a mouse model of cardiovascular calcification.

Most studies concerning pathological mechanisms of CAVD are limited by inaccurate represen-

tation of human disease. To this end, part II focuses on developing a physiologically more accurate 

model of CAVD. First, Chapter 5 reviews literature on how to use tissue engineering – which in brief 

aims to fabricate human tissue in the laboratory – to create a model for valve disease. Chapter 6 

describes the technology of hydrogel micro-engineering and how to apply this to the field of heart 

valve research. Chapter 7 explains our development of a micro –engineered heart valve-like tissue 

model, which is then used in Chapter 8 to simulate early CAVD. Chapter 9 is an example of how our 

valve-like tissue model can be used to study the effect of radiation on CAVD onset and progression. 

An important part of developing a valve model is the valvular endothelium. Chapter 10 focuses 

on studying the interaction between valvular endothelial cells and valvular interstitial cells and 

their role in CAVD. Final thoughts on early CAVD are reflected in Chapter 11 with a summary and 

conclusions and as a general discussion in Chapter 12.
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InTRODuCTIOn

Calcification, a progressive disease of dysregulated mineral metabolism, has been observed in the 

cardiovascular system for many decades. Ectopic calcification of the cardiovascular system pre-

dominantly affects the aorta, coronary arteries, peripheral arteries and the aortic valve. Traditionally, 

cardiovascular calcification has been considered a passive phenomenon associated with aging; 

however, it is currently viewed as an actively regulated disease process. More specifically, mounting 

evidence suggests that the underlying mechanisms of cardiovascular calcification are similar to 

embrynic bone formation.1-3

The pathological mineralization of the arteries is often observed in atherosclerotic plaques, 

which clinically translates to reduced compliance of the vessel wall, associated with hypertension.4 

In addition, studies demonstrate that microcalcifcation in the fibrous cap overlying the necrotic 

core of atherosclerotic plaques could lead to microfractures and plaque rupture, leading to acute 

thrombosis and possibly fatal myocardial infarctions.5, 6 Furthermore, calcification poses significant 

challenges for the outcome of interventional strategies such as percutaneous coronary interven-

tions for coronary artery disease.7 Calcification of the aortic valve, or calcific aortic valve disease 

(CAVD), progresses from mild thickening to severe calcification and leads to stiffening of the aortic 

valve leaflets, eventually causing left ventricular outflow obstruction and heart failure.3, 8, 9 Even mild 

aortic valve calcification is associated with increased mortality risk.10 There are no known therapies 

that slow disease progression, and in case of aortic valve stenosis, surgical valve replacement and 

evolving transcatheter valve implantation (TAVI) are the only current treatments. Therefore, effec-

tive anti-calcification therapies are warranted.

Aortic valve calcification and arterial calcification share similar risk factors, such as age, gen-

der, smoking, hypercholesterolemia, metabolic syndrome, end-stage renal disease, and diabetes 

mellitus.11 Pathologically, explanted human stenotic aortic valves demonstrate similar lesions as 

observed in atherosclerotic plaques consisting of inflammatory cells and calcific deposits.12 Patients 

with familial hypercholesterolemia are prone to develop atherosclerosis in addition to developing 

valve lesions that calcify with age.13 Moreover, preclinical animal studies show atherosclerotic-like 

lesion in aortic valve leaflets of rabbits and mice with established atherosclerosis.14 Since aortic 

valve calcification and atherosclerosis potentially share a similar pathological mechanism, statins 

(3-hydroxy-3methylglutaryl-coenzyme A [HMG-CoA] reductase inhibitors) emerged as a therapeu-

tic agent. Although several retrospective studies demonstrate a reduction in aortic valve stenosis 

when treated with statins,15-17 large prospective randomized clinical trials, do not support these find-

ings and show no reduction in aortic valve calcification when treated with high doses of statins.18, 19 

Although, this may be due to the late implementation of statins, after aortic valve calcification has 

progressed to an irreversible stage, these studies underscore our lack of understanding of underly-

ing mechanisms of cardiovascular calcification. An increasing aging population necessitate further 

investigation of the pathways that contribute to cardiovascular calcification. The need to develop 

new therapeutic targets to prevent or reverse cardiovascular calcification warrants the use of novel 
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imaging methods, as recently highlighted by the Working Group on Calcific Aortic Stenosis of the 

National heart, Lung, and Blood Institute (NHLBI).20

Currently cardiovascular calcification is visualized by non-invasive conventional imaging 

modalities such as echocardiography, computed tomography (CT) and magnetic resonance 

imaging (MRI). Even though, CT and echocardiography are vital diagnostic tools because of their 

high sensitivity and ability to quantify calcium content of soft tissues, clinical imaging is usually 

only performed when patients are becoming symptomatic. It should be mentioned that coronary 

artery calcium (CAC) scoring is used in asymptomatic patients for risk stratification for CAD. Clinical 

Figure 1. Molecular Imaging of Cardiovascular Calcification. Molecular imaging visualizes inflammatory activity, defined as 
macrophage accumulation, and osteogenesis in the aortic valves and aortas of apoE−/− mice. Magnetofluorescent nanoparticles 
were injected into mice to visualize macrophage accumulation (left). Spectrally distinct bisphosphonate-imaging agent that binds 
to hydroxyapatite were injected to detect osteogenic activity (right). Inflammatory and osteogenic activity colocalized in the aortic 
valve (top) and in the aorta (bottom), specifically in the areas of highest mechanical stresses at the aortic valve attachment (ar-
rowheads) and at the atherosclerosis-prone areas, such as the innominate artery, aortic arch, and abdominal aorta (arrows). High 
signal intensities are shown in red/yellow/green. Adapted with permission from New & Aikawa Circ Res 2011 [53]
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symptoms arise only at advanced stages of calcification, leaving physicians too late to reduce or 

prevent calcification. In addition, CT and echocardiography have a relatively low spatial resolution 

and cannot detect early stages of cardiovascular calcification. Early detection methods are needed 

to not only elucidate early mechanisms of cardiovascular calcification, but also to establish whether 

the disease is reversible. Imaging modalities that can visualize molecular targets can contribute 

to understanding important molecular and cellular aspects of cardiovascular calcification. The 

development of molecular imaging has enabled us to visualize early stages of calcification and 

piece together the mechanism of disease progression leading to calcium deposition (Figure 1). This 

review discusses how innovative imaging techniques have helped visualizing novel concepts of 

cardiovascular calcification.

InITIATIOn OF CALCIFICATIOn

The mechanistic pathways involved in the development of cardiovascular calcification remain 

largely unknown. In calcification research much focus is shifting toward mapping the entire process 

of the disease and as such determining the initiation, progression and end-stage of the disease 

process. The current pathological concept of cardiovascular calcification, albeit arterial or valvular 

in nature, is that cardiovascular risk factors lead to endothelial dysfunction, followed by the deposi-

tion of lipoprotein (LDL) particles and other compounds that trigger inflammatory response.3, 21-23 

The inflammatory state leads to the activation of inflammatory signaling pathways, macrophage 

infiltration and T-lymphocyte activation. Activation of inflammatory pathways contributes to the 

disease process, which in turn activates smooth muscle cells (SMC) in the arterial wall and valvular 

interstitial cells (VIC) in the aortic valve to differentiate to osteoblast-like cells and deposit calcium. 

Although the initiation of cardiovascular calcification is still a matter of investigation, evidence sug-

gests that endothelial dysfunction leads to osteoblastic differentiation of underlying SMC and VIC 

in the arterial wall and aortic valve, respectively.

EnDOThELIAL ACTIVATIOn

The endothelium maintains normal homeostasis at the vasculature-blood interface, however dys-

functional endothelial cells promote an inflammatory response and the onset of atherosclerosis/ 

intimal calcification.24 Noninvasive ultrasound molecular imaging, via targeted imaging agents, 

can detect lesion-prone vasculature before the appearance of advanced calcified atherosclerotic 

plaques.25 Sites of atherosclerotic lesion formation are associated with an increased surface expres-

sion of endothelial cell adhesion molecules, such as VCAM-1 and P-selectin.25-27 This expression of 

VCAM-1 by endothelial cells precedes fatty streak formation28 and is up-regulated in response to 

oxidized LDL cholesterol – a hypercholesterolemic milieu.29 VCAM-1 participates in the initiation 
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and progression of atherosclerotic plaques can be visualized in vivo by noninvasive molecular imag-

ing (Figure 2).25-27

The mechanism of initiation of vascular calcifi cation is proposed to be similar to that which we 

have suggested for calcifi c aortic valve disease.23, 30 Activated endothelial cells recruit infl ammatory 

cells, mainly in the form of monocytes/macrophages, which contribute to the progression of this 

pathological disorder. Our recent work used molecular imaging to detect early changes in aortic 

valve disease. Utilizing a similar approach as imaging arterial endothelial cells, VCAM-1 targeted 

agents are distributed in the commissures of the aortic valve,27 which was validated by immu-

nohistochemical analysis of VCAM-1 expression.31 It has been confi rmed that valvular endothelial 

dysfunction or injury leads to increased expression of adhesion molecules VCAM-1, ICAM-1 and 

E-selectin.32, 33 Mechanically the commissures endure the greatest amount of stress during the car-

diac cycle, making these areas more prone to endothelial injury than other parts of the leafl ets. In 

addition, high pulsatile shear stress has demonstrated the upregulation of infl ammatory receptors 

by valvular endothelial cells for circulating cytokines and infl ammatory monocytes, leukocytes and 

T-lymphocytes.32, 34, 35

Another endothelial mechanism suggested a role of reactive oxygen species (ROS) as a possible 

initiating factor of calcifi cation.35-37 ROS, including oxidized lipids, can cause endothelial cell injury, 

leading to loss of cell alignment and upregulation of cell adhesion molecules for circulating infl am-

matory cells. To this end, a recent study demonstrated imaging ROS with allylhydrazine, a liquid 

compound that converts to nitrogen and propylene gas after reacting with ROS, in mice using a 

clinical echocardiography system. Allylhydrazine can be encapsulated within liposomes and is able 

to detect micromolar concentrations of radical oxidants.38

Figure 2. Visualization of VCAM-1 targeted agents. MRI visualizes endothelial activation detected by VCAM-1-targeted agent, in 
the commissures of aortic valves, which are regions of high fl exure and mechanical stress. (A) dotted line = slice position of short 
axis view. (b) negative signal enhancement caused by uptake of VCAM-1-targeted nanoparticles. (C) color-coded signal (red) show 
focused uptake of VCAM-1 in commissures (arrows). (Adapted with permission from Aikawa et al. Circulation 2007 [30])
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PROGRESSIOn OF CALCIFICATIOn - An InFLAMMATORy COnCEPT

Evidence suggests that arterial and valvular calcification follows a pathway similar to that of endo-

chondral bone formation;39 osteoblastic differentiation of vascular SMC is via the Runx2 pathway40 

similar to VIC. A series of in vitro studies41-44 demonstrate that monocytes and macrophages release 

inflammatory cytokines that promote cardiovascular calcification by regulating the differentiation 

of calcifying vascular cells. These calcifying vascular cells express a number of phenotypic markers 

synonymous with osteoblasts and chondrocytes.23, 31, 45, 46 Our molecular imaging studies on arterial 

intimal calcification have provided the first in vivo evidence of the role that inflammation plays in 

initiating calcification.23 Nanoparticle technology can be used to image not only the accumula-

tion of macrophages within the intima of the atherosclerotic plaque, but also the co-localization 

of macrophages with osteogenic activity or active mineralization. Intravital microscopy has been 

performed on the carotid arteries of untreated and statin-treated cohort of apoE-/- mice at 20 

weeks and 30 weeks of age. Macrophage number, as visualized by macrophage-targeted iron oxide 

nanoparticles, increased in association with osteogenic signal at 30 weeks. In this study of early 

calcification, anti-inflammatory statin therapy prevented both macrophage burden and osteogenic 

activity. Osteogenic differentiation of SMC and areas of active mineralization are effectively imaged 

via the use of a bisphosphonate-conjugated imaging agent (OsteoSense680).23, 47, 48 This imaging 

agent binds to calcium and will accumulate where there is increased osteogenesis, as confirmed by 

alkaline phophatase activity.49

The progression of arterial calcification has shown to largely depend on an inflammatory pro-

cess, which in turn associates with proteolysis and tissue remodeling. Early calcifying atherosclerotic 

plaques, often termed “spotty” calcifications, are associated with microcalcification and numerous 

macrophages undergoing proteolysis.50 These vulnerable early atherosclerotic plaques are at risk of 

fatal rupture.1, 5, 6, 51 During the progression of atherosclerosis, macrophages elaborate proteolytic 

activity, in the form of elastases (e.g., cathepsin S) and metalloproteinases (e.g., MMP-1, MMP-2, 

MMP-9). Our study utilized a novel protease-activatable imaging agent specific for cathepsin S and 

provided the first direct in vivo evidence for the role of this elastase in cardiovascular calcification.52 

Molecular imaging detected increased cathepsin S and osteogenic activities in CRD mice, induced 

by 5/6 nephrectomy, compared to control apoE-/- mice. Furthermore, calcification was decreased 

in atherosclerotic plaques and aortic valves in mice lacking cathepsin S. These results were cor-

roborated using optical projection tomography and quantitative histology.

In the early stages of cardiovascular calcification, macrophage-derived elastolytic and proteolytic 

enzymes degrade elastin and collagen respectively, major components of the extracellular matrix 

(ECM) in both the aortic valve and arteries.53 Inflammation-induced elastolysis in the atherosclerotic 

plaques results in the release of biologically active, soluble elastin-derived peptides.54, 55 These bio-

logically active peptides may regulate cell processes such as proliferation, as well as promote osteo-

genic differentiation of SMC and subsequent microcalcification-formation.54-56 Microcalcifications 

provoke a pro-inflammatory response in macrophages via mechanisms involving protein kinase 
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C-α and ERK1/2 MAP kinase.57, 58 Therefore a positive feedback loop of inflammation and calcifica-

tion drives progression of arterial calcification;57, 59 corroborated in vivo via the use of molecular 

imaging in our study.23 Molecular imaging is capable of characterizing/diagnosing plaque activity, 

in the form of proteolytic activity, to identify high-risk patients. Thus the visualization of proteolytic 

activity, via the use of near-infrared fluorescence (NIRF) beacons/probes, may prove a valuable tool 

in the diagnosis of vulnerable rupture-prone plaques and onset of aortic stenosis.

The inflammatory cascade, that is initiated by the valvular endothelium, first results in exces-

sive remodeling of the aortic valve extracellular matrix, which follows the clinical observation of 

aortic fibrosis preceding aortic valve stenosis.12 Similar to the arterial wall, proteolytic enzymes 

and their inhibitors maintain a balance that can degrade ECM compounds such as collagen and 

elastin during valvular remodeling. Using macrophage targeted NIRF-conjugated iron nanopar-

ticles and protease activatable NIRF probes, we have demonstrated that macrophages correlate 

with increased levels of matrix metalloproteinases (MMP-1, MMP-2, MMP-9, MMP13,), and cysteine 

proteases (cathepsin S, cathepsin K) in early stage calcification animal models.23, 31, 52 In turn, we 

have also showed that inflammatory activity correlated with osteogenic activity using the same 

previously described calcification sensitive imaging probe.47 This imaging agent uses different NIRF 

wavelengths than other imaging agents, allowing for the correlation of osteogenic activity with 

other pathological processes of the valve. Using this approach, we have correlated inflammation 

with early osteogenic activity in the valve, and confirmed by alkaline phosphatase specific activity 

and immunohistochemistry for osteocalcin, osteopontin and the osteogenic transcription factor 

Runx2.23

Furthermore, it is also possible to use these NIRF agents for MRI visualization, making the transla-

tion to clinical practice very feasible. Recently developed iron-oxide based magnetic nanoparticles, 

which are engulfed by tissue macrophages by phagocytosis, can be used for T2 weighted contrast 

MRI and PET.60 This technology allows clinicians to discover a potential reversibility of the inflam-

matory response that leads to cardiovascular calcification by visualizing molecular, anatomic and 

physiological changes of the cardiovascular system. Another optical imaging technology, micro-

optical coherence tomography (micro-OCT), has recently been developed and is able to visualize 

microcalcifications, cholesterol crystals, macrophages and proteins with a 1–micron resolution. It 

does not require the injection of molecular imaging agents and can thus be more easily translated 

from bench to bed. Nevertheless both NIRF imaging and micro-OCT have limited tissue penetration.

Recent evidence suggests that positron emission tomography (PET) imaging could overcome 

this limitation by using PET traces that target inflammation and calcification.30, 61-63 Glucose analogue 

18F-fluorodeoxyglucose (18F-FDG) is an imaging agent taken up by cells by glucose transport 

proteins, upon which the agent becomes trapped in macrophages. 18F-sodium fluoride (18F-NaF) 

binds to hydroxyapatite and is a marker for mineralization. A recent study that used this imaging 

approach confirmed, in patients with the full spectrum of aortic valve calcification, that inflamma-

tion and mineralization are present in early stages of aortic valve calcification.64 It is the first clinical 
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study to visualize early calcification processes in patients that confirms our current understanding 

of aortic valve calcification.

Although the exact role of inflammation remains to be elucidated, it is clear that specific imag-

ing agents can be used to visualize mechanisms related to cardiovascular calcification. Moreover, 

specific targeting imaging agents, for particular molecules of interest, may prove beneficial as a 

means to visualize potential biomarkers or therapeutic targets.

ALTERnATIVE MEChAnISMS OF ARTERIAL CALCIFICATIOn

Although we are fully in support of the widely accepted concept that calcifying vascular cells play 

an important role in cardiovascular calcification, we also fervently believe that there are alternative 

mechanisms of mineralization. The apoptosis of macrophages has been proposed to contribute 

to plaque vulnerability.6 In addition, macrophages induce the apoptosis of vascular SMC by direct 

interaction.65, 66 The release of apoptotic bodies from macrophages and SMC undergoing apoptosis 

may provide a nidus for calcification and provoke the generation of microcalcification.67, 68 Apoptosis 

can be monitored in the vasculature in real-time via the use of molecular imaging approaches with 

fluorescently tagged annexin V imaging agents.69, 70 The clinical translation of imaging approaches 

such as these may prove beneficial in assessing the effectiveness of specific therapies, as well as a 

means to visualize disease progression.

Osteoblasts and chondrocytes release hydroxyapatite-nucleating matrix vesicles during biologi-

cal skeletal tissue mineralization.71, 72 Matrix vesicles (30-300 nm), precursors of microcalcifications, 

bud from the plasma membrane of living cells and also believed to serve as a nidus for mineral 

nucleation in ectopic calcification.73-75 Evidence suggests that these matrix vesicles contain inhibi-

tors of mineralization, such as Matrix Gla Protein and Fetuin-A, and a reduction in these inhibitors 

enhances their calcific potential.76-78 Calcifying matrix vesicles have been stated to possess exposed 

phosphatidylserine.78 Therefore some of the current molecular imaging modalities used to image 

apoptosis and calcification can also detect matrix vesicle accumulation. The exact role that these 

vesicles play in cardiovascular calcification and the mechanism by which they are released still 

require further investigation.

LATE-STAGE CALCIFICATIOn

Late-stage cardiovascular calcification is characterized by advanced tissue mineralization and 

diminished inflammation. It is classically reviewed as irreversible due to the development of 

advanced calcified material and is readily detected by conventional imaging approaches (e.g., 

echocardiography, CT).79 All in all, cardiovascular calcification, albeit arterial or valvular, seems to 

follow similar pathways towards mineralization (Figure 3).
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Specifically, calcification starts with endothelial dysfunction or activation due to inflammation, 

leading to an increased uptake of inflammatory cells. Inflammation therefore can be viewed as 

a propagation process eventually leading to the differentiation of SMC or VIC to actively deposit 

calcium in the arterial wall and aortic valve respectively. Where conventional imaging modalities 

are limited, this early calcification process can be visualized by molecular imaging. Table 1 depicts 

molecular agents used in detecting various components of cardiovascular calcification.

COnCLuSIOn

Cardiovascular calcification is currently viewed as an active disease process. Understanding the 

pathological pathways from initiation to late stage mineralization is key to identifying therapeutic 

targets that can potentially treat cardiovascular calcification. Especially mapping early calcification 

before the disease process has passed a point of no return provides the window for potential 

Figure 3. Mechanisms underlying arterial and aortic valve calcification. This figure depicts the theory that cardiovascular 
calcification follows similar pathways in both the artery and the aortic valve and summarizes how molecular imaging can visualize 
concepts of the calcification process. Cardiovascular calcification is an active process, initiated by endothelial dysfunction/activa-
tion and/or by inflammation and resulting in mineralization. Pro-inflammatory monocytes (1) are recruited to a site via activated/
injured endothelial cells (ECs). (2) The activation of ECs causes increased expression of adhesion molecules, such as VCAM-1, which 
can be visualized by NIRF imaging VCAM-1 agent. Subsequent macrophage (3) accumulation follows, which can be analyzed with 
NIRF macrophage-targeted nanoparticles (AminoSPARK). The release of proteolytic enzymes, including matrix metalloproteases 
and cathepsins, by macrophages, which stimulates the differentiation of myofibroblasts (4) and smooth muscle cells (5) into osteo-
blasts, can be visualized by molecular imaging with activatable imaging agents (MMPSense, ProSense). Osteogenic activity in the 
form of osteoblast (6) formation and microcalcifications associated with generation of calcified matrix vesicles (7) can be identified 
by a bisphosphonate-conjugated imaging agent (OsteoSense) whereas apoptosis (8) can be detected by a fluorescently tagged 
Annexin A5 imaging probe. Calcification (9) can be readily detected by molecular imaging and conventional imaging techniques 
such as CT and Echocardiography. Adapted with permission from New & Aikawa Circ Res 2011 [53]
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treatment. Therapeutic agents have thus far not proved beneficial in the clinical setting, mainly 

because of late clinical diagnosis. In addition, because histopathological examination is not pos-

sible during longitudinal noninvasive imaging studies (e.g., echocardiography, CT, PET), validated 

high-resolution invasive imaging modalities (e.g., molecular imaging, micro-OCT) may be required 

to understand the mechanisms at various stages of CAVD.

The molecular imaging approach can unmask/resolve early pathophysiological changes in 

the cardiovascular system and may prove beneficial diagnostically in a clinical setting. Moreover, 

considering the amount of evidence demonstrating the role of inflammation in early stages of 

calcification (e.g., initiation, propagation), targeting inflammation could be beneficial in reducing 

and even halting subsequent mineralization. Although current clinical imaging approaches, such 

as echocardiography, remain essential for clinical management and for following CAVD progression 

once valve obstruction is present, PET may be the method of choice for detection of early calcifica-

Cardiovascular Calcification Target Imaging Agent Imaging Modality

Processes associated with Early Calcification

- Endothelial Dysfunction VCAM-1 VINP-28 Optical Imaging†/MRI

Microbubbles US

ICAM-1 NIRF
Microbubbles

Optical Imaging
US/MRI

ROS Microbubbles
MPO* probe

oxLDL-targeted nanoparticle

US
Optical imaging

MRI

- Inflammation Macrophages

MMP
Cathepsin

Nanoparticles (e.g. CLIO*)
MMPSense
ProSense

Optical Imaging/MRI/PET

Optical Imaging

Progression of Calcification

- Inflammation Macrophages
 

Nanoparticles (e.g. CLIO*)
Nanoparticle 

Optical Imaging/MRI/PET
 

- Apoptosis Annexin-V 18F-FDG 
Activatable probes 

Optical Imaging/MRI 
PET 

Caspase OsteoSense Optical Imaging/PET 

- Microcalcification Hydroxyapatite 18F-NaF Optical imaging 
PET 

Late Stage Calcification

- Advanced Calcification Hydroxyapatite OsteoSense
18F-NaF

Optical Imaging
PET

Calcium - Echocardiography
CT

Table 1. Molecular Imaging agents in Cardiovascular Calcification
*NIRF, near-infrared fluorescence; MRI, magnetic resonance imaging; US, ultrasound; ROS, reactive oxygen species; MPO, myelo-
peroxidase; CLIO, cross-linked iron oxide; PET, positron emission tomography; FDG,  fluorodeoxyglucose; NaF, sodium fluoride; CT, 
computed tomography. †Optical imaging indicates one or more of the following modalities: Optical projection tomography (OPT), 
micro-optical coherence tomography (micro-OCT), fluorescence molecular tomography (FMT) and intravital microscopy (IVM).
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tion and inflammation in clinical trials. Molecular imaging modalities possess great potential in 

visualizing in vivo cardiovascular calcification and will be vital in the development of therapeutic 

targets. Large, prospective, event-driven studies of noninvasive imaging techniques will be required 

to determine the place of these modalities in future clinical practice.
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AbSTRACT

Introduction

Westernized countries face a growing burden of cardiovascular calcification and osteoporosis. De-

spite its vast clinical significance, the precise nature of this reciprocal relation remains obscure. We 

hypothesize that cardiovascular calcification progresses with inflammation and inversely correlates 

with bone tissue mineral density (TMD).

Methods and Results

Arterial, valvular, and bone metabolism were visualized using near-infrared fluorescence (NIRF) 

molecular imaging agents, targeting macrophages and osteogenesis. We detected significant 

arterial and aortic valve calcification in apoE-/- mice with or without chronic renal disease (CRD, 

30 weeks old; n=28), correlating with severity of atherosclerosis. We demonstrated decreases in 

osteogenic activity in the femurs of apoE-/- mice as compared with WT mice, which was further 

reduced with CRD. 3D micro-CT imaging of the cortical and cancellous regions of femurs quantified 

structural remodeling and reductions in TMD in apoE-/- and CRD apoE-/- mice. We established 

significant correlations between arterial and valvular calcification and loss of TMD (R2=0.67 and 

0.71, respectively). Finally, we performed macrophage-targeted molecular imaging to explore a link 

between inflammation and osteoporosis in vivo. While macrophage burden, visualized as uptake 

of NIRF-conjugated iron nanoparticles, was directly related to the degree of arterial and valvular 

inflammation and calcification, the same method inversely correlated inflammation with TMD 

(R2=0.73; 0.83; 0.75, respectively).

Conclusion

This study provides direct in vivo evidence that in arteries and aortic valves, macrophage burden 

and calcification associate with each other, while inflammation inversely correlates with bone 

mineralization. Thus, understanding inflammatory signaling mechanisms may offer insight into 

selective abrogation of divergent calcific phenomena.
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InTRODuCTIOn

Clinical studies suggest that cardiovascular calcification, atherosclerosis, and chronic renal disease 

(CRD) are associated with osteoporosis.1, 2 Emerging epidemiological evidence shows age-

independent correlation between bone mineral density and cardiovascular events.3-5 In limited 

mouse studies, atherosclerosis susceptibility corresponds with reduction of bone mineralization.6, 7 

Although these observations suggest common underlying mechanisms, the precise natures of the 

relations between arterial calcification, calcific aortic valve disease, and bone osteogenesis, as 

well as reciprocal regulation of these processes, remain unknown. The National Heart, Lung, and 

Blood Institute (NHLBI) Working Group on Calcific Aortic Stenosis has recently underscored the 

importance of identifying the relationship between calcification of the aortic valve and bone and 

the reciprocal regulation of these processes.8

Arterial and aortic valve calcification is a significant cause of morbidity and mortality.9, 10 Arterial 

calcification not only weakens vasomotor responses, but also affects atherosclerotic plaque stabil-

ity. Emerging evidence suggests that atherosclerotic plaques are prone to rupture, particularly in 

regions of high background stress with microcalcifications located in the thin fibrous cap.11-13 In 

addition, calcification impairs the movement of aortic valve leaflets, causing life-threatening aortic 

stenosis and heart failure.14 Recent studies suggest that underlying mechanisms of aortic valve 

calcification resemble those of atherosclerotic arterial calcification, triggered by hemodynamic 

stress, reactive oxygen species, and inflammatory cues.14-17

Cardiovascular calcification was conventionally viewed as an inevitable consequence of aging, 

but recent landmark studies have demonstrated that it is a highly regulated process of mineralization, 

akin to embryonic bone formation.14, 18 Indeed, calcified vascular material is often indistinguishable 

from bone, and its formation involves cellular and molecular signaling processes found in normal 

osteogenesis.19, 20 We have reported that valvular myofibroblast-like cells, due to their plasticity, 

respond to various stimuli by undergoing activation and sequential phenotypic differentiation. 

During cardiovascular calcification, macrophage-derived proteinases such as elastolytic cathepsins 

or metalloproteinases induce the release of biologically active, soluble elastin-derived peptides 

that may promote osteogenic differentiation of myofibroblasts or smooth-muscle cells (SMC).21 This 

finding concurs with studies of phenotypic conversion of vascular SMC and valvular myofibroblasts 

into osteoblastic cells, characterized by the expression of bone-regulating proteins and osteogenic 

factors (e.g., alkaline phosphatase, osteopontin, osteocalcin, Runx2/Cbfa1, Osterix).16, 22, 23

Imaging approaches that can spatially resolve and quantify the temporal pro-osteogenic mo-

lecular processes in arteries, valves, and bones are limited. Conventional imaging modalities can 

identify advanced late-stage calcification, but optical molecular imaging can detect tissue mineral-

ization at the earliest stages. The present study tested the hypothesis that arterial and aortic valve 

calcification is inversely correlated with low bone tissue mineral density (TMD). The specific objec-

tive was to quantify the relation between cardiovascular calcification (arterial and valvular) and long 

bone remodeling (cortical and trabecular) in established models of atherosclerosis and CRD,14-16 



Chapter 4

64

4

using optical molecular imaging and high-resolution 3D micro-CT. In addition, to demonstrate the 

association between inflammation, ectopic calcification, and osteoporosis, we directly compared 

macrophage burden and progression of osteogenic changes in each region of the same animals 

in vivo and ex vivo. Our results on opposing effects of inflammation in soft tissues (cardiovascular 

organs) and in bone agree with previous reports on accelerated osteolysis in inflamed bones.24 Our 

study provides new insight into the relation between osteoporosis and cardiovascular calcifica-

tion, and suggests shared inflammatory mechanisms of ectopic calcification and bone osteolysis. 

It also offers a unique model for exploration of in vivo mechanisms regulating early cardiovascular 

calcification and bone mineral loss.

METhODS

Animal Protocol

We studied osteogenic changes in carotid arteries, aortic valves, and femur bones obtained from 

30-week-old apoE-/- mice that consumed an atherogenic diet (Teklad TD 88137; 42% milk fat, 0.2% 

total cholesterol, Harlan, Indianapolis, IN) from 10 weeks of age. At 20 weeks of age, mice were 

randomized either to continue the atherogenic diet (apoE-/-; n=10) or receive 5/6 nephrectomy 

procedure (CRD apoE-/-; n=10). We used 5/6 nephrectomy (left heminephrectomy, followed by 

right total nephrectomy one week later) to induce CRD, a procedure that also aggravates cardio-

vascular inflammation and calcification.1-3 Age-matched wild-type C57/BL6 mice (WT, n=8, Jackson 

Laboratory, Bar Harbor, ME) served as controls. At 30 weeks of age, mice underwent intravital 

microscopy and were euthanized for ex vivo imaging following by statistical analyses. In addition 

to molecular imaging, the femurs of the mice underwent quantitative micro-CT imaging analyses 

(WT, n=3; apoE-/-, n=4; CRD apoE-/-, n=4). The Subcommittee on Research Animal Care at Mas-

sachusetts General Hospital approved all procedures.

blood biochemical analyses

Blood was obtained from the heart, and serum levels of total cholesterol, cystatin C, creatinine and 

phosphate were assessed as previously described.3

Molecular imaging agents

To image osteogenesis, we used biphosphonate-conjugated imaging agent (Osteosense680/

OS680, VisEn Medical, Inc., Woburn, MA) binding to hydroxyapatite in actively mineralized regions 

containing osteoblast-like cells in arteries, valves (Suppl. Figure 1A)3-5 and bones.6 This agent 

elaborates fluorescence detectable through the near-infrared (NIR) window excitation/emission 

650/680nm. Macrophage-targeted near-infrared (NIR)-conjugated iron nanoparticle (Suppl. Figure 

1B), producing fluorescence visible through the NIR window excitation/emission 750/780nm, was 

used to detect inflammation.3, 5
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Molecular imaging of carotid arteries, aortic valves, and femurs

Mice simultaneously received two spectrally distinct imaging agents (OsteoSense680 and CLIO-

750) via intravenous injection 24 hours before imaging. Dual-channel fluorescence imaging was 

performed using an intravital laser scanning fluorescence microscope specifically developed for 

imaging of small experimental animals. Excitation at 633 and 748 nm and image collection in 

two different channels was done serially to avoid cross talk between channels. Image stacks were 

processed and analyzed with ImageJ software (version 1.41, Bethesda, MD). Image post-processing 

was done with OsiriX imaging software (version 3.6.1, Open Source). Data was presented as region 

of interest (ROI; pixels) and signal intensity (SI; Arbitrary Units; AU).

Macroscopic fluorescence reflectance imaging of aortic specimens

After intravital imaging, mice were euthanized. Aortas were perfused with saline, dissected, and 

imaged to map the macroscopic NIR fluorescent signals elaborated from Osteosense680 using 

fluorescence reflectance imaging system (Omega Optical, Brattleboro, VT).3, 4

Micro-CT imaging of bones

Whole femurs were transferred to individual conical tubes filled with fresh PBS and imaged using 

micro-CT (GE eXplore Vision CT 120, GE Healthcare, Inc.). Bones were scanned at 90 KeV and 40mA, 

using 1200 angles and 4 images per angle to enhance clarity. Calibrations and comparison with 

scans by other micro-CT systems demonstrated that this protocol results in 25 µm voxel size. A 

calibrated bone phantom (SB3 with 1073 mg/cc, GE Healthcare, Inc.) was scanned simultaneously 

with the experimental samples to relate X-ray attenuation by different scans. Image stacks were 

reconstructed to 3D datasets using the eXplore software and transferred to MicroView v3.2 (GE 

Healthcare, Inc.) for post processing and analysis. The midshaft cortical region and the trabecular 

region in the femoral head were analyzed. For the midshaft, a 70-slice segment representing 1.75 

mm axial length was processed using MicroView as previously described. Bone was identified in 

each slice via X-ray attenuation–based Hounsfeld unit thresholding. The average cortical and mar-

row areas for each bone were then determined. The 3D cortical bone volume was segmented out 

of the original dataset and tissue mineral density was calculated using MicroView. For the trabecular 

analysis, a trapezoidal zone between the epiphysis and the metaphysis containing only trabecular 

networks was extracted and analyzed using MicroView. Bone volume fraction, trabecular number, 

thickness, and spacing were quantified for each treatment. At least three femurs were analyzed for 

each experimental condition.

Correlative histopathological assessment

After imaging, tissue samples were frozen in OCT compound (Sakura Finetech, Torrance, CA), and 5 

um sections were cut through the carotid arteries and aortic valves. Alkaline phosphatase activity 

was detected on cryosections that were directly incubated with conjugated antibody (Vector Labs, 

Burlingame, CA). The avidin-biotin peroxidase method was used for immunohistochemistry for de-
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tection of macrophages (rat monoclonal antibody against mouse Mac 3, BD Biosciences, San Jose, 

CA). The reaction was visualized with a 3-amino-9-ethylcarbazol substrate (AEC, Sigma Chemical, St 

Louis, MO). Images were captured with a digital camera (Nikon DXM 1200-F, Nikon Inc, Melville, NY).

Statistical analyses

Data are presented as mean +/- standard deviation. Statistical analyses for comparison groups 

employed One-way ANOVA, followed by the Tukey-Kramer post hoc test performed with GraphPad 

prism software (version 4.0, GraphPad Software, San Diego, CA). Tests were two-sided and adjusted 

for variance inequality where appropriate. Linear regression with Pearson’s correlation test was used 

to determine covariant relationships between data. Normal distribution of the data was confirmed 

by comparing against expected normal distributions with given means and standard deviation. In 

all cases, test probability values less than 0.05 were considered statistically significant. For intravital 

imaging, signal intensity (SI) and region of interest (ROI) were identified as positive area detected by 

OsteoSense680- or CLIO750-derived signals and selected in each sum-image using ImageJ imaging 

software (v. 1.41, Bethesda, MD) as previously described.4

RESuLTS

Serum phosphate, creatinine, cystatin C and cholesterol levels in apoE-/- and CRD apoE-/- mice

Total cholesterol was significantly increased in apoE-/- and CRD apoE-/- mice, as compared with 

WT mice (467.2±51.1 mg/dL and 397.1±24.8 mg/dL vs. 56.3±9.8 mg/dL; p<0.05). In addition, CRD 

apoE-/- mice had significantly increased serum phosphate, creatinine, and cystatin C levels as com-

pared with apoE-/- and WT mice (phosphate: 11.4±0.9 mg/dL vs. 6.3±0.4 mg/dL and 4.7±0.4 mg/

dL; p<0.05; creatinine: 0.6±0.04 mg/dL vs. 0.4±0.01 mg/dL and 0.3±0.01 mg/dL; p<0.05; cystatin 

C: 0.9±0.01 ug/ml vs. 0.6±0.2 ug/ml, and 0.3±0.02 ug/ml; p<0.001). Greater serum phosphate, 

creatinine, and cystatin C levels suggest that 5/6 nephrectomy induced kidney failure, which in 

turn promotes inflammation.15

Osteogenic activity in mouse arteries and aortic valves associate with each other and 

increase with atherosclerosis severity

Fluorescence reflectance imaging was used to map mineralization in aortas of WT, apoE-/-, and CRD 

apoE-/- mice. Strong signals were detected at the levels of aortic valve, aortic root, aortic arch, and 

abdominal aorta, in apoE-/- and especially CRD apoE-/- mice as compared with WT mice (Suppl. 

Figure 2). Intravital imaging of carotid arteries in vivo showed more than 47-fold and 78-fold in-

creases of calcified tissue area (ROI) in apoE-/- and CRD apoE-/- mice, respectively, compared to WT 

cohort (Figures 1A, 1B). In addition, up to 100-fold and 400-fold increases in osteogenic signal (SI) 

occurred in apoE-/- and CRD apoE-/- mice, respectively, when compared to the WT cohort (Figures 

1A, 1C). Imaging analyses of the aortic valves in WT, apoE-/-, and CRD apoE-/- mice revealed that 
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ROI increased 4-fold and 20-fold in size in apoE-/- and CRD apoE-/- mice, respectively, compared 

to ROI in WT mice (Figures 1D, 1E). Osteogenic SI was further significantly increased in aortic valves 

of apoE-/- and CRD apoE-/- mice (13-fold and 50-fold, respectively) as compared with WT mice 

(Figures 1D, 1F). We performed a correlative analysis, in addition to a Pearson’s correlation test, to 

evaluate an association between vascular and valvular calcification. Figure 1G shows a significant 

correlation of arterial and aortic valve calcific ROI (r=0.75; p<0.05). In addition, arterial osteogenic SI 

significantly correlated with valvular SI (r=0.67; p<0.05; Figure 1H).

Furthermore, correlative histopathology corroborated our imaging data (Suppl. Figures 3A, 3B). 

These imaging and histological results support the association between arterial and aortic valve 

calcification.

Figure 1. Induction of Osteogenesis in Carotid Arteries and Aortic Valves of apoE-/- and CRD apoE-/- Mice, Detected by 
Intravital Fluorescence Microscopy
(A) Calcified regions (ROI) and mineralization (signal intensities; SI) in the carotid arteries of WT, apoE-/-, and CRD apoE-/- mice 
injected with Osteosense680 (maximum SI shown in red). (b) Quantitative assessment of ROI showed significant increase in calcifi-
cation in CRD apoE-/- vs. WT and apoE-/- mice. (C) Arterial osteogenic SI is greater in CRD apoE-/- mice, compared to other groups. 
(D) Pseudocolor mapping of mineralization ROI and SI in the aortic valves. Aortic valve calcified ROI (E) and osteogenic SI (F) are 
significantly higher in CRD apoE-/- mice, compared to other groups. (A-F) WT, n= 8; apoE-/-, n=10; CRD apoE-/-, n=10. (G) Correla-
tion of arterial and valve calcified tissue area (ROI; pixels). (h) Correlation of arterial and valve osteogenic activity (SI; AU). (G-h) WT, 
n= 3; apoE-/-, n=4; CRD apoE-/-, n=4.
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bOnE MInERALIzATIOn DECREASES In FEMuRS OF AThEROSCLEROTIC 
MICE AnD InVERSELy CORRELATES TO ARTERIAL AnD AORTIC VALVE 
CALCIFICATIOn

Figure 2 shows mineralization in the midshaft region of femurs in WT, apoE-/-, and CRD apoE-/- 

mice, detected by molecular imaging ex vivo. We observed significantly decreased osteogenic SI in 

apoE-/- mice and CRD apoE-/- mice as compared with WT mice, and in apoE-/- mice as compared 

with CRD apoE-/- mice (Figure 2A, 2B). Micro-CT imaging further showed a decrease in bone tissue 

mineral density (TMD) in the midshaft region of femurs from apoE-/- mice as compared with WT 

mice (Figures 2C-2F), which supports our molecular imaging results. Quantitative analyses dem-

onstrated a significant difference in TMD between apoE-/- mice and WT mice, and between CRD 

apoE-/- mice and WT mice (Figure 2E). Albeit not significant (p=0.057), the difference between 

CRD apoE-/- mice and WT mice showed a tendency toward decreased cortical/marrow area ratio 

in CRD apoE-/- mice, suggesting more severe loss of bone structure in the CRD cohort (Figure 

2F). Periosteal perimeters were not different between conditions, suggesting that the endosteal 

dimensions expanded through osteoclast activity. Micro-CT showed a decrease in tissue mineral 

density in the femur heads of apoE-/- mice as compared with WT mice (Figures 2G, 2H), though 

bone volume fraction was not significantly changed (Suppl. Figure 4). Further statistical analyses of 

trabecular microarchitecture showed a significant decrease in trabecular number (Figure 2I) and a 

significant increase in trabecular spacing (Figure 2J) between CRD apoE-/- mice and WT mice, but 

there was no significant difference in trabecular thickness between groups (Figure 2K). These results 

suggest that osteoporotic remodeling may occur as a consequence of calcific cardiovascular dis-

ease. To test this, we applied linear regression analysis comparing arterial and valvular calcification 

to bone TMD (Figure 3). TMD inversely correlates with arterial and aortic valve regions of calcifica-

tion (ROI: R2=0.86, R2=0.34; respectively; Figures 3A, 3B). Furthermore, TMD is inversely correlated 

to osteogenic SI in carotid arteries and aortic valves (SI: R2=0.67, R2=0.72, respectively; Figures 3C, 

3D). These data suggest a strong inverse correlation between cardiovascular calcification and bone 

mineralization.

Figure 2. Loss of bone Mineral Density and Alterations in Microarchitecture in Mouse Femurs, Detected by 3D Micro-CT 
and Molecular Imaging
(A) Fluorescence microscopy of midshaft region of femurs of mice injected with Osteosense680. (b) Quantification analysis of bone 
mineralization SI showed significant reduction in CRD apoE-/- mice, compared to other groups. (A-b) WT, n= 8; apoE-/-, n=10; CRD 
apoE-/-, n=10. (C, D) Micro-CT imaging of femur midshaft region (normal bone=red; loss of bone mineralization=green-blue). 
(E) Quantification assessment of bone TMD shows significant bone loss in apoE-/- and CRD apoE-/- mice. (F) Cortical/marrow area 
shows tendency toward decrease of cortical/marrow ratio in CRD apoE-/- mice. (G, h) Micro-CT imaging of femur head. Quantifica-
tion assessment of microarchitecture demonstrates (I) decrease in trabecular number and (J) increase in trabecular spacing in CRD 
apoE-/- mice. (K) No changes in trabecular thickness were detected. (C-K) WT, n= 3; apoE-/-, n=4; CRD apoE-/-, n=4.
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Enhanced inflammation correlates with calcification in arteries and aortic valves

Macrophage-targeting molecular imaging agent (CLIO750) showed negligible inflammatory signal 

in WT arteries, which were substantially increased in apoE-/- and CRD apoE-/- mice (Figure 4A). 

Quantitative assessment of arterial inflammatory ROI determined a 44-fold and 95-fold increase 

in inflammation tissue area in apoE-/- mice and CRD apoE-/- mice as compared with WT mice, 

which was further confirmed with significant 326-fold and 718-fold increases in SI (Figures 4B, 4C). 

Likewise, enhanced expression of inflammation was found in the aortic valves of apoE-/- and CRD 

apoE-/- mice (Figure 4D). Quantitative analyses demonstrated statistically significant increases 

in inflammatory valvular ROI and SI between WT, apoE-/-, and CRD apoE-/- groups (ROI: 1.5-fold 

and 5.7-fold increase, Figure 4E; SI: 2.6-fold and 11.6-fold increase, Figure 4F). Further, we found a 

statistically significant correlation between cardiovascular calcification and inflammation in both 

arteries (ROI: R2=0.73; SI: R2=0.54; Figures 4G, 4H) and valves (ROI: R2=0.84; SI: R2=0.81; Figures 4I, 4J). 

Macrophage staining confirmed our molecular imaging findings (Suppl. Figures 5A, 5B). Overall, 

these results suggest that the extent of cardiovascular inflammation correlates with the severity of 

calcification.

Figure 3. Inverse Correlation of bone TMD with Arterial and Aortic Valve Calcification
Relation of bone TMD to arterial (A) and valve (b) calcified area (ROI). Relation of TMD to arterial (C) and valve (D) osteogenic 
activity (SI). n=11.
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Long bone inflammation correlates inversely with decreased bone mineral signal and 

associates positively with cardiovascular calcification

Evidence suggests that inflamed or infected bones shift toward an osteolytic environment. To ad-

dress further the mechanisms for osteoporotic changes, we attempted to link inflammation and TMD 

in the same mice used for imaging of cardiovascular calcification. Molecular imaging demonstrated 

robust inflammation signal in the long bones of both apoE-/- mice and CRD apoE-/- mice, while WT 

mice demonstrated virtually no inflammation (Figure 5A). Using the same approach as before, we 

found 7.6-fold and 22-fold increases in long bone inflammation (CLIO SI) for apoE-/- mice and CRD 

Figure 4. Induction of Inflammatory Signal in Carotid Arteries and Aortic Valves of apoE-/- and CRD apoE-/- Mice, De-
tected by Intravital Fluorescence Microscopy
(A) Intravital microscopy detected CLIO750-derived inflammatory signals in the carotid arteries of mice. (b) Significant increase in 
arterial inflammation area (ROI) and (C) inflammatory signal (SI) in CRD apoE-/- mice vs. WT and apoE-/- mice. (D) Fluorescence 
microscopy detected CLIO750-derived inflammatory signals in the aortic valves. (E) Significant increase in aortic valve inflamma-
tion area (ROI) and (F) signal (SI) in CRD apoE-/- mice, compared to WT and apoE-/- mice. (A-F) WT, n= 8; apoE-/-, n=10; CRD apoE-/-, 
n=10. (G) Relation between arterial inflammation area (CLIO750; ROI) and arterial calcified tissue area (Osteosense680; ROI). (h) 
Association of arterial inflammatory activity (CLIO750; SI) with arterial osteogenic activity (Osteosense680; SI). (I) Relation between 
valvular inflammation (CLIO750; ROI) and aortic valve calcification (Osteosense680; ROI). (J) Association of valvular inflammatory 
signal (CLIO750; SI) with valvular osteogenic activity (Osteosense680; SI). (G-J) n=14.
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apoE-/- mice, as compared with WT mice (Figure 5B). In contrast to the cardiovascular condition, 

this increased inflammation correlated with decreased bone mineral signal (R2=0.75; Figure 6A).

These results strongly suggest that the inflammatory responses in long bones contribute to loss 

of bone mineralization. Finally, we found strong positive correlations in signal intensity between the 

degree of arterial or valvular inflammation and bone inflammation (R2=0.97; Figures 6B, 6C). These 

results support our hypothesis that systemic inflammatory signal simultaneously acts to decrease 

bone mass and increase cardiovascular calcification.

DISCuSSIOn

This study establishes direct in vivo evidence that the calcification of arteries and aortic valves in 

atherosclerosis and CRD correlates inversely with bone tissue mineralization. We demonstrate an 

association between aortic valve calcification and arterial calcification, and that the degree of car-

diovascular calcification correlates directly with loss of bone mineral. The increased inflammatory 

activity in arteries, aortic valves, and long bones in atherosclerosis and renal failure demonstrates 

that inflammation at these three locations is related probably via systemic or circulating inflamma-

tory cues. Furthermore, our study reveals that while macrophage burden positively correlates with 

the extent of early cardiovascular calcification, inflammation inversely associates with bone miner-

Figure 5. Correlation of Long bone Inflammation with Osteogenic Activity
(A) Molecular imaging of inflammation in the long bones of mice injected with CLIO750. (b) Significant increase of bone inflamma-
tion in CRD apoE-/- mice vs. WT and apoE-/- mice. (A-B) WT, n= 8; apoE-/-, n=10; CRD apoE-/-, n=10.
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alization. These results build on previous studies of the pathogenesis of cardiovascular calcification, 

in which advanced molecular imaging approaches demonstrated that atherosclerotic and aortic 

valve calcification share similar risk factors and are induced by similar pro-inflammatory molecular 

and cellular processes.14-16 Our seemingly paradoxical in vivo evidence on inflammation and bone 

mineralization concur well with previous reports on osteolytic environment in inflamed bones.24

Figure 6. Relation between bone Osteogenic Activity and Inflammation
(A) Inverse association of bone osteogenic activity (Osteosense680; SI) with bone inflammation (CLIO750; SI). (b) Positive relation 
between arterial inflammation (CLIO750; SI) and bone inflammation (CLIO750; SI). (C) Positive correlation of aortic valve inflamma-
tion (CLIO750; SI) and bone inflammation (CLIO750; SI). (A-C) WT, n= 8; apoE-/-, n=10; CRD apoE-/-, n=10
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Arterial calcification occurs in two different forms — intimal calcification, typically associated 

with atherosclerosis, and medial calcification, an ossification process associated with renal failure 

and diabetes.9 In dysmetabolic patient populations, both types of arterial calcification often develop 

simultaneously. Intimal calcification increases the risk of plaque rupture, while medial calcification 

increases arterial stiffness and impairs cardiovascular hemodynamics.9 Although the mechanism 

remains incompletely understood, it is generally agreed that cardiovascular calcification is a more 

active biological process than previously considered.26 Clinicopathological studies have shown 

similarity between calcified vascular material and bone material,20 have observed osteoblasts and 

osteoclast-like cells in the arterial wall,19 and have demonstrated the presence of various bone-

regulating proteins in calcified arteries.27 Osteogenic differentiation of vascular SMC or valvular 

myofibroblasts is likely caused by various mechanisms, including proinflammatory cytokines (e.g., 

IL-6, TNF-α),10 oxidized lipids,17 and microenvironmental and mechanical cues.28 Biochemical imbal-

ances also accelerate calcification. Studies show that excess phosphate levels in CRD accelerate 

calcification of vascular SMC or valvular myofibroblasts through phosphate-induced release of 

matrix vesicles and apoptosis.15, 29

Systemic factors associated with CRD, including reduced circulating levels of erythropoietin, 

have been shown to reduce osteoblast quantity and bone mineral density via Jak-Stat signaling 

in hematopoietic stem cells.30 Furthermore, the kidneys represent the site of vitamin D activation, 

and therefore CRD-associated reductions in activated vitamin D may also induce parallel reductions 

Figure 7. Schematic presentation of a hypothetical model on the paradoxical relationship between cardiovascular calci-
fication and bone mineral loss, associated with local and systemic inflammation
Atherosclerosis and CRD-associated systemic inflammatory stimuli enhance local inflammation in the cardiovascular system. Local 
pro-inflammatory microenvironmental cues in atherosclerotic plaques and diseased valves may shift vascular and valvular cells to-
wards an osteogenic phenotype, resulting in increased mineral deposition. In the bone, the inflammatory milieu may increase the 
number/activity of bone-resorbing osteoclasts, leading to decreased mineral. Additional factors arising from bone could further 
influence cardiovascular calcification.
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in bone mass. Whether CRD-induced anemia or activated vitamin D deficiency play a role in the 

reduced bone mass or increased cardiovascular calcification remains uncertain.

Our results directly quantified a paradox of simultaneous osteolysis and ectopic calcification 

in vivo in the same animals. While both correlate with age in humans, some clinical studies have 

shown the association of cardiovascular calcification and osteoporosis to be independent of age.3, 31 

Research has demonstrated that patients with lower bone density and osteoporosis have more 

severe atherosclerosis.32, 33 Dyslipidemia also may link bone loss with cardiovascular calcification. 

Preclinical studies suggest that hyperlipidemia reduces bone mineral density34 and promotes arte-

rial and valvular calcification in mice,14, 16 and that statins reduce calcification.14, 35 Moreover, loss 

of bone mass leads to increased circulating phosphate and calcium and decreased parathyroid 

hormone, which stimulates the Cbfa1-dependent mineralization of cardiovascular tissue.36 This 

evidence suggests that osteoporosis may contribute to cardiovascular calcification by adding to 

a pathological microenvironment that promotes osteogenesis of the arterial wall and aortic valve. 

During bone resorption, biochemical factors are released into the circulation, contributing to 

vascular calcification; this observation agrees with studies showing that agents that block bone 

resorption in animal models also block vascular calcification.37

Our findings strongly suggest in vivo that systemic and local inflammation drives both car-

diovascular calcification and bone loss. In general, inflammation causes “hardening” of soft tissue 

and “softening” of hard tissue,34 but it is unclear whether the pathways are similar. Connections 

between inflammation and osteolysis were recently established in arthritic and periodontal dis-

eases.24 Pro-inflammatory cytokines such as IL-6 and TNF-α have been shown to increase osteoclast 

activity through the NF-kB pathway.38 Osteoprotegerin — normally produced by vascular SMC and 

osteoblasts — functions as a decoy receptor for the receptor activator of NF-kB ligand RANKL.26 

RANKL, a cytokine that induces osteoclast differentiation and activation, stimulates bone resorp-

tion, whereas osteoprotegerin neutralizes the binding of RANKL to RANK and prevents bone loss. 

Osteoprotegerin-deficient mice demonstrated severe bone loss in addition to medial calcifica-

tions.39 Taken together, these studies suggest that inflammation in cardiovascular and bone regions 

acts through the NF-kB-RANKL pathway, but whether this pathway is utilized simultaneously for 

ectopic calcification and bone loss is unknown.

Figure 7 shows a schematic illustration of our working hypothesis. The presence of atherosclero-

sis or CRD likely associates with systemic inflammatory signals, as described above. Local inflamma-

tion, as detected by macrophage-targeted NIRF nanoparticles, associates with increased mineral in 

cardiovascular tissues and decreased mineral in bone, as detected by Osteosense. Potential media-

tors associated with systemic and local inflammatory processes are shown, as are possible factors 

arising from bone, which could further influence cardiovascular calcification. Studies are needed to 

further establish the relation between cardiovascular calcification and osteoporosis, and to dissect 

the complex mechanisms for reciprocal regulation of these processes.

Unraveling the mechanisms underlying cardiovascular calcification is an important step towards 

future strategies. Therapeutic agents that selectively increase or inhibit osteogenesis will be much 
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preferred over current systemic approaches like statin therapy. The identification of high-risk 

patients at subclinical stages is an equally important task, requiring new imaging modalities or 

biomarkers targeting calcification.8 Molecular imaging provides appealing new means to identify 

early-stage calcifying atherosclerotic plaques and aortic valve lesions, and offers a powerful tool in 

personalized preventive cardiovascular medicine.
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SuPPLEMEnTAL FIGuRES

Supplemental Figure I. Molecular imaging agents. A) Co-localization of osteogenic signal (red fluorescence, left) with osteo-
blast-like cells (alkaline phosphatase activity, ALP, right) in the tissue section through the area of active mineralization in atheroscle-
rotic lesion of mouse injected with Osteosense680. (b) Co-localization of fluorescence NIR nanoparticle (red fluorescence, left) with 
macrophages shown as mac-3-positive cells (right) in atherosclerotic lesion. Bar=50um.

Supplemental Figure II. Calcification increased in aortas of CRD apoE-/- mice. Macroscopic fluorescence reflectance imaging of 
calcification yielded strong Osteosense680-derived osteogenic signal in atherosclerotic mice with CRD. Bar=1cm



81

Inverse Correlation of Arterial and Aortic Valve Calcification with low Bone Mineral Density evaluated by Molecular Imaging

4

Supplemental Figure III.  (A) Carotid arteries and (b) aortic valves showed notable increase in alkaline phosphatase activity (red 
reaction product) in apoE-/- and CRD apoE-/- mice compared to wild type mice. Bar=50um.

Supplemental Figure IV.  Micro-CT showed no significant changes in bone volume fraction between three groups.
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Supplemental Figure V. (A) Carotid arteries (bar=50um) and (b) aortic valves (bar=100um) demonstrate increase in macrophage 
accumulation (mac-3 staining, brown-red reaction product) particularly in CRD apoE-/- mice. Note higher numbers of macro-
phages in the aortic valves and myocardium in CRD apoE-/- mice compared to apoE-/- and WT mice.
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AbSTRACT

Microfabrication techniques are powerful approaches to produce tissue engineered constructs 

for in vitro studies and potentially to replace damaged or malfunctioning tissues. To fabricate 

microengineered cell-laden hydrogels, which have the ability to mimic living structures, one needs 

to control a number of factors, such as shape, size, architectural organization and distribution of 

the cells throughout the engineered construct. This challenge can be addressed by the use of 

various microfabrication techniques, which enable three-dimensional encapsulation of cells within 

biocompatible hydrogels. In this chapter, we describe some of the emerging techniques to micro-

engineered hydrogels for tissue engineering. Furthermore, we discuss specific examples for tissue 

engineering applications focusing on two main approaches, top-down and bottom-up strategies.
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1. InTRODuCTIOn

Tissue engineering aims to develop biological substitutes that repair or replace damaged tissues or 

whole organs by combining technologies from engineering and medical sciences.1 Although tissue 

engineering has enabled successful generation of various artificial tissue substitutes, such as skin,2 

bladder,3 cartilage,4 bone,5 heart valves6 and blood vessels,7 a number of challenges remain to be 

solved. It has been challenging to engineer large and vascularized organs such as the heart or liver. 

These tissues depend on adequate vascularization of the supply of nutrients and oxygen. In tissue 

engineering, this translates into not only creating the specific tissue but also making the often 

highly organized vasculature. On the other hand, avascular tissues, such as a heart valve or cartilage, 

depend on adequate diffusion for their supply of nutrients and oxygen. In terms of engineering, the 

biomimetic construct cannot be too thick,8, 9 as this would lead to a limited supply of nutrients and 

oxygen.1 Microfabrication strategies aim to overcome these limitations by controlling size, geom-

etry and features of 3D in vitro tissue engineered constructs. Recent advances in biomaterials are 

expected to render the generation of microvascular structures, engineering macroscale constructs 

from individual building blocks, and creating tissue constructs with properties similar to native 

tissues.10

Native tissues consist of cells that reside in a framework called the extracellular matrix (ECM). 

The ECM is composed of proteins (e.g. collagen), fibers (e.g. elastin), polysaccharides (e.g. hyaluronic 

acid), glycosaminoglycans (e.g. heparan sulfate), and growth factors (e.g. fibroblast growth factor). 

The ECM functions as a support system for cells to exert their biological function and it can be 

viewed as the scaffolding of tissues. Traditional tissue engineering uses synthetic scaffolds or bio-

materials as molds to create tissue constructs. These scaffolds are typically porous, biocompatible, 

degradable and allow for sufficient diffusion.11 Furthermore, such scaffolds enable cell adhesion, 

proliferation, differentiation, and tissue organization that are similar to their native counterparts.12 

Over time, the synthetic scaffold will degrade while the cells deposit new natural scaffolding (ECM) 

and thus lead to the formation of the new tissue.

Some of the most common biomaterials used in tissue engineering are hydrogels. Hydrogels 

are generated by crosslinking hydrophilic polymer precursors using a range of external stimuli, 

such as ultra-violet (UV) light, pH or temperature. Hydrogels resemble native ECM13 because they 

possess high water content,12, 14 are sufficiently flexible and can be fabricated using natural ECM 

components, such as collagen, hyaluronic acid (HA), chondroitin sulfate, heparin, or elastin. Hydro-

gels are used as 3D scaffolds or matrices to entrap cells15 and provide for a sufficiently hydrophilic 

environment for cell survival, growth and new ECM production.12 Hydrogels can also be used as 

building blocks to fabricate scaffolds,15 which provide structural support and regulate cellular func-

tion and signaling.12

The chemical, biological and mechanical features of hydrogels can be tailored to modulate cellu-

lar function. For example, various growth factors, adhesive peptides, proteins, fibers and degradable 

peptides, have been used to modify hydrogels for tissue engineering applications.12 Additionally, 
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modifications in degradation or mechanical properties of hydrogels generate alterations in cell 

response in the final engineered construct due to the resulting changes in the substrate properties. 

Such tunable hydrogels can potentially be useful for a number of different tissue engineering ap-

plications,12, 16 such as bone17 or cartilage14 tissue engineering.

Communication between cells is essential for them to function properly,18 and this is largely fa-

cilitated by integration and interaction of cells with the ECM.16 In an ideal engineered tissue, cells 

are homogeneously distributed and sufficiently organized to allow for the transport of oxygen, 

nutrients and waste throughout the porous scaffold. In addition, such constructs should possess 

adequate mechanical properties to support the growing tissue. Cell-cell, cell-substrate and cell-

soluble factor interactions can be manipulated by controlling cellular microenvironments with the 

aid of microfabrication techniques.19, 20 For instance, the alignment of cells or behavior of co-cultures 

can be controlled by these strategies. Additionally, patterned substrates, which are generated by 

these techniques, can be used to influence cellular behavior, such as adhesion, survival, spreading, 

migration, proliferation, elongation, biological function and direction of stem cell fate.

In tissue engineering, selecting the appropriate biomaterial is crucial for directing interactions 

between cells and the surrounding microenvironment. Cell-biomaterial interactions on hydrogel 

surfaces play a significant role in influencing cellular behavior. For instance, photocured HA-gelatin 

methacrylate hydrogels have been synthesized to capture endothelial progenitor cells (EPCs).21 

Similarly, HA-heparin containing hydrogels were generated to promote adhesion and spreading 

of EPCs for endothelialization purposes.22 Furthermore, cells or biological molecules have been 

patterned on surfaces to study cellular interactions in two dimensions (2D) by utilizing various 

microfabrication techniques.23-31 However, 2D cultures are not suitable for simulating the natural 

environment of cells, because they lack the complexity and organization present in native tissues. 

To address this need, cells have been embedded in 3D hydrogels.32, 33

Hydrogel microengineering strategies are potentially powerful tools to create 3D tissue models 

to mimic the natural environment of living tissues. The ability to engineer hydrogels laden with 

cells or other biological molecules has enabled the fabrication of in vitro tissue constructs. Micro-

engineered hydrogels can be produced by a number of techniques, such as bioprinting, micro-

molding, photopatterning, emulsification and microfluidics. Cells are encapsulated in the hydrogel 

precursors with these techniques to create controlled architectures for different tissue engineering 

applications.34

In this chapter, we will classify hydrogel microfabrication strategies and highlight tissue engineer-

ing applications by discussing top-down and bottom-up tissue engineering approaches.



89

Microfabricated Gels for Tissue Engineering

5

2. MICROFAbRICATIOn TEChnIQuES

Microfabrication strategies for the generation of hydrogels have emerged as powerful tools in 

tissue engineering and regenerative medicine. These fabrication techniques may yield complex 

features resembling highly organized architectures in native organs. For instance, micropatterned 

co-cultures can control homotypic and heterotypic cellular interactions in engineered tissue 

constructs.18 The major microfabrication techniques to synthesize engineered hydrogels can be 

classifi ed into the following groups: bioprinting, micromolding, photolithograpy, emulsifi cation 

and microfl uidics.

2.1. bioprinting

Bioprinting is a technique that uses printing technology to engineer tissue-like structures. In essence, 

this technology ‘prints’ tissue. Cells or biological molecules can be embedded within hydrogels 

and used as ‘ink’ to generate engineered constructs.12 More specifi cally, gels with or without cells/

biological factors are printed on predefi ned positions utilizing a layer-by-layer approach (Figure 1).35

Figure 1. Bioprinting strategy to build tissues and organs by making use of hydrogel precursors (35). Reproduced by permission 
of The Royal Society of Chemistry.

This technique allows for creation of 3D tissue constructs, which could be used to repair dam-

aged or diseases tissues.11, 12 Using this technique, cells can be homogeneously distributed within 
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a hydrogel matrix on predefined positions. To alter physical, chemical or mechanical properties of 

printed gels, such as size, shape or stiffness, one can change nozzle diameter, cell density, fluid flow 

rate, liquid rheology and operation temperature13, 36, 37 in bioprinting based systems.

The hydrogel precursors for bioprinting are chosen based on the targeted application. The 

following polymers are commonly used as hydrogel precursors in bioprinting studies: gelatin,38 

chitosan,39 Matrigel,40-43 alginate,44-46 HA,47 starch,48 collagen,40, 49-51 fibrin,13 polyethylene glycol diac-

rylate (PEGDA),52 and agarose.13 Numerous cell types have been utilized in bioprinting techniques 

to build artificial tissue units. For example, endothelial cells,42 smooth muscle cells40 and osteo-

blasts45 have been successfully encapsulated in hydrogel based matrices. Moreover, nerve, bone, 

and cartilage tissues have also been fabricated using bioprinting.11 Although bioprinting enables 

precise placement of cells in the hydrogels, such rapid prototyping techniques have some limita-

tions. For instance, due to harsh printing conditions, such as shear stress, variation in pH or elevated 

temperatures, it may be challenging to maintain high cell viability during the printing process.53

Printing strategies can also be used for cell-patterning or creating biological molecule loaded 

hydrogels.54 In these approaches, cells or biological molecules, such as growth factors, are resus-

pended in the prepolymer solution and dispensed by a printing mechanism on predetermined 

positions on a solid surface. The resulting droplets are subsequently crosslinked to form individual 

building blocks and this process is repeated to form layers for the final tissue construct. This ap-

proach enables the deposition of multiple cell types or aggregates of cells encapsulated in hydro-

gels.53 Ten to several hundreds of micrometers is typically the range for spatial resolution obtained 

by computer assisted design (CAD) strategies.55

Stereolithography, another bioprinting technique, is also used to generate cell-laden hydrogels 

and print in vitro tissue engineered constructs. In stereolithography, selective polymerization of the 

hydrogel precursor is carried out by an ordered layer-by-layer procedure to obtain multilayered 

cell embedded scaffolds12 utilizing photocrosslinking (Please see Section 2.3 for details of this 

technique) via exposure to UV light.11, 13, 56-58

2.2. Micromolding

Creating highly organized complex tissue architectures is one of the main challenges in tissue engi-

neering.16, 59-61 Especially, because the spatial distribution of cells modulate tissue function.62 Micro-

molding techniques are used to control spatial distribution of cells in 3D tissue-like structures23, 63, 64 

by regulating the size and shape of microscale hydrogels.16, 19, 32 This technique can produce hydro-

gel patterns with micron or nanometer resolutions.65 Basically, this technology utilizes the shape of 

molds to create the desired features for different materials. More specifically, with micromolding, 

prepolymer solutions are crosslinked within patterns of elastomeric molds,16, 66 to regulate the 

dimensions, shapes and sizes of the resulting hydrogels.67 Micromolding is a simple and low-cost 

technique67, 68 and has extensively been used to fabricate microengineered constructs.19, 23, 62, 64, 69-71 

However, the major limitation of micromolding is that it is challenging to use this technique for 

chemically crosslinked hydrogels.66
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The micromolds are typically made from poly-dimethoxysilane (PDMS), which is a broadly used 

elastomer to transfer specifi c patterns from silicon wafers67, 70, 72 (Figure 2). PDMS is a highly porous, 

transparent and biocompatible substrate. In addition to PDMS, polyimines or polyurethanes also 

are used as molds in micromolding based techniques. Additionally, fl uoropolymers (e.g. perfl uo-

ropolyether) have been utilized as molding materials to obtain easily harvestable hydrogel units 

due to their unique non-adhesive properties.73 Micromolding is used to fabricate gels for a variety 

of polymer precursors, such as chitosan,19 PEG,32, 70, 74 HA23, 32 and agarose.75 Micromolding has suc-

cessfully been used to create 3D tissue-like structures23, 63, 64, 76 by means of cell-laden hydrogels. 

For example, spatial distribution of NIH-3T3 fi broblast cells in PEG and HA-based hydrogel patterns 

have been controlled by micromolding strategies.32 In another study, microvasculature patterns 

in hepatocyte-laden agarose based hydrogel channels were created.77 Additionally, alignment 

and diff erentiation of skeletal muscle cells were studied in fi brin-collagen gels by micromolding 

techniques.64

Figure 2. Soft lithographic fabrication process for PDMS molds (70). Reproduced by permission of The Royal Society of Chemistry.

2.3. Photolithography

Another strategy to fabricate controlled size and shape hydrogels is by using photolithography.72 

In this process, photolabile hydrogel precursors are crosslinked via exposure to light. A photomask 

with predefi ned patterns is placed above the prepolymer mixture and crosslinked via radical 

polymerization by means of UV light66, 78 (Figure 3). As a result, patterns from the photomask are 

transferred on the polymer substrate. Once the polymerization is complete, the unreacted polymer 

mixture is rinsed away. Resolution of photolithographic techniques varies between a sub-micron to 

millimeter range.16 Photolithography is a simple technique enabling spatial control,16 however, the 

major drawback of photolithography is that it often uses exposure to UV light to induce crosslink-
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ing which can be cytotoxic.66 There are a variety of hydrogel precursors, which can be modifi ed 

with photocrosslinkable functional groups. Photolithography is a simple procedure to fabricate 

micropatterns with varying size and shapes.72, 79, 80 In addition, photolithographic approaches 

enable immobilization of cells in patterned hydrogels with spatial control.16 For instance, micropat-

terns of PEG-based hydrogels have been generated by encapsulating hepatocytes, fi broblasts or 

macrophages.80, 81 Similarly, NIH-3T3 fi broblasts have been encapsulated in microchannel patterns 

made of gelatin methacrylate hydrogel to study cell alignment.82

Scanning or focusing light are other approaches to generate 3D hydrogel patterns.66 For exam-

ple, photocurable polymers have been crosslinked using scanning laser lithography.83-85 In another 

study, a similar approach has been utilized to generate 3D hydrogel scaff olds with heterogeneous 

properties.52 In this report, porous scaff olds in honeycomb or woodpile geometries were fabricated 

with protein-modifi able sites to study cell adhesion.

Figure 3. Photolithography utilizes photocurable hydrogel precursors with a photomask with desired shapes on it to generate 
microfabricated structures (78). Reproduced by permission of John Wiley and Sons

2.4. Other techniques

2.4.1. Emulsifi cation

Emulsifi cation is a technique used to produce micron size hydrogel particles.16 In emulsifi cation, two 

phase separating liquids72 are mixed by agitation66 to generate droplets which can subsequently be 

crosslinked (Figure 4).86 For example, water-in-oil emulsion systems are often used to obtain emulsi-

fi ed phases.67 Mineral oil, hexane and cyclohexane are commonly used as the hydrophobic phase 

to produce emulsions.67, 72 In this process, shape and size of the hydrogel particles can be controlled 

by manipulating a number of factors, such as rotation speed, surface tension and viscosity16 of the 

liquid phases. The droplets, which are formed as a result of mixing, can then be crosslinked using 

diff erent stimuli, such as temperature, pH or UV exposure.16 Although emulsifi cation is a simple 

technique, size distribution of hydrogel particles vary more than that in the other microfabrica-

tion methods.16, 66 Additionally, there is less control over the shapes of the gels produced by this 

technique.
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Figure 4. The process of emulsifi cation yielding cell-loaded hydrogel particles (86). Reproduced by permission of John Wiley and 
Sons.

Common hydrogel precursors used to generate droplets by emulsifi cation based techniques are 

agarose,16 alginate,16 collagen,16 HA,67, 87, 88 and gelatin.67, 89 In addition to producing hydrogel beads, 

cells can easily be incorporated within hydrogels by means of emulsifi cation.16, 67, 90, 91 For instance, in 

one study, embryoid bodies have been encapsulated in alginate based hydrogels by emulsifi cation, 

which promoted cardiomyogenic diff erentiation resulting in spontaneous beating areas in the hy-

drogel beads.92 Another study has demonstrated successful encapsulation of human mesenchymal 

stem cells (hMSCs) in agarose-collagen based hydrogel beads by emulsifi cation.86

2.4.2. Microfl uidics

Microfl uidics is another technology used for the fabrication of microscale hydrogels. The most 

common microfl uidic strategies to make microgels are based on single phase fl ows or two-phase 

immiscible liquid mixtures.16 In single phase systems, UV light is exposed to a particular area of 

the fl owing prepolymer to form hydrogels. In multiphase systems, fi rst the droplets are formed 

under continuous fl uid fl ow and then these droplets are crosslinked using a variety of methods, 

such as UV or ionic stimuli.67 Surface tension and viscosity16 of the fl uids and reaction time67 are the 

main parameters to control the droplet fabrication process. Microfl uidic channels are commonly 

produced from elastomeric PDMS molds. Flow rate of the fl uids and dimensions of microfl uidic 

channels also aff ect the fi nal properties of the hydrogels.16 This method enables precise production 

of size and shape-controlled hydrogel particles.93 The major limitation of microfl uidic systems is that 

they widely use photoliabile polymer precursors to form hydrogels.94

Recently, new technologies to produce hydrogel units based on microfl uidic strategies have 

been reported. For example, stop-fl ow lithography is developed by combining microfl uidics and 

photopatterning approaches.16 This method can be used to create gels under continuous fl ow con-

ditions via exposure to UV light.95 Optofl uidic maskless lithography (OFML) is another microfl uidic 

approach, which enables in situ formation of hydrogels in microfl uidic channels under continuous 

fl ow.96 In this technique, projection of UV light on the fl owing photocrosslinkable resin is controlled 
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by a computer. Hydrogel patterns are formed by selective crosslinking of photocurable resin in-

duced by UV light exposure. In one study, OMFL has been utilized with the addition of a membrane 

to control the size of the hydrogels by manipulating the height of the channel (Figure 5).97

In addition to plain hydrogel units, cell-encapsulated hydrogels can be generated by microfluidic 

techniques.81, 98, 99 For example, layer-by-layer fabrication of co-cultures within different polymers 

have been performed.100 Similarly, another layer-by-layer study was carried out by encapsulating 

HeLa cells within PEGDA hydrogels using OMFL technique to demonstrate the feasibility of the 

approach to potentially study cellular interactions in co-cultures.97

Microfluidics is also used to generate concentration gradients of soluble or growth factors along 

the hydrogel channels. This has important implications for tissue engineering applications where 

production of a gradient is needed.72, 101 For example, NIH-3T3 fibroblasts have been encapsulated in 

a gelatin-HA gradient within a microchannel demonstrating gradient dependent cell spreading.102 

This result is observed due to the adhesive and non-adhesive nature of gelatin and HA hydrogels, 

respectively. Similarly, elasticity gradients have been generated using microfluidic systems to con-

trol cellular behavior, such as adhesion and spreading, based on substrate stiffness.103

3. TISSuE EnGInEERInG APPLICATIOnS

Due to the complexity of interactions between cells, ECM and soluble factors of the cellular niche, it 

has been challenging to mimic the 3D organization of native microenvironments. To address these 

issues, different approaches were developed to fabricate biomimetic tissue constructs in vitro. There 

are two main strategies to utilize microfabrication techniques in tissue engineering: top-down and 

bottom-up approaches.

3.1. Top-down approach

Traditionally in tissue engineering cells are seeded onto a 3D scaffold and stimulated to deposit 

their own ECM structure while the scaffold degrades. Theoretically, the resulting structure would 

have the shape of the scaffold.1 However, it has shown that this approach may not recreate all 

the complex tissue structure that exists in native tissues. The most successful applications of tis-

sue engineering using this approach are relatively simple tissues such as cartilage and skin due 

to their relatively simple structures, low requirements for oxygen and nutrients and their ability to 

be supported by vascular structures in the host. Creating connective tissues such as the bladder 

and bone has also been successful over the past decades using this tissue engineering approach. 

In addition, several successful applications have been reported in heart valve and vascular tissue 

engineering.7, 58, 104-107

Top-down microfabrication strategies aim to control and modify the properties of relatively 

large hydrogel units in microscale. To achieve this goal, researchers have engineered controlled 

features within macroscale scaffolds. Principally, the goal of this approach is to engineer a tissue’s 
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vasculature in vitro.61, 108 For instance, microvasculature structures are engineered within tissue engi-

neering scaff olds.108 Similarly, microfl uidic channels can be created to form vasculature geometries 

Figure 5. Fabrication of hydrogel units by a microfl uidics method using the optofl uidic maskless lithography (OFML). A two-layered 
OFML is performed to control the thickness of the hydrogel (97). Reproduced by permission of The Royal Society of Chemistry.
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by generating size and shape-controlled patterns.109-111 Additionally, microtubular structures have 

been generated in collagen gels and endothelialization on the walls of the lumens was achieved.112

A different approach to engineer microvascular structures has been used to fabricate a HepG2-

laden agarose hydrogel system containing micropores (Figure 6) that are created by dissolving 

sucrose crystals which causes leaching.77 These porous structures can improve oxygen, protein 

transport and nutrient diffusion and thus provide for a synthetic environment able to mimic native 

tissue structures. In addition, this technique is able to control the microporosity of the scaffold. 

Similarly, AML-12 murine hepatocytes have been encapsulated within hydrogel channels fabricated 

from agarose.110 Media is perfused through the channels to demonstrate the effect of oxygen and 

nutrient delivery on viability of cells. Creating microfluidic channels within macroscaffolds holds 

great potential in creating biomimetic synthetic vasculature.110

Another top-down strategy has been demonstrated by using microengineering to yield 3D scaf-

folds with appropriate tissue architecture. For instance, layers of hydrogels, with or without cells, are 

fabricated by controlled porosity. Then the layers are combined to create 3D scaffolds, which result 

in specific architectures. By using a layer-by-layer microfluidic approach studies have immobilized 

cell-loaded hydrogel units to build multilayered constructs. By using three different types of cells 

with vascular origin, the constructs can mimic the arterial structure.100

Studies have also used photolithography to pattern bioactive features into photolabile materials 

using an adaptation of established photolithographic techniques.84 For example, single-photon 

absorption photolithography has been used to generate biochemical and mechanical patterns in 

hydrogels in 3D, but this method results in limited pattern complexity. To overcome this limitation, 

studies have created complex 3D patterns and gradients in photoactive biomaterials by using two-

photon absorption lithography.84

Top-down approaches in microengineering aims to control features of macroscale scaffolds. This 

has led to the fabrication of functional capillary networks on scaffold materials and also to control-

ling biochemical and mechanical features of existing scaffold materials. Although more research 

Figure 6. Production process to obtain microporous hydrogel construct with potential tissue engineering applications to mimic 
vasculatures. Cell-encapsulated hydrogel block was perfused with media to maintain high cell viability (77). Reproduced by permis-
sion of John Wiley and Sons.
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is warranted before translation from bench to bed, these techniques are a vital addition for the 

engineering of vascularized tissue constructs.

3.2. bottom-up approach

Bottom-up approaches are used to engineer tissues by assembling microscale building blocks 

made of only cells or cell-laden biomaterials.113 This is an efficient strategy to create biomimetic 

structures, because some of the complex organs in the body, such as pancreas, kidney, muscles 

or liver, consist of repeating functional units. For example, hepatocytes have been encapsulated 

in hydrogels to mimic one lobule of liver.114 Although bottom-up strategies provide unique op-

portunities to generate engineered constructs, it is challenging to assemble the individual building 

blocks with sufficient mechanical strength. For example, secondary crosslinking step to attach 

the individual building blocks should be optimized in such a way that it mechanically supports 

the entire tissue construct.115 In addition, feasibility and reproducibility of the assembly processes 

require improvements to fabricate successfully functioning tissue constructs.116

Geometrical architecture of the tissues in the body consist of small vascularized repeating func-

tional units.115 Tightly assembled tissue-like building blocks provide precisely organized elements, 

which may resemble actual tissues. To accomplish this aim, lock and key approaches have been 

developed to create highly organized engineered constructs, which could potentially yield clinically 

relevant tissue units.54 Hydrogels with controlled sizes and shapes created by microfabrication tech-

niques can be assembled using such lock and key approaches. For instance, different geometries, 

such as solid ball, casquet or cylindrical tubes can be formed by directed aggregation of small 

hydrogel units.117 Once micron size hydrogels have been fabricated by photolithography, a small 

amount of prepolymer is added to the gels and then they are transferred onto a PDMS mold with 

the desired final geometry. The excess prepolymer is removed, gels are allowed to assemble, and 

subsequently crosslinked to stabilize the shape. Then, PDMS mold is removed to obtain the final 

geometry of tightly packed building blocks. In this work, capillary forces are considered as the major 

driving force of the assembly process. In addition, hydrophilicity and the viscosity of prepolymer can 

be participating factors in the hydrogel packing. To demonstrate the applicability of this strategy 

in tissue engineering, cell-laden gels have been fabricated and allowed to assemble for the desired 

geometries. Hepatocytes have been encapsulated in 20% (w/v) PEG dimethacrylate (PEGDM) to 

form 500 um size cubic units and these gel units are assembled to form a cylindrical tube structure 

with a 5 mm inner diameter. Moreover, the lock and key approach has been utilized to assemble 

microgels with different shapes (e.g. rods and crosses) to obtain final geometries as blocks or tubes. 

This is a useful technique to fabricate cell encapsulated artificial tissue-like structures.

In another bottom-up approach, surface tension is used as a driving force to assemble individual 

cell-laden hyrogels.118 Macroscale constructs are fabricated from cuboidic hydrogels with dimen-

sions ranging from 100 to 200 um. Such scalable approaches promote incorporation of multiple 

types of cells in different types of hydrogels to study co-cultures. Secondary UV-crosslinking is used 

to stabilize the assembled hydrogel units. Similarly, directed assembly of PEGDM based hydrogel 
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units is achieved in a mineral oil/water system following a bottom-up strategy.119 Once hydrogels 

are generated by UV light exposure, they are placed in a petri dish with mineral oil. By agitation, 

directed assembly of hydrogels is promoted and the gels are stabilized by a secondary UV light 

exposure. In this approach, hydrophilic/hydrophobic effects are considered to be dominant 

by minimizing the surface energy. This method enables fabrication of co-cultured hydrogels by 

encapsulation of different cell types. Another scalable example of a bottom-up strategy is used to 

form fibroblast-loaded hydrogels with a size range of 200-1,000 um with 150 um thickness.120

Bottom-up strategies have also been utilized to fabricate millimeter size 3D tissue-like struc-

tures.121 For example, directed assembly of cell-laden photocured PEGDA hydrogels was performed. 

Hexagonal shaped micron size hydrogel patterns have been created using PDMS stencils (Figure 

7). Then by addition of prepolymer, hydrogel units are packed followed by secondary crosslinking. 

In the last step, individual layers of hydrogels are stacked together by additional crosslinking via UV 

exposure yielding larger than 3 mm thick constructs.

Furthermore, alginate is used as sacrificial element to create pores throughout the engineered unit. 

In addition to assembling hydrogel units, bottom-up approaches can also be utilized to generate 

vascular tissue engineered constructs. Vascularized structures have been fabricated by packing 

collagen gels in a tube where blood or media is passed through the gel units.33 For instance, HepG2 

cells have been encapsulated in micron-size collagen rods and are seeded with human umbilical 

vein endothelial cells (HUVECs) to obtain endothelialized constructs taking advantage of their 

non-thrombogenic properties. Then endothelialized gels are packed in a tube and subsequently 

perfused with blood or media. The resulting tissue units demonstrate high viability offering op-

portunities towards creation of functional tissue units with potential use for in vivo studies.

In another attempt to create vasculature-like hydrogel structures, microgel units from 20% (w/v) 

PEGDA have been assembled to obtain cylindrical tubes with connected lumens.78 These hydrogels 

are assembled sequentially to mimic vasculature geometries. First, NIH-3T3 cells are encapsulated 

to optimize the viability in the engineered units. Then, endothelial cells and smooth muscle cells 

are encapsulated in PEGDA hydrogels to fabricate a final geometry resembling a blood vessel. This 

strategy allows for fabrication of engineered structures with potential applications in vascular tissue 

engineering.

All in all, bottom-up tissue engineering strategies enable formation of multicellular tissue structures, 

which can improve the existing methods to generate medically relevant biomimetic constructs.

4. COnCLuSIOnS

In this chapter, we described various microfabrication strategies to produce cell-laden microscale 

hydrogels and provide detailed examples related to their use in tissue engineering. We have re-
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viewed bottom-up and top-down tissue engineering strategies for their applications in controlling 

cellular microenvironments, such as diff erentiation, vascularization and cell guidance. Fabrication 

of complex engineered constructs is considered a challenge, however, this can be addressed by 

the use of fl exible hydrogels with tunable features and patterns to direct cellular behavior. For this 

reason, new biomaterial design strategies are becoming popular for specifi c tissue engineering 

applications. Future success of engineering artifi cial organs is closely related to fabrication of bio-

mimetic cell-loaded constructs. Adequately controlled cell-laden hydrogel systems are expected 

to lead signifi cant developments for in vitro tissue models, which could potentially be transformed 

into applications related to in vivo systems.

Figure 7. Fabrication and assembly of PEGDA based hydrogel units. Photolithography was used to generate individual hydrogel 
building blocks. Then the gels were exposed the UV second time to stabilize assembled groups. Alginate was used as an additional 
component to generate pores throughout the construct. 3D layered hydrogels were prepared by stacking the monolayers on top 
of each other and crosslinking further to stabilize the entire construct (121). Reproduced by permission of John Wiley and Sons.
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InTRODuCTIOn

Heart valve disease is a leading cause of mortality and morbidity in the Western world.1 Nearly 

300,000 valve repair and replacement surgeries are performed each year worldwide, and this 

number is expected to increase sharply as life expectancy rises, and the aging population increases 

over the next 30 years.2 Commercially available mechanical and bioprosthetic heart valves, and 

cryopreserved homograft valves are the standard of practice in surgical valve replacement.3 How-

ever, contemporary valve substitutes are associated with significant shortcomings.

Firstly, mechanical valves generally have excellent durability, but are thrombogenic, which 

necessitates life-long anti coagulation therapy.4 Conversely, bioprosthetic valves do not generally 

require anti-coagulation treatment. However, these valves have limited durability (on average ap-

proximately 15 years) due to valve leaflet mineralization and structural deterioration over time.,5 

necessitating reoperation. In addition, both mechanical and bioprosthetic valves are obstructive 

relative to native valves and both types are susceptible to infection, which often requires another 

replacement surgery as this complication may be difficult to treat medically. Cryopreserved ho-

mografts, which are valves derived from human cadavers and non-viable when implanted, share 

similar durability limitations with bioprosthetic valves, in addition to being of very limited supply.6 

Finally, all existing valve substitutes are particularly unsuitable for congenital valve disease. Not only 

are very small valve sizes required, and bioprosthetic valves subject to accelerated calcification in 

the young but also because growth and enlargement of a valve replacement, essential to eliminate 

the need for reoperations in the rapidly growing pediatric patient, cannot occur with conventional 

valve replacement.7

The development of tissue engineered heart valves (TEHV) aims to overcome these limitations 

by permitting living heart valve substitutes that are (1) non-obstructive, (2) non-thrombogenic, (3) 

provide for ongoing remodel to maintain tissue homeostasis, (4) repair any injury occurring during 

function, and importantly (5) grow with the patient.8, 9

Various approaches have been utilized in the pursuit of developing a TEHV. A widely studied 

paradigm is to pre-seed autologous cells on synthetic biodegradable polymer scaffolds, which are 

fabricated in the shape of a trileaflet valve. These are then conditioned in an in vitro bioreactor, 

which simulates the physiological mechanical and hemodynamic environment of a native heart 

valve.7, 10 This approach stimulates tissue growth in vitro prior to surgical implantation, followed by 

remodeling in vivo after implantation. TEHVs grown from autologous cells seeded on biodegrad-

able synthetic polymers have typically been implanted in the pulmonary circulation of growing 

lambs and evaluated in experimental models for up to five months. In some cases, the constructs 

seem to have evolved into functionally appropriate structures that mimic the complex architecture 

of native semilunar vales.11-14 However, long-term evaluation of this approach is needed.

Other approaches to engineer TEHV are also being investigated; these approaches include ‘in 

situ tissue regeneration’ (13), in which an implanted scaffold of degradable biomaterial or a decel-

lularized nonaldehyde-fixed or otherwise chemically preserved valve is either seeded with cells in-
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vitro, or is functionalized, in an effort to attract endogenous circulating precursor cells as the source 

of cells. Decellularized tissue scaffolds derived from porcine valves have been successfully used in 

clinical studies in the pulmonary position15 but have suffered mechanical failure in the systemic 

circulation.16 Decellularized valves pre-seeded with autologous vascular endothelial cells prior to 

orthotopic implantation and implanted onto the aortic valve position in a growing lamb model 

demonstrated favorable functionality compared to cryopreserved allografts for up to 9 months. 

However, in some cases predisposition to mineralization of the tissue engineered constructs were 

observed in these animal models.17 Moreover, and importantly these studies have not shown that 

preseeding is either necessary or advantageous to function or that appropriate cellular repopula-

tion occurs in vivo. Thus, despite the exciting possibility of TEHV, many significant challenges remain 

before this form of therapy can be validated, and shown to be sufficiently safe and effective to 

warrant successful translation to clinical use.18

The scaffold material is a paramount consideration in fabricating a valve substitute by tissue 

engineering approaches. Moreover, an emerging area of biomaterials research is focused on fusing 

techniques of engineering with developmental heart valve biology. Specifically, there has been 

increased focus on finding materials that simulate the natural physiological environment that lead 

to fetal heart valve development.19 This could lead to better understanding and harnessing of the 

environmental signals that control heart valve development and regeneration. Indeed, focusing on 

re-creating the natural valve micro-environment has helped to understand and potentially facilitate 

valve tissue remodeling, and hydrogel micro-engineering holds promise as a new approach to 

engineer heart valve substitutes.

Hydrogels are colloidal polymers composed of particles and water. In the present context hy-

drogels are defined as ‘three-dimensional (3D) in vitro culture platforms that enable cell growth in 

or on user-defined microenvironments that mimic critical aspects of native tissue’.20 Chemical and 

mechanical properties of hydrogels can be tuned by engineering methodology. This allows for a 

predictable functionality, which directly influences cell fate. Theoretically, by mimicking the native 

cellular microenvironment or niche within the native, developing and mature, healthy heart valve, 

tissue heart valve regeneration can be understood and mimicked, and thus provide a potential 

means to engineer a heart valve substitute.

This chapter summarizes the application of hydrogels in heart valve tissue engineering and 

discusses how the imaginative use of hydrogels can further the development of a successful tissue 

engineered therapeutic option.



113

Application of Hydrogels in Heart Valve Tissue Engineering

6

hEART VALVE STRuCTuRE, FunCTIOn AnD DEVELOPMEnT: 
RELEVAnCE TO EnGInEERInG

Aortic Valve Structure and Function

We provide a brief overview of valve function and structure as a scientific context for TEHV. Normal 

heart valves ensure unidirectional blood flow through the heart. The semilunar valves – the pulmo-

nary valve and the aortic valve – prevent backflow into the ventricles during diastole (when they 

are closed), whereas the atrioventricular valves – the mitral valve and the tricuspid valve – prevent 

reverse flow from the ventricles into the atria during systole (when these valves are closed and the 

semilunar valves are open). Human heart valves open and close approximately 40 million times 

annually and thus 3 billion times over a lifetime. The cyclical opening and closing of the valves with 

each cardiac cycle is facilitated by a synergistic process of mechanical forces exerted by the sur-

rounding blood and heart onto the mobile part of the valves, termed their cusps (semilunar valves) 

or leaflets (for atrioventricular valves).7 The ability of valves to maintain structural and mechanical 

integrity is largely attributed to the unique and complex organization of valve in which both the 

extracellular matrix (ECM), and cells are highly specialized. (Figure 1)

Heart valve leaflets demonstrate a similar layered ECM architecture: (i) near the outflow side of 

the valve, there is a layer with densily packed collagen, giving the leaflets their strength, called the 

fibrosa; (ii) a middle layer of loose connective tissue enriched in glycosaminoglycans (GAG), named 

the spongiosa; and (iii) a layer below the inflow surface of the leaflet rich in elastin, known as the 

ventricularis.21 This unique organization of ECM proteins contributes to the structural and functional 

integrity of the heart valve. Collagen is the major stress-bearing component of the heart valve ECM. 

It maintains apposition of the cusps during the cardiac cycle in addition to transferring mechanical 

load from the cusps to the aortic wall when the valve is closed and needs to withstand the pressure 

of backflow. Since collagen fibrils cannot be stretched, the changes of cusp shape and size during 

the cardiac cycle is attributed to rearrangements in collagen structure such as crimping in systole 

and straightening of the crimp in diastole (similar to an accordion).22 These rearrangements of col-

lagen during opening and closing are facilitated by the pull of the elastin in the ventricularis that 

was stretched during valve closure. Finally, GAGs in the spongiosa function as a shock absorber to 

the mechanical forces and a lubricant for internal tissue reaugmentation that occurs during the 

cardiac cycle.21

Valvular Cell Population

The surfaces of the valve are covered with an endothelial monolayer comprised of valvular endo-

thelial cells (VECs) and the entire internal valve cross section is composed of valvular interstitial 

cells (VICs) embedded in ECM. VECs contribute to the nonthrombogenic properties of the valve. 

Moreover, VECs have shown to be able to undergo endothelial to mesenchymal transformation 

(EMT) in response to pathological levels of mechanical strain, increased TGF-β signaling, or Notch-1 

activation,23 which in turn may play a role in valve morphogenesis and development,, adaptive 
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Figure 1. Aortic valve functional structure at macroscopic and microscopic levels. (A) Outflow aspect of aortic valve in open 
(top) and closed (bottom) configurations, corresponding to systole and diastole, respectively. (b) Schematic representation of ar-
chitecture and configuration of aortic valve cusp in cross section and of collagen and elastin in systole and diastole. Modified from 
Ref. 11. (C) Schematic diagram of the detailed cellular and extracellular matrix architecture of a normal aortic valve. Modified with 
permission from Ref. 12. (D) Tissue architecture, shown as low magnification photomicrograph of cross-section cuspal configura-
tion in the non-distended state (corresponding to systole), emphasizing three major layers: ventricularis, spongiosa, and fibrosa. 
Valvular interstitial cells (VICs) are denoted by arrows. The outflow surface is at the top. Original magnification: 100×. Hematoxylin 
and eosin stain. (E) Transmission electron photomicrograph of relaxed fresh porcine aortic valve (characteristic of the systolic con-
figuration), demonstrating the fibroblast morphology of VICs (arrow); the dense, surrounding closely apposed collagen (asterisk) 
with wavy crimp; and the potential for VIC-collagen and VIC-VIC interactions. Reproduced with permission from Ref. 2. (F) Trans-
mission electron photomicrograph of surface of aortic valve demonstrating valvular endothelial cell (VEC; arrow) and proximity of 
deeper VICs (double arrows) and potential for VEC–VIC interactions. Reproduced with permission from Ref. 14. Abbreviation: GAG, 
glycosoaminoglycan. Source: Reproduced with permission from Annu. Rev. Pathol. Mech. Dis., 7, 161–183.
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remodeling, and sometimes pathology.24 VICs are crucial to maintaining valvular function. VICs 

continuously repair and remodel the valvular ECM, by synthesizing ECM proteins, expressing matrix 

degrading enzymes (e.g. matrix metalloproteinases (MMPs) and tissue inhibitors of metalloprotein-

ases (TIMPs)).25, 26

VICs are a very heterogeneous cell population characterized by five specifically identifiable 

phenotypes: embryonic progenitor endothelial VICs, adult progenitor VICs, quiescent VICs, ac-

tivated VICs and osteoblastic VICs.27 Valvular homeostasis and the ability to repair/remodel as a 

consequence of injury is considered to be mediated primarily by active VIC phenotype transition 

primarily driven by environmental cues.28 It is believed that the transition of quiescent fibroblast-like 

cells to activated myofibroblast-like cells is key to maintaining valvular homeostasis. For example, 

VICs are activated during embryonic development and valvular maturation.26 In addition, mechani-

cal stress changes or transforming growth factor (TGF)-β increase VIC activation and ECM protein 

synthesis by isolated VICs in vitro.29-32 VIC activation, marked by expression of alpha smooth muscle 

actin (α-SMA), increases stress fiber formation causing enhanced contractility of cells onto the sur-

rounding ECM. In turn this may promote physiological and pathological remodeling of the valve.28 

In addition, although VECs may interact with VICs to contribute to valvular tissue integrity, the exact 

mechanisms of the functional interactions between VECs and VICs are uncertain.

Consistent with the rapidly evolving view that mechanical environment is a major determinant 

of stem and cell differentiated cell phenotype, the interplay between VIC phenotypical transitions 

and the surrounding ECM, vital to the understand of valvular physiology and even pathology, is 

under active investigation. More specifically, in the pursuit of engineering a valve substitute that is 

able to grow, remodel and repair, an understanding of both the effects of VICs on their environment 

in addition to the VIC response to their environment, is crucial.

Cardiac Valve Development

Since creating a tissue engineered heart valve may in large measure recapitulate normal cardiac 

morphogenesis, mechanisms of embryonic and foetal heart valve development are important to 

consider. Valves develop within the atrioventricular canal and ventricular outflow tracts, and mature 

in the fetus.33, 34 During normal development of the heart, the heart tube consists of endocardium 

and myocardium separated by a primitive acellular amorphous extracellular matrix called the car-

diac jelly. After the completion of heart looping, the valve cusps/leaflets originate from endocardial 

cushions, the precursors of valves and the cardiac septums.35 A subset of endothelial cells of the 

endocardial cushion, driven by signals from the underlying myocardium, transform to mesenchy-

mal cells and migrate into the cardiac jelly to form VICs (through EndMT as described above).

Experimental studies have suggested that VICs in adult valves may be also replenished via 

circulating endothelial or mesenchymal cell precursors derived from the bone marrow36 and 

subsequently undergo EMT.37 Even though the role of specific ECM components in remodeling of 

the endocardial cushions into heart valves is poorly understood, it is clear that the temporal and 

spatial patterns of collagen expression are vital to function.38 In addition, the glycosaminoglycan 
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hyaluronic acid (HA) is well documented to have important function in EMT and subsequent valve 

development.39

bIOMATERIALS In hEART VALVE TISSuE EnGInEERInG

Investigators in the field of heart valve tissue engineering have focused on either 1) shaping a valve 

and leaflet geometries out of synthetic polymer scaffolds and seeding these with cells prior to im-

plantation into animal models, 2) using decellularized natural valve materials or 3) using fabricated 

extracellular matrix with or without embedded cells. The biggest challenge to overcome before 

TEHV can successfully be translated to patients is to exactly formulate which are the optimal com-

ponents and conditions (e.g. scaffold material, cell source, in-vitro manipulation, animal models) for 

tissue engineering to yield progress toward an adequate valve substitute in a bioreactor. Other key 

challenges have been discussed.18

As a cornerstone in tissue engineering over the last three decades, biomaterials science has 

focused on how to create scaffolds to promote natural tissue regeneration.40 A wide range of 

synthetic polymers have been developed and used in heart valve tissue engineering. Widely used 

polymers include poly(lactic acid) (PLA), poly(glycoclic acid) (PGA) and poly (lactic-co-glycolic acid) 

(PLGA), which are clinically used as biodegradable sutures.41-43 Because they were already FDA ap-

proved and accepted as biocompatible and biodegradable polymers over a reasonable interval, 

initial heart valve tissue engineering research focused on these materials. However, the early studies 

into using PLA:PGA scaffolds revealed inadequate mechanical properties suitable for TEHV, which 

lead to the addition of other polymers to the PGA based scaffolds. The most common modification 

used was the addition of poly-4-hydroxybutyrate (P4HB), a bioresorbable thermoplastic that can be 

molded into the complex shape of a heart valve and sealed without the use of sutures.44 One study 

seeded these scaffolds with amniotic fluid-derived stem cells and conditioned them in an in vitro 

pulsatile system,45 resulting in endothelialization, cell proliferation and ECM synthesis. Upon evalu-

ation in a lamb model, PGA:P4HB scaffolds seeded with ovine VICs and VECs, yielded ECM protein 

synthesis and mechanical properties similar to the native valve after 20 weeks of implantation.41

Despite what seems like initial short-term success, long-term function remains to be evaluated 

and reliably reproduced. Using these synthetic polymers for TEHV has yet to produce a viable tis-

sue engineered valve substitute that is close to human trials. In addition, these materials possess 

certain limitations. While these materials exhibit good mechanical properties, they usually possess 

high initial stiffness compared with native tissues. In addition, they require considerable time for 

the polymer to undergo degradation by hydrolysis and resorption.46 Moreover, these materials do 

not possess any functional biological moieties that could direct cell signaling, ECM production 

or enzymatic material degradation. Some of these materials can be functionalized with such tis-

sue guiding motifs; however, there has been no control over functional molecule localization.47, 48 

Moreover, this approach does not uniformly lead to a physiologically relevant environment that 
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can be invaded and remodeled by cells. To this end, alternative approaches are being pursued to 

controllably provide requisite environmental cues to promote and control cell growth and provide 

functional ECM.

hyDROGELS: TunAbLE, COnTROLLAbLE, bIO-MIMETIC SCAFFOLDS

hydrogels

Cells often behave very differently when they are isolated from the complex architecture of their 

native tissues and cultured in Petri dishes. In particular, VICs in two-dimensional culture will undergo 

spontaneous myofibroblast-like differentiation (aVICs), whereas in situ they are mostly quiescent 

fibroblast like cells (qVICs).27 This difference in cell behavior has constituted a major obstacle for 

tissue engineers. However, in the past 15 years the field has made progress in creating successful 3D 

cellular microenvironments with hydrogels that possess elasticity similar to that of natural tissues.49 

The structure and composition of these hydrogels can be tailored to deliver the appropriate chemi-

cal, biological, and physical cues that encourage the development of tissue-like structures in vitro. 

Hydrogels can be fabricated from synthetic and from natural biomaterials. Both have been applied 

in the field of heart valve tissue engineering.

Synthethic hydrogel: poly(ethylene glycol)

One of the most common polymers used in hydrogels for heart valve tissue engineering is 

poly(ethylene glycol) (PEG).50-52 PEG hydrogels are intrinsically biocompatible due to biologically 

neutral base gels, resistance to protein adsorption, no release of acidic products during degrada-

tion, and allow for polymer crosslinking with low toxicity. In turn, this allows for high-density cellular 

encapsulation. PEG hydrogels can be chemically tuned by crosslinking bioactive moieties such as 

peptides, glycosaminoglycans or growth factors. More specifically, peptides attached to the surface 

or bulk of PEG will retain their bioactivity.53 Mechanical properties can also be altered by changing 

the amount of polymer crosslinking, or copolymerization. As such, the properties of PEG hydrogels 

can be modified to mimic tissue function or even a specific pericellular environment. Changing 

the molecular weight or the weight fraction in solution of the macromere or altering crosslinking 

time can control physical properties of PEG hydrogels.54, 55 Hence, dynamically tunable PEG-based 

hydrogel platforms have been developed to understand valve cellular biology.56 A photosensitive 

PEG hydrogel was functionalized with an MMP-sensitive peptide to study the response of VICs.50 

A similar approach was used to tune mechanical properties of PEG-based hydrogels. Interestingly, 

this work showed that VIC differentiation can be directed by gradients in substrate stiffness. More-

over, whereas it was previously thought that stiff environments would favor activation of VICs, this 

work showed that soft substrates could also facilitate activation of VICs.57, 58 However, PEG synthetic 

hydrogels have the significant drawback of being devoid of cell binding motifs. Functionalization 
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with cell-adhesive peptides is thus necessary to facilitate cell attachment. The potential of using this 

material thus mostly lies in the tunability of such a platform to a specific purpose.

‘natural’ hydrogels

Increased interest has risen to use so-called ‘natural materials’ which are based on valvular ECM 

components. Although they have less flexibility in functionalization, they do provide mechanical 

properties comparable to native tissue and the possibility of biological cues needed to direct and 

control cell growth. Most importantly, natural materials allow for the fabrication of a more in situ-like 

environment analogous to the native heart valve. Cells surrounded by a native-like environment 

mimicking their natural state may be presented with proteins similar to those of fetal and adult 

heart valves, which could promote in vitro and in vivo remodeling. In turn, this may be beneficial 

in creating a viable heart valve replacement. In addition, such an approach can be used in vitro to 

controllably study the mechanism of valvular physiology and disease as it may occur in vivo.

Native valve ECM components such as collagen, hyaluronic acid, fibronectin and elastin have 

been used as biomaterials to fabricate hydrogels. The two most studied natural biomaterials for 

hydrogel based heart valve tissue engineering are hyaluronic acid and collagen.59-63 Both collagen 

and hyaluronic acid are abundant in adult heart valve ECM, but also not only are vital for valve 

maturation.

hyaluronic Acid

As mentioned before, the endocardial cushions from which heart valves develop contain a signifi-

cant amount of HA, playing a key role in regulating ECM production and control of EMT by endo-

cardial cells. From an engineering point of view HA hydrogels are promising scaffolds for in vitro and 

in vivo remodeling, due to their inherent slow biodegradation by VIC secreted hyaluronases. The 

spongiosa of native valves contain more than ninety percent HA. HA is also a non-thrombogenic 

and non-immunogenic material. Using HA in hydrogel scaffolds also seems to provide for biologi-

cal cues to promote specific ECM production. For example, in a study where neonatal rat smooth 

muscle cells were cultured on HA hydrogels, results demonstrated increased elastin production 

compared to cells grown on a petri-dish.60 In addition, photo-crosslinkable HA hydrogels modified 

with methacrylate groups showed that ECM protein production of encapsulated VICs is based on 

the molecular weight of the HA degradation products.64 This is by itself very promising, since lack 

of elastin production seems to hinder the successful long term performance synthetic based heart 

valve tissue engineering.

Collagen

Collagen is the main ECM protein produced in developing valves and maintained in mature valves 

through a homeostatic process described earlier. Collagen is largely responsible for the mechanical 

strength of heart valves, and seems logical to be considered a scaffold.65 However, on its own, 

collagen lacks the necessary mechanical properties to fabricate a strong enough heart valve sub-
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stitute. It is thus often used as one component of a composite material. Collagen has been used in 

combination with photocrosslinkable methacrylated HA.66 Interestingly, such a composite material 

which provides for a similar fibrous structure of native valve leaflets, through collagen, together 

with increased mechanical properties of HA, has shown to promote proliferation of fibroblasts, 

analogous to quiescent VICs, predominantly present in healthy heart valves.67 By adding HA, the 

formation of a collagen fiber network is altered, meaning that cells cannot contract the composite 

gels, compared with collagen gels alone. Collagen has also been combined with the GAG chondroi-

tin sulfate to create valve replacements.61 This composite scaffold demonstrated in vitro develop-

ment into similar architecture as native valves when seeded with porcine VICs and VECs.

Alternatively, a technique has been developed to create collagen-based valve scaffolds in vivo 

using fibrous encapsulation of an implanted foreign body by an organism.68, 69 First, silicone rods 

were shaped into valve molds and wrapped in polyurethane or autologous connective tissue from 

white rabbits. Then, these constructs were implanted subcutaneously in the same animals. After 

four weeks, the host response to the implant was to secrete connective tissue primarily in the 

form of collagen, which would coat the valve-shaped mold. Results demonstrated a tri-leaflet valve 

composed primarily of collagen, which performed well in bioreactors simulating the pulmonary 

circulation.69 Future studies are ongoing on using this approach to create an autologous valve 

substitute.

Another approach using collagen-based hydrogels is to use its hydrolyzed form, gelatin. Gelatin 

is synthesized upon the partial breakdown of the natural triple-helical structure of collagen and 

is considered safe by the FDA, which made it an attractive material to explore. It maintains similar 

bioactivity as collagen, however unmodified gelatin as a hydrogel platform is mechanically very 

weak and the gelation temperature is below 37oC, the physiological temperature. Gelatin is there-

fore altered with methacrylate groups (GelMA), which when exposed to light in the presence of 

a photo-initiatior, polymerizes to form covalently and physically crosslinked hydrogels. Changing 

macromer molecular weight or percentage per volume or crosslinking time can alter its physical 

mechanical properties, making it an attractive scaffold. Encapsulating VICs into GelMA hydrogels 

resulted in high viability, myofibroblast differentiation and matrix remodeling in 3D.70 However, 

similar to collagen, GelMA is an intrinsically weak material, which is not at par with the mechanical 

properties required for a tissue engineered valve substitute. To what extent GelMA can be explored 

in combination with other materials to address this limitation remains to be studied.

Fibrin

Fibrin based hydrogels present another viable alternative for TEHVs, since they can be derived from 

the patient. This would eliminate the worry of an adverse immunogenic response. Although studies 

of fibroblasts encapsulated in fibrin gels show increased collagen production and anisotropic me-

chanical properties, these materials are not strong enough to be considered sustainable heart valve 

scaffold materials.71, 72 However, when mechanical conditioning in the form of cyclic distension is 

performed, fibrin-based scaffolds with porcine VICs or fibroblasts showed improved mechanical 
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properties and collagen production compared to statically grown control samples.73 This could 

mean that fibrin-based scaffolds may facilitate increased remodeling and thus eventually aid in 

generating mechanical properties needed for in vivo implantation.

3D Printing

A technique that has recently gained a great deal of attention, particularly in organ tissue engineer-

ing is 3D printing. Considering that hydrogels can be designed to mimic mechanical and biological 

properties of soft tissues, they are very suitable to be used and controlled for 3D printing. The 

technology that can print clinically sized, geometrically, complex constructs with hydrogels ex-

ist. This technique has primarily been demonstrated for hard tissues such as bone and cartilage.74 

However, a recent study used this approach to print aortic valves.75 (Figure 2)

By using PEG-diacrylate (PEGDA) as a base polymer hydrogel, aortic valves including leaflets, 

coronary sinus and root geometry at different scales were printed. Briefly, the valves were fabricated 

by was simultaneously printing and crosslinking small hydrogel paths by exposing the hydrogel 

paths to light. Each small path would then brick-wise be printed to form an aortic valve. These 

constructs exhibited tunable mechanical properties, and adequate cytocompatibility of seeded 

porcine VICs.

Although this approach is in its infancy, this use of hydrogels could prove an enabling technique 

for heart valve tissue engineering, because the 3D printed heart valve can be sized and shaped ac-

cording to the specific patient’s needs. In essence, this is personalized medicine applied to cardiac 

valve replacement. In addition, 3D printing hydrogels has been utilized in creating vascularized 

constructs using thermal gelation after printing. Using different biomaterial inks and print-heads 

Figure 2. Printing heterogeneous valve constructs. (A) Porcine aortic valve model was (b) Printed, where root was formed with 
700 MW PEG-DA hydrogel while the leaflets were formed with 700/8000 MW PEG-DA hydrogels. Key features such as the coronary 
ostium and sinuses were present. (C) Scaffolds were printed with 700 MW PEG-DA at different scale for fidelity analysis, where the 
inner diameters (ID) were 22, 17 and 12 mm. (D) Axisymmetric valve model was (E) Printed with two blends of hydrogels (F) And at 
22, 17, and 12 mm ID. Scale bar = 1 cm. Source: With permission from Hockaday et al. Biofabrication (2013)
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simultaneously, vascularized multicellular heterogeneous tissue constructs were printed, demon-

strating good viability and little no damage to encapsulated cells.76 This approach may open up 

new avenues for research on angiogenesis, drug screening and stem cell niches.

hyDROGELS AS MODEL SySTEMS TO STuDy bIOLOGy AnD 
PAThOPhySIOLOGy OF VICS In hEALTh AnD DISEASE

The chemical and mechanical tunability of hydrogels – as described previously – does not only 

harbor potential in creating functional tissue engineered valve substitutes, but also facilitates the 

ability to capture the native cellular niche as it may occur in the heart valve. More specifically, hydro-

gels provide for a 3D in vitro platform to study the biology and pathophysiology of valvular cells, in 

a model which may be much more physiological than standard culture. (Figure 3) Indeed, this is an 

active area of investigation.77, 78 Of special interest is the pursuit of understanding the mechanisms 

of calcific aortic valve disease (CAVD). CAVD is the most common valve disease in the Western 

world2 and is characterized by progressive fibrosis and mineralization of the aortic valve cusps, 

causing aortic valve stenosis.21 Traditionally viewed as a degenerative disease, CAVD is now seen as 

a dynamic process involving phenotypic modulation of resident VICs .79 As described before, VICs 

are responsible for maintaining valve tissue homeostasis. However, when repeated valve injury or 

chronic exposure to exogenous pathogenic stimuli such as inflammation or excessive mechanical 

stress occur, regulation of healthy VIC phenotypes can be altered.

One of the postulated mechanisms is that with changes in valve architecture that occur with 

age and upon persistent VIC myofibroblastic activation, VICs can increase valve stiffness through 

excess remodeling of the valve, and eventually cause VICs to express genes and proteins associated 

with osteogenesis.80 This process of osteogenic activation is subject to several factors amongst 

which the potent cytokine transforming growth factor β1 (TGFβ1) has been well documented.81 

Because symptoms do not occur until there is a significant aortic valve stenosis caused by severe 

calcification with CAVD, clinical specimens obtained at surgery have end-stage calcific valve disease 

in humans. In addition, animal models have failed to truly recapitulate the human disease, and 

in vitro standard culture experiments are arguably unable to simulate the cellular processes that 

occur in vivo. As such, hydrogels have been explored to simulate specific biological and pathophysi-

ological processes to gain insight into underlying mechanisms. (Figure 3) A key advance was on 

seeding VICs onto HA-based hydrogels, demonstrating the feasibility of utilizing natural material 

based hydrogel microengineering as an in vitro culture platform.59 GelMA based hydrogel platforms 

have also been widely explored as hydrogel culture systems as a tool to understand and direct VIC 

phenotypic fate,20, 70 in addition to synthetic polymers such as PEG. After the feasibility of using 

various materials to create relevant 3D cellular micro-environments was demonstrated, investiga-

tors started using these system to understand the phenotypic change of VICs that may occur in 

heart valve biology and pathophysiology. Understanding the phenotypic switch from quiescent 
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fibroblast-like VIC to activated myofibroblastic VIC is of vital importance in unraveling mechanisms 

of disease. For instance, it became clear that matrix elasticity is able to regulate proliferation and 

differentiation of quiescent fibroblastic VIC;57, 77 particularly stiffened matrix in fibrotic lesions are 

thought to promote pathogenic myofibroblast activation.80 PEG based hydrogels have been modu-

lated to simulate physiological matrix elasticities, demonstrating that soft hydrogels are able to 

preserve the quiescent fibroblast phenotype of VICs much better than stiff surfaces.82, 83 Decreasing 

matrix elasticity during culture even facilitated a phenotypic change from activated myofibroblasts 

to quiescent fibroblasts.58, 77, 78 In addition to controlling the mechanical characteristics of hydrogels, 

the chemical composition of matrices and its effect on VIC phenotype can also be modulated. 

Indeed, hydrogels have been functionalized with other valve matrix molecules such as fibronectin 

and fibrin, which revealed that fibronectin had an inhibitory effect on calcification markers of VICs, 

whereas fibrin seemed to enhance them.72 Hydrogels can also be used as a platform to test the 

Figure 3. using hydrogels as model systems for valve pathobiology. (A) Typical fabrication technique of photo-crosslinkable 
hydrogels in which VICs are resuspended in a macromer solution which in the presence of PI solution can crosslink when exposed 
to UV light. (b) Changing material composition affects VIC behavior. When HAMA was added to GelMA it facilitated a quiescent VIC 
phenotype, contrary to VICs encapsulated in GelMA alone, which demonstrate spreading and myofibroblast-like differentiation. (C) 
When exposed to osteogenic environment VICs encaspulated in hybrid hydrogels undergo osteoblastic differentiation and deposit 
calcium as visualized by Alizarin Red S and Von Kossa staining. Arrows indicate positive staining Bar 50 um. (This thesis, Chapter 7,8)
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effect of exogenous stimuli such as cytokines on VIC phenotype. The addition of TGFβ1 revealed 

an increased myofibroblastic differentiation of VICs encapsulated in hydrogels,29 whereas FGF-2 has 

demonstrated an inhibitory effect on myofibroblastic differentiation of VICS. All in all, hydrogels are 

dynamic substrates, which hold great potential in deciphering the complex role of matrix composi-

tion and cues on the phenotypic plasticity of VICs and the role of this most influential cell type in 

valve homeostasis and disease.

COnCLuSIOn

The success of TEHV depends on living functional tissue that is able to adapt to a viable and 

durable homeostatic state. In addition there must be an intricate ability to repair and remodel 

when needed, whether it is as a response to injury or growth. Valvular homeostasis is a complex 

interaction between the endothelium, VIC phenotypes, the extracellular matrix and biomechanics. 

Using natural materials to fabricate hydrogels and generate living heart valves is a relatively new 

approach in heart valve tissue engineering. Even though hydrogels have substantial potential due 

to their tunable, controllable and biomimetic nature caused by using the body’s own ECM proteins, 

significant challenges need to be overcome. Up until this point the use of hydrogels in TEHV has 

mostly been in vitro and used to understand cell-material relationships in three-dimensional plat-

forms. In addition, even with the advent of tissue controlling natural materials, biocompatibility 

alone will not be enough to create the ‘perfect’ heart valve replacement. The valve substitute must 

have sufficient mechanical properties to withstand the hemodynamic demands of a beating heart. 

The combination of cell-instructive biomaterials with other techniques that introduce mechanical 

strength could create such a scaffold system. Although considerable progress has been made in de-

veloping, characterizing and using hydrogel-based tissue engineering for heart valve replacement, 

the approach is still in its rudimentary stages and far short of clinical implementation. Neverthe-

less, considering the premise that hydrogel engineering can use the body’s own ECM proteins to 

stimulate a living, durable valve substitute, hydrogels hold exciting potential.
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AbSTRACT

Three dimensional (3D) hydrogel platforms are powerful tools, providing controllable, physiologi-

cally relevant microenvironments that could aid in understanding the role of various environmental 

factors in directing valvular interstitial cell (VIC) phenotype. Continuous activation of VICs and their 

transformation from quiescent fibroblast to activated myofibroblast phenotype is considered to 

be an initiating event in the onset of valve disease. However, relative contribution of changes 

in VIC phenotype are poorly understood since most 2-dimensional (2D) culture systems lead to 

spontaneous VIC myofibroblastic activation. Here, a hydrogel platform composed of photocross-

linkable versions of native valvular extracellular matrix components –methacrylated hyaluronic 

acid (HAMA) and methacrylated gelatin (GelMA) – is proposed as a 3D culture system to study VIC 

phenotypic changes. Our results showed that VIC myofibroblast-like differentiation, determined 

by α-SMA, MMP-9, and Collagen type I expression, and occurs spontaneously in mechanically soft 

GelMA hydrogels. In contrast, VICs encapsulated in HAMA-GelMA hybrid hydrogels, does not occur 

spontaneously and require exogenous delivery of TGFβ1, indicating that hybrid hydrogels can be 

used to study cytokine-dependent transition of encapsulated VICs. This study demonstrated that a 

hybrid hydrogel platform can be used to maintain a quiescent VIC phenotype and study the effect 

of pathological environmental cues on VIC activation, which will aid in understanding pathobiology 

of valvular disease.
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InTRODuCTIOn

Heart valves contain valvular interstitial cells (VICs), a heterogeneous cell population that maintains 

tissue homeostasis and structural integrity of the heart valve leaflet extracellular matrix (ECM).1, 2 In 

native healthy heart valves, VICs are mostly described as having a quiescent fibroblast-like pheno-

type; however, upon stimulation by environmental cues, VICs can differentiate into myofibroblast-

like cells. Activated VICs, hallmarked by alpha smooth muscle actin (α-SMA) expression, play an 

important role in valve tissue remodeling that is characterized by increased deposition of ECM 

proteins such as collagen, elastin, and glycosaminoglycans (GAGs), and overexpression of matrix 

metalloproteinases (MMPs), cathepsins and tissue inhibitors.1, 3, 4 Persistent activation of VICs 

results in pathological remodeling of the valve matrix, in part attributed to valvular fibrosis.2 

Moreover, activated VICs are believed to play an active role in calcific aortic valve disease, in which 

myofibroblast-like cells differentiate into osteoblast-like cells resulting in calcium deposition.5-7 

However, regulation of the phenotypic changes in VICs and the role of VICs in tissue homeostasis 

during healthy and pathological remodeling are poorly understood. One major problem that has 

hindered research into valvular homeostasis and remodeling is the lack of a suitable in vitro system 

to study VIC behavior. Culturing VICs on tissue culture polystyrene has been shown to promote 

myofibroblastic activation.

In addition, although animal models such as murine,3 rabbit8 and porcine9 exist that simulate 

aortic valve disease, they often fail to develop significant stenosis which is characteristic of human 

aortic valve disease. Furthermore these models are mostly based on hypercholesterolemia and 

subsequent atherosclerosis, which currently is viewed as a different etiology to calcific aortic valve 

disease.7

In order to better understand pathologic changes in VIC phenotype several studies have utilized 

bio-mimetic in vitro model systems that support physiological quiescence of VICs and does not 

directly promote VIC differentiation to activated myofibroblast-like cells.10-12 An appropriate model 

system would closely simulate tissue homeostasis in order to monitor changes in VIC phenotype 

as homeostasis is perturbed. Understanding the mechanisms involved in VIC regulation of tissue 

homeostasis may not only elucidate the mechanisms of valve disease but also aid in the engineer-

ing of tissue valve substitutes and development of drug screening tools.

Cell-ECM interactions are important components of VIC regulation, with biomechanical signaling 

from deformation or changes in mechanical stiffness of the ECM playing a key role in modulating 

VIC phenotype.13 External mechanical forces such as shear stress, pressure, and stretch are transmit-

ted through the ECM to the VICs likely elicit cellular responses that drive homeostasis and disease.14 

Similarly, the intrinsic stiffness of the ECM can regulate cell function and modulate the response 

of VICs to other environmental stimuli. Cells can sense the local stiffness of the ECM by pulling on 

the substrate at focal adhesions.15, 16 Cells respond to stiffness of a substrate by altering integrin 

expression, focal adhesions and cytoskeletal organization to establish a force balance between the 

resistance provided by the substrate and the cell-generated traction force.17 In turn these processes 
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regulate intracellular signaling pathways, making cells sensitive to the surrounding stiffness.18 To 

this point, 2D in vitro studies with VICs cultured on tunable substrates have predominantly shown 

myofibroblast-like differentiation on stiffer substrates.10, 13 However, VIC activation has recently also 

been shown to occur in on soft substrates, with a phenotypic change threshold value at ~15kPa.10 

Therefore, further characterization of VIC responses to substrate mechanics is needed to under-

stand the process of myofibroblast differentiation. Most knowledge on this interaction is based 

on 2D-culture studies, which are not appropriate representations of the in vivo microenvironment.

Hydrogel-based 3D culture platforms can provide for a more tissue-like environment to study 

VIC behavior due to their potential to mimic the natural ECM of specific tissues. Previously, VICs 

have been cultured within 3D matrices derived from natural ECM polymers such as commonly 

used collagen and fibrin.19, 20 Although these matrices are able to facilitate good viability, collagen 

and fibrin gels seeded with VICs are increasingly susceptible to degradation and compaction, due 

to the contractile nature and expression of remodeling enzymes by activated VICs.21 In addition, 

natural protein-based gels may initiate various cell-signaling cascades and are associated with 

sequestering growth factors and cytokines from media, providing for added complexity in isolating 

specific material-guided effects on VIC function over time. To this end, photocrosslinking has been 

used to engineer controllable and tunable hydrogels from naturally derived ECM polymers.22, 23 

Using modified naturally derived polymers such as gelatin or hyaluronic acid, cells can be encap-

sulated under relatively mild conditions, limiting cell damage.24-26 Methacrylated gelatin (GelMA)23 

has successfully been used as a platform to investigate VIC fate,25 which suggests the potential 

of this material for development of heart valve-like culture models. However, GelMA alone is a 

relatively weak material that quickly degrades even without cells, and thus poses challenges to 

longer experimental times. Furthermore, GelMA is susceptible to contraction by myofibroblast-like 

cells, which warrants the addition of another polymer component to strengthen this hydrogel net-

work. Methacrylated hyaluronic acid (HAMA) has similarly been explored as a photocrosslinkable 

material for VIC-laden hydrogels.26, 27 Hyaluronic acid is an important ECM of the adult heart valve 

and is a vital component of the cardiac jelly during heart embryogenesis. Therefore, hyaluronic 

acid is a critical ECM component needed to create a physiological representative environment to 

study VIC behavior. However, HAMA-based hydrogels have demonstrated limited cell adhesiveness, 

which results in restricted cell spreading.26, 28 Conversely it has been shown that by adding HAMA to 

collagen, the formation of a collagen fiber network is altered to such an extent that the compaction 

of gels is impaired, compared to collagen gels alone.29 In addition due to the slow degradation of 

HAMA,30 it may increase the structural integrity of the hydrogel for long experiments.

In this paper we aimed to combine the unique advantages of GelMA and HAMA, two naturally 

derived materials, into a hybrid hydrogel platform, which is more analogous to the native valve 

ECM environment. By changing the concentration of polymers in the hydrogels, we aimed to de-

velop a platform that could be used to maintain quiescence of VICs and study the effect of various 

environmental cues on VIC differentiation into myofibroblast-like cells. Such a platform may be a 
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useful tool to understand valvular pathobiology, and importantly aid in the development of drug 

discovery platform.

METhODS

Synthesis of materials

HAMA was synthesized as described previously.31 Briefly, methacrylic anhydride (Sigma-Aldrich, St. 

Louis, MO) was added to a solution of 1 wt% hyaluronic acid (53 kDA, Lifecore Biomedical, Chaska, 

MN) in distilled water. The pH was adjusted to 8 using 5M NaOH (Sigma-Aldrich, St. Louis, MO) and 

kept on ice during the reaction for 24 hours. The HAMA solution was dialyzed against deionized 

water for 72 hours after which lyophilization was performed, resulting in a solid white foam-like 

material that was stored at -80°C prior to experimental use. The methacrylation degree of ~20% 

was determined by 1H NMR

The synthesis of GelMA has also been reported before.23, 32 Powdered type A cell culture tested 

gelatin from porcine skin (Sigma-Aldrich, St. Louis, MO) was dissolved in phosphate buffered saline 

and heated at 60°C under continuous stirring for 20 minutes to obtain a 10 wt% gelatin solution. 

After dropwise addition of 8% (v/v) methacrylic anhydride under constant stirring for 3 hours 

at 50°C, GelMA solution was diluted and dialyzed against deionized water at 40°C for one week. 

This yielded a methacrylation degree of ~80% as determined by 1H NMR. Finally, the solution was 

lyophilized for one week, yielding a white porous foam-like substance, which was stored at −80°C 

before experimental use.

hydrogel fabrication

Hydrogels were fabricated from HAMA and GelMA using photocrosslinking (Figure 1A-C). First, 

a 0.5% photoinitiator (PI) solution was prepared by dissolving 5mg PI (Igracure 2595) in 1 mL of 

phosphate buffered saline (PBS; Gibco) at 80°C. Solutions of 1wt% HAMA, 2 wt% HAMA and 5wt% 

GelMA, 10wt% GelMA, 1wt% HAMA-5wt% GelMA, and 2wt% HAMA-10wt% GelMA with 1 mL PI 

solution were placed in an 80°C oven for 20 minutes to yield respective prepolymer solutions. 

Hydrogels were formed by pipetting 50 μl of prepolymer solution between two 450 μm spacers 

and exposed to 2.5 mW/cm2 UV light (Omnicure S2000, EXFO Photonic Solutions Inc., Ontario, 

Canada; wavelength 320−480 nm) for 30 seconds. The exposure to light facilitates crosslinking of 

the polymers in the solution yielding a disc shaped hydrogel with a height of 450 μm (Figure 1A-C). 

Unreacted polymer was then rinsed away with PBS.

hydrogel Characterization

The porosity of the hydrogel conditions was visualized using scanning electron microscopy (SEM) 

(Cold field-emission gun scanning electron microscope (FEG-SEM), JEOL 6700F)). Samples were 

prepared by freezing fully hydrated hydrogels in liquid nitrogen followed by lyophilization. The 
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samples were broken in half to allow for imaging of cross-sections. The lyophilized samples were 

then coated with Pt/Pd before imaging. Pore size was quantified by determining equivalent circle 

diameter (ECD) with Image J of at least fifty pores from five SEM images made from three hydrogels 

per condition. Porosity was also examined using swelling analysis. Photocrosslinked hydrogels 

were placed in Eppendorf tubes containing 1mL of PBS for 24 hours to reach equilibrium swelling. 

The wet weight of the swollen hydrogels was determined after gently blotting excess liquid with 

kimwipes. The hydrogels were frozen and lyophilized to enable the measurement of the dry weight. 

Swelling ratio was determined by calculating (wet weight – dry weight) / dry weight. Five replicates 

were made for each hydrogel composition. For mechanical testing, 100 μl prepolymer solution 

(0.5% PI) was added between 1mm spacers and exposed to 90 seconds of 2.5mW/cm2 UV light. 

After rinsing with PBS, hydrogels were stored in PBS at 4°C for 24 hours. Prior to mechanical testing, 

hydrogels were punched with an 8mm biopsy punch and excess liquid was removed. A strain rate 

of 0.2 mm/min was applied using an Instron 5542. The compressive modulus (kPa) was determined 

by taking the slope in the linear section of stress-strain curve at 10-15% strain area. Five hydrogels 

were tested for each condition.

Valvular Interstitial Cell isolation and culture

Aortic valve leaflets were obtained from hearts of 10 month old pigs sacrificed at a USDA approved 

abattoir (THOMA Meat Market, Saxonburg, PA). Within 3 hours after dissection valve surfaces were 

scraped to remove endothelial cells. VICs were isolated from valve leaflets using collagenase A (Sig-

ma, St. Louis, MO) digestion. Cells were cultured in normal growth medium containing Dulbecco’s 

modified Eagle’s medium (DMEM) with 10% fetal bovine serum and 1% penicillin/streptomycin 

(Invitrogen, Grand Island, NY). Cells between passage 3 and 6 were used for all experiments. After 

culture, VICs were encapsulated in microengineered hydrogel constructs and cultured for up to 21 

days at 37°C, 5% CO2.

VIC Encapsulation

Prepolymer solutions were prepared for each condition as described above. The solutions were 

vortexed regularly. The polymer solution was then allowed to cool to 37°C. VICs at 80% confluency 

were trypsinized and centrifugated at 1500 rpm for 5 minutes. The supernatant was aspirated and 

the remaining cell pellet was resuspended in the prepolymer solution at a density of 10 million cells/

mL. Fifty μL of the cell-laden prepolymer solution was dropwise added to a petri-dish between two 

spacers with a height of 450 µm and covered with an autoclaved sterile glass slide. The cell-laden 

solution was then subjected to 2.5 mW/cm2 UV light (Omnicure S2000, EXFO Photonic Solutions 

Inc., Ontario, Canada; wavelength 320−500 nm) for 30 seconds, resulting in photocrosslinked VIC-

laden hydrogel (Figure 1 A-C). The hydrogel was removed from the glass slide and put into a well 

plate containing normal growth medium. For selected experiments, Transforming Growth Factor 

β1 (TGFβ1) (R&D systems, Minneapolis, MN) was added at a concentration of 5 ng/mL. Medium was 

changed every 48 hours.
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Cell viability, proliferation and apoptosis

Cell viability was determined by fluorescent labeling with 4μM Calcein AM and 2µM Ethidium 

Homodimer-1 (LIVE/DEAD Viability kit for mammalian cells, Invitrogen). Cell-laden hydrogels were 

first washed with PBS for 5 minutes and then incubated with fluorescent dye for 20 minutes at room 

temperature. The cell-laden hydrogels were then washed with PBS and imaged using a confocal 

microscope (Nikon Instruments, Inc. A1/C1 Confocal Microscope). Three hydrogels were analyzed 

each time point for each condition. Of each hydrogel 3 z-stacks (10 μm per slice) were made of 

which a compressed image was formed. Viable cells were stained green and dead cells red, and 

the numbers of each type were manually counted using Image J Software. Data is depicted as 

percentage of live cells. To quantifiably analyze spreading of encapsulated VICs, mean cell surface 

area was determined from 3D reconstruction of the confocal z-stacks using MATLAB.

Proliferation of VICs encapsulated in the hydrogels, was assessed by EdU labeling. EdU binds to 

cell nuclei when they are in the S-phase of the cell cycle, making it highly specific assay for prolifera-

tion. First, VIC-laden hydrogels were incubated with 10 μM EdU for 12 hours on day 1, 7, 14 and 21. 

Samples were then fixed and permeabilized using a Fixation and Permeabilization kit (Invitrogen/

Life technologies) and subsequently washed with a 1% BSA solution in PBS, after which constructs 

were incubated with Click-iT solution (350 μl) from the Click-iT EdU Alexa Fluor 488 kit (Invitrogen/

Life technologies) for 30 minutes at room temperature. Cell nuclei were counterstained with DAPI. 

Cell-laden hydrogels were then analyzed by confocal microscopy. Three z-stacks were made per 

cell-laden hydrogel. Proliferation was assessed by Image J quantification of positively labeled cells 

of compressed images of the z-stacks. VICs in culture for 24 hours were stained at the same time 

using similar protocol for positive control. Three hydrogels were analyzed for each time point per 

using an EdU labeling kit (Invitrogen). Data is depicted as mean percentage of proliferating cells 

and mean cell number per high power field (HPF) magnification (x20).

Apoptosis was determined by TUNEL (terminal deoxynucleotidyl transferase mediated dUTP 

nick end labeling) staining (Millipore, Remecula, CA, USA), according to the manufacturer’s proto-

col and quantified using fluorescence microscopy. Data are depicted as percentage of positively 

stained cells.

histological evaluation of 3D cell-laden hydrogel constructs

Cell-laden hydrogels were washed with PBS for 5 minutes and then fixed in 4% paraformaldehyde 

for 20 minutes, followed by PBS wash. The hydrogels were kept in a 30 wt% sucrose solution over-

night at 4°C, after which they were frozen in OCT compound (Sakura Finetech, Torrance, CA) and 10 

µm sections were cut. For comparison, VICs cultured in 2D on TCPS were fixed after 24 hours in 4% 

paraformaldehyde for 15 minutes followed by PBS wash.

Immunofluorescence staining for alpha-smooth muscle actin (α-SMA), vimentin, matrix-metal-

loproteinase-9 (MMP-9) and Collagen type I (Col-I) was performed. VIC-laden hydrogel sections and 

VICs (2D) were permeabilized using 0.1% Triton-X. After blocking in 4% horse serum, sections were 

incubated with monoclonal mouse anti α-SMA primary antibody (Clone 1A4, Dako, Dako Denmark 
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A/S, Glostrup, Denmark), a monoclonal mouse anti-vimentin primary antibody (Abcam, Cambridge, 

USA), a monoclonal mouse anti-MMP9 (Santa Cruz), or a monoclonal mouse-anti COL-1 (Abcam, 

Cambridge, USA) for 90 minutes at room temperature (RT), followed by biotin labeled secondary 

antibody (Vector Labs, Burlingame, CA, USA) for 45 minutes at RT and streptavidin labeled AlexaFluor 

488 (Invitrogen, Grand Island, NY, USA) for 20 minutes at RT. Sections were washed three times in 

PBS for 5 minutes and nuclei were counterstained with DAPI containing mounting medium (Vector 

Labs, Burlingame, CA, USA). Images were taken with an Eclipse 80i microscope (Nikon, Melville, NY, 

USA) and processed with Elements 3.20 software (Nikon, Melville, NY, USA). Positive staining was 

quantified by manually counting positively stained cells of the total cell number in five high power 

fields (HPF) per hydrogel. Three hydrogels were quantified per condition per time point.

Real Time Polymerase Chain Reaction for expression of cell markers

RNA from encapsulated VICs were isolated from cell-laden hydrogels by mechanical disruption of the 

hydrogels (TissueLyzer, Qiagen, Germany). Total RNA was isolated from using GE Healthcare RNAspin 

mini RNA Isolation kit. The amount of RNA in each sample was measured using NanoDrop 2000c 

(ThermoScientific). Total RNA was reverse transcribed with oligo-(dT)12-18 primers(Invitrogen/Life 

Technologies, Grand Island, NY, USA) and Superscript II reverse transcriptase (Invitrogen/Life Tech-

nologies, Grand Island, NY, USA) to obtain a target cDNA concentration of 0.335ug/mL followed 

by RT- PCR using SYBR Green (BioRad, Hercules, CA, USA), and annealing temperatures of 95 and 

60 degrees Celsius for 35 cycles. Primer sequences were designed with Primer3 software and were 

as follows: α-SMA: F:5’-AGTGCGACATTGACATCAGG-’3 and R:5’-CTGGAAGGTGGACAGAGAGG-’3, 

Vimentin F:5’-AGCAGTATGAGAGTGTGGCC-’3 and R:5’-CTTCCATTTCCCGCATCTGG-’3, MMP-9 

F:5’GGTGGACTATGTGGGCTACG-’3 and R:5’- AGTGCTGAAGCAGGACGAG-3’, and Collagen type 

1 F:5’CCAAGAGGAGGGCCAAGAAGAAGG-’3 and R:5’-GGGGCAGACGGGGCAGCACTC-’3. The 

housekeeping gene used was glyceraldehyde-3-phosphate dehydrogensase (GAPDH): F:5’-

CCCAGAAGACTGTGGATGG-’3, R:5’- ACCTGGTCCTCAGTGTAGCC-’3. Expression was quantified using 

comparative Ct (Cycle threshold method 2–ΔΔ CT method) with the following equations: (1) ΔCT 

=CT of target gene –CT of housekeeping gene, (2) ΔΔCT=ΔCT day x – ΔCT day 1; (3) Fold increase 

between groups = 2– ΔΔCt

Statistical Analysis

Results are presented as mean +/- standard deviation unless indicated otherwise. One- way ANOVA 

was used to evaluate statistical significant differences in multiple groups. P < 0.05 was considered 

significant.
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RESuLTS

Material characteristics of hydrogel compositions

Scanning electron microscopy (SEM) images of cross-sections of the various single component 

hydrogel conditions demonstrate different porosities characteristic of each hydrogel condition 

(Figure 1D). These images revealed that pore sizes decrease with increased hydrogel macromer 

concentrations. Significant differences are observed in the swelling ratio of each hydrogel condition, 

indicating that porosity is tunable by varying the concentration of polymer in the hydrogel (Figure 

1E). Increasing the concentration of 1% (w/v) HAMA to 2% (w/v) HAMA resulted in a significant 

decrease in the swelling ratio of approximately 30%, (p < 0.05). A similar decrease of 30% (p < 0.05) 

occurred with an increased macromer concentration from 5% (w/v) GelMA to 10% (w/v) GelMA. In 

addition, GelMA hydrogels proved to be less porous than HAMA hydrogels (p<0.05).

The swelling ratios of the hybrid hydrogels 1% (w/v) HAMA – 5% (w/v) GelMA and 2% (w/v) HAMA 

– 10% (w/v) GelMA were 22±3 and 12±2, respectively. As such, when combining these HAMA and 

GelMA polymers together their swelling ratios are close to their separate GelMA counterparts 5% 

(w/v) (23±10) and 10% (w/v) GelMA (16±2). Notably, there is a significant difference in swelling ratio 

between 10% (w/v) GelMA and 2% (w/v) HAMA – 10% (w/v) GelMA; however, there is no significant 

difference (p = 0.45) in swelling ratio between the 1% (w/v) HAMA - 5% (w/v) GelMA hybrid and 5% 

(w/v) GelMA only. Pore sizes were also quantified using SEM images to determine equivalent circle 

diameter (ECD) (Supplemental Figure I), which also revealed no significant difference between 5% 

(w/v) GelMA hydrogels and 1% (w/v) HAMA - 5% (w/v) GelMA hydrogels.

An increase in HAMA or GelMA concentration facilitated an increase in compressive moduli. Simi-

larly, we observed elevated hydrogel stiffness – described as compressive modulus - with increased 

total concentration of polymers in hybrid hydrogels (Figure 1F). As such, 2% (w/v) HAMA-10% (w/v) 

GelMA demonstrated the highest compressive modulus compared to all other conditions (p<0.05). 

All conditions were significantly different (p < 0.05). These results verify the inverse relationship of 

porosity and stiffness of the independent HAMA and GelMA-based hydrogels with increasing the 

polymer concentrations. However, although we observed a significant increase in stiffness when 

HAMA is added to GelMA, a relative small and non-significant change in porosity occurs.

VIC viability, spreading and proliferation in hydrogel composites

After 21 days of culture, VICs encapsulated in the various hydrogel conditions were evaluated for 

cell viability and compared to day 1. Figure 2A depicts representative cross-sections of the middle 

portion of the hydrogel from z-stacks obtained by confocal microscopy after live/dead staining. 

Overall, cell viability remained high (> 80%). However, VICs encapsulated in 2% (w/v) HAMA – 10% 

(w/v) GelMA hydrogels were less viable compared to 1% (w/v) HAMA – 5% (w/v) GelMA hydrogels 

(77.7±6.1 vs. 87.4±2.4, p < 0.05) (Figure 2B). In addition, TUNEL staining performed on sections 

of VIC-laden hydrogels at day 21 demonstrated no apoptotic cells compared to positive control 

(Supplemental Figure II). Notably, as visualized by live/dead staining, VICs seemed to spread more 
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when encapsulated in 5% (w/v) GelMA hydrogels (Figure 2A). This is confirmed by quantifying 

surface area as depicted in Figure 2C, demonstrating a significantly higher mean surface area in 

5% (w/v) GelMA hydrogels (169.1±69.3 μm2) compared to the other conditions (1% (w/v) HAMA; 

13.8±2.2 μm2, 2%(w/v) HAMA: 26.1±1.9 μm2, 10% (w/v) GelMA: 21.4±10.4 μm2, 1% (w/v) HAMA -5% 

(w/v) GelMA: 29.1±8.7 μm2, and 2% (w/v) HAMA – 10% (w/v) GelMA: 18.3±5.0 μm2, respectively).

Proliferation was assessed by EdU labeling. Figure 3A demonstrates representative cross-sections 

of the middle of the hydrogel as imaged by confocal microscopy. The bottom panels demonstrate 

control images of the cells populating the surface of 5% (w/v) GelMA and a positive control, which 

was obtained after 24 hours of culture in normal growth media after seeding. Using z-stack analysis 

of EdU labeled cells in hydrogels allows for evaluating proliferation of encapsulated cells.

The percentage of EdU expressing cells in 1% (w/v) HAMA was 61±13% after 1 day and 47±8% 

after 21 days of culture, but was not statistically significant. In 2% (w/v) HAMA hydrogels, VICs 

expressing EdU remained similar after 21 days of culture (day1:42±7%, day 21 46±9%). However 

in 5% (w/v) GelMA there was a significant decrease in EdU expression at day 7 (32±4%), day 14 

(35±7%), day 21 (30±9%) compared to day 1 (47±8%), p <0.05). In addition, the amount of VICS 

encapsulated in 5% (w/v) GelMA labeled with EdU were significantly lower at days 14 and day 21 

compared to VICs encapsulated in all other hydrogel conditions (p<0.05). EdU expression in 10% 

Figure 2. hydrogel conditions maintain high viability and affects spreading. VIC-laden hydrogels were cultured up to 21 
days. (A) Representative confocal images of live/dead stain of hydrogel conditions at day 21; bar: 50 μm. (b) Quantification of % live 
cells as determined from confocal z-stacks made from hydrogels (n=3). (C) Quantification of cell spreading per hydrogel condition 
(mean cell surface area). Data is depicted as mean ± SD. * p < 0.05.
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(w/v) GelMA remained statistically similar after 21 days of culture. 1% (w/v) HAMA -5% (w/v) GelMA 

cell-laden hydrogels demonstrated EdU expressing VICs of day 1: 45±5%, day 7: 37±5%, day 14: 

61±7% and day 21: 60±11%, where days 14 and 21 were significantly increased compared to days 

1 and 7 (p<0.05).

Upon the number of cells stained for DAPI per high power field (x20), we observe a significant 

decrease of in 1% (w/v) HAMA hydrogels after 21 days (286±49) of culture compared to day 1 

(120±10), (p <0.05). A similar trend is observed in 2% (w/v) HAMA hydrogels with a decrease of 

cell number after 21 days of culture (302±31 vs. 158±8, p<0.05). In 5% (w/v) GelMA hydrogels we 

observed an initial drop of cell number after day 1, but at day 21 the amount of cells is relatively 

similar (315±55 vs. 351±38, p>0.05). 10% (w/v) GelMA hydrogels demonstrated a decrease in cell 

Figure 3. Proliferation of encapsulated VICs. VIC-laden hydrogels were cultured up to 21 days and analyzed for proliferation. (A) 
Representative confocal images of EdU click-it labelling of encapsulated VICs. Image of cells on surface of 5% (w/v) GelMA. Positive 
control was obtained by culturing VICs for 24 hours in medium containing 10% FBS. bar: 50 um (b) Quantification of encapsulated 
proliferating cells as determined by positive EdU labelling in different hydrogel conditions at day 1, day 7, day 14 and day 21, (n=3). 
(C) Amount of cells per high power field (HPF) as determined by positive DAPI staining. (N=3) Data is depicted as mean ± SD. *p<0.05.
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number after 21 days, p <0.05 similar to 1% (w/v) HAMA – 5% (w/v) GelMA where cell number 

decreased after 21 days of culture from 366±31 to 265±28, p<0.05). Cell number remained similar 

during culture in 2% (w/v) HAMA – 10% (w/v) GelMA: day 21: 332±31 vs. 372±36, p>0.05.

VIC cellular behavior in response to hydrogel composition

After 21 days of culture, encapsulated VICs were analyzed for their phenotypic responses to the 

hydrogel conditions. VICs demonstrated a myofibroblast-like phenotype characterized by positive 

immunofluorescence staining of α-SMA in 5% (w/v) GelMA hydrogels (Figure 4A). VICs in these 

gels exhibited a spread-like morphology (Figure 4A inserts) compared to VICs cultured in all other 

hydrogels. This phenotypic differentiation was confirmed by RT-PCR (Figure 4C) showing a signifi-

cant increase in α-SMA mRNA expression of VICs in 5% (w/v) GelMA hydrogels (8.2±2.9, p < 0.05) 

relative to VICs encapsulated in 1% (w/v) HAMA. Vimentin, a general mesenchymal cell marker, 

was positively expressed by VICs in all hydrogel conditions (Figure 4B) and similarly confirmed 

by no significant change in mRNA expression across all groups (Figure 4D), indicating that VICs 

remain quiescent fibroblast-like cells in most hydrogel conditions when cultured in normal media. 

In contrast, VICs cultured on TCPS (2D) mostly exhibited myofibroblast-like differentiation indicated 

by positive α-SMA and Vimentin stain. (Supplemental Figure III)

However 5% (w/v) GelMA hydrogels seem to facilitate myofibroblast-like differentiation of VICs. 

In addition to elevated α-SMA, VICs in 5% GelMA exhibit an increased expression of MMP-9 as dem-

onstrated by immunofluorescence (Figure 5A) and mRNA expression (fold change compared to 1% 

(w/v) HAMA: 4.4±0.7, p<0.05) (Figure 5C). Similarly VICs encapsulated in 5% (w/v) GelMA hydrogels 

exhibit increased expression of collagen type 1 (Figure 5B). RT-PCR quantification of collagen type 

1 mRNA expression revealed (Figure 5D) a similar fold change compared to 1% (w/v) HAMA of all 

conditions containing GelMA (p > 0.05).

Quiescent VIC to activated VIC myofibroblast-like differentiation

After observing the quiescent nature of VICs in the hybrid hydrogels, we added TGFβ at 5ng/mL 

to the culture medium for 21 days to 1% (w/v) HAMA – 5% (w/v) GelMA hydrogels. We detected 

activated VICs encapsulated in 1% (w/v) HAMA – 5% (w/v) GelMA hydrogels as depicted by posi-

tive immunofluorescence staining of α-SMA, vimentin, MMP-9 and Col1A1 similar to results for 5% 

(w/v) GelMA alone (Figure 6A). In addition, mRNA expression levels of α-SMA (41.8±4.1) vimentin 

(4.5±0.3), MMP-9 (6.7±1.1) and COL1A1 (14.9±2.3) were increased compared to control medium, 

indicating a myofibroblast-like differentiation of encapsulated VICs in the 1% (w/v) HAMA – 5% 

(w/v) GelMA hydrogels when stimulated with TGFβ1 (Figure 6B).
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DISCuSSIOn

Engineered 3D culture platforms, such as hydrogels have emerged as powerful tools to understand 

valvular biology, as they potentially provide physiologically relevant environments.22 Hydrogel sys-

tems allow for the creation of tunable 3D environments, by changing their parameters to regulate 

cellular responses. This has become particularly important for studying valve biology in vitro, since 

VICs cultured on stiff tissue culture plates spontaneously develop an activated myofibroblast-like 

phenotype, characteristic of a ‘disease’-like state.

By using naturally derived polymers, which are present in the native heart valve ECM, we aimed 

to develop a more physiologically relevant culture platform for VICs. In this study, we developed a 

tunable 3D hydrogel platform to analyze the phenotypic changes of VICs in response to hydrogel 

composition. We have demonstrated that by changing the relative concentrations of HAMA and 

GelMA separately within hybrid hydrogels, we can induce changes in hydrogel properties. Varying 

polymer concentrations in hydrogels demonstrated a consistently high viability of encapsulated 

VICs. However, proliferation rate was significantly decreased in 5% (w/v) GelMA hydrogels. VICs 

encapsulated in these hydrogels demonstrated a spread-like morphology, which was absent in 

other conditions that demonstrated a more rounded cell morphology. Our data indicated that VIC 

activation and subsequent myofibroblast-like differentiation only occurred in the relatively soft 5% 

Figure 6. Activation of quiescent VICs by TGFβ. TGFβ1 was exogenously added to VICs cultured in 1% (w/v) HAMA – 5% (w/v) 
GelMA. (A) Immunofluorescence (αSMA, Vimentin MMP-9 COL1A1 = green, nuclei=blue) bar: 50 μm. (b) RT-PCR of mRNA expres-
sion of αSMA, Vimentin, MMP-9, COL1A1. Data is depicted as mean fold change ± SD compared to control (normal media), * p< 0.05.
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(w/v) GelMA hydrogel environment. When HAMA is added to the 5% (w/v) GelMA hydrogels, VICs 

remain quiescent. However, the addition of TGFβ1 to the VICs within 1% (w/v) HAMA-5% (w/v) 

GelMA hydrogels led to myofibroblast-like differentiation. These results indicate, that hybrid hydro-

gels can be used to maintain VICs in a quiescent phenotype, which can controllably be activated to 

undergo myofibroblast-like activation. Hence, hybrid hydrogels provide for a platform to study VIC 

phenotypic changes as they may occur in the heart valve.

The results of this study extend the evidence that VIC myofibroblast-like differentiation is not 

solely driven by increased stiffness as is observed in tissue culture,11, 13, 33 but that also more compli-

ant microenvironments can facilitate VIC activation. Interestingly, the aortic heart valve leaflet was 

initially considered to have a relatively stiff modulus of 1.74±0.29 MPa,34 which seemed to increase 

while the valve becomes more fibrotic over time, driving observed myofibroblast-like differentia-

tion of VICs in vivo. However, recent evidence has demonstrated that the modulus of the valve ECM 

may be layer specific, as the aortic valve leaflet consists of three distinct ECM layers characterized by 

specific ECM proteins; the zona fibrosa, which predominantly consists of collagen, zona spongiosa, 

mostly containing GAGs, and the zona ventricularis, characterized by elastin.2 Micropipette aspiration 

indicated that the modulus of the zona ventricularis was ~ 3kPa and the zona fibrosa was ~ 5 kPa.35 

In our study, 5% (w/v) GelMA hydrogels demonstrated a modulus of 5.7±2.3 kPa corresponding 

to the modulus of the zona fibrosa. Considering that pathological changes, including calcification 

preceded by myofibroblast-like differentiation of VICs, most often occur in the zona fibrosa,2 makes 

our 3D hydrogel platform clinically relevant.

Similar results were demonstrated by another recent study that explored the use of HAMA 

and GelMA as a composite hydrogel platform.27 By altering the molecular weight of HA, Duan et 

al. varied the physical properties of their composite hydrogels. However, although an increased 

spread-like morphology was observed in their HAMA hydrogels containing GelMA, myofibroblast 

differentiation was only observed in hydrogels consisting of HAMA alone. We do not observe any 

myofibroblast differentiation in HAMA hydrogels. An explanation for this difference with our study 

might be that the difference in physical properties between our hydrogel conditions are more 

pronounced with moduli ranging from 5kPa to 120 kPA, leading to more apparent differences in 

VIC response. Further, our study indicates that quiescent VICs in hydrogels can be activated by 

the addition of TGFβ1. This observation is important because it indicates that these gels may be 

utilized as a model system to study known cytokine initiators of valve disease independently of VIC 

phenotypic changes caused by the culture environment.

Studies have shown that local mechanical properties of the ECM regulate cellular motility, 

proliferation and differentiation.14 More specifically, cells intrinsically generate cytoskeletal tension 

as they exert tractional forces on the surrounding matrix; stiff matrices provide greater resistance 

to deformation, resulting in greater tractional forces.14 Incorporation of α-SMA into the stress fibers 

aids in force generation36 that becomes apparent when VICs are cultured on stiff tissue culture 

polystyrene plates. This suggests that VICs in our hydrogels would demonstrate increased α-SMA 

when faced with greater resistance due to stiffness.
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The correlation between hydrogel stiffness and polymer crosslinking density37 could explain the 

lack of myofibroblast-like differentiation in stiffer hydrogels. Decreasing polymer density and thus 

the number of peptides that must be cleaved to permit cell spreading and motility, could facilitate 

spreading and thus differentiation23, 32 as there may be more space for VICs to extend outwards and 

exert tractional force. This may explain why VICs exhibit an activated phenotype in the 5% (w/v) 

GelMA hydrogels but are unable to spread and therefore, do not undergo the same phenotypic 

changes in the denser 10% (w/v) GelMA hydrogels. However, this phenomenon may also be aided 

by the increased degradation rate of softer, less dense 5% (w/v) GelMA hydrogels,32 whereas 10% 

(w/v) GelMA hydrogels degrade slower and may thus hinder VIC myofibroblast-like differentiation 

and associated cell spreading. Hence, it remains to be elucidated to what extent material stiffness 

and degradation contribute to VIC phenotypical fate. An additional component to consider is the 

interaction of HA and VICs itself. Studies have shown that disruption of VIC-HA interaction may 

enhance myofibroblast-like differentiation of VICs, indicating HA could be crucial in maintaining a 

healthy quiescent VIC phenotype.38

After confirming a quiescent VIC phenotype in the hybrid 1% (w/v) HAMA - 5% (w/v) GelMA 

hydrogel, we further assessed the possibility of controllable VIC activation with biochemical cues. 

TGFβ1 is expressed in pathological aortic valves, and is a known potent inducer of myofibroblast 

differentiation of VICs both in 2D21 and 3D cultures.24 TGFβ1 is latent when secreted and stored in 

the valvular ECM. Matrix cues such as increased strain may result in the activation of TGFβ1 and 

subsequent myofibroblast activation of VICs. Moreover, TGFβ1 dependent induction of pathologic 

differentiation of VICs seems to be dependent on stretching the ECM.39, 40 TGFβ1 is a relevant bio-

chemical factor that may work alongside biomechanical forces in leading to VIC differentiation; 

however, utilizing a hybrid approach, encapsulating VICS in these hydrogels can allow for these 

biochemical affects to be studied specifically.

The approach to model VIC phenotypic transition in the present study is limited by the static 

nature of the hydrogel platform. Valves are dynamic organs exposed to repetitive strain and stress 

during the cardiac cycle.2 Thus adding a dynamic component to a hydrogel platform would be 

warranted. In addition, a true in vitro valve model would also entail an endothelial monolayer as 

observed in the native valve. The advantage of including HAMA in a hybrid hydrogel platform is that 

although HA is void of cell adhesion motifs like collagen-like substrate, it is a glycosaminoglycan 

which is abundantly present in the zona spongiosa of the valve ECM,35 which makes a hybrid hydro-

gel better suitable to mimic valve ECM to study VIC behavior in a 3D culture platform.

In conclusion, we have utilized the combination of naturally derived polymers HAMA and GelMA 

into a hybrid hydrogel platform, which can be used to study VIC phenotypic fate. By encapsu-

lating VICs in a hybrid HAMA-GelMA hydrogel we could facilitate and maintain a quiescent VIC 

phenotype, which upon stimulation with TGFβ1, were able to differentiate into myofibroblast-like 

cells. Thus, we present here a 3D hybrid-hydrogel system that could serve as controllable model to 

study the transition from quiescent to activated myofibroblast-like VICs, in a more analogous in vivo 
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environment of native heart valve tissue. The results of this study may aid in the development of 

adequate valvular disease platforms or drug discovery tools.
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SuPPLEMEnTAL FIGuRES

Supplemental Figure I. Pore size differed between each hydrogel condition. Porosity was quantified by measuring area size 
to determine ECD of at least 50 pores per SEM images using Image J Software. Three SEM images per sample were used for quan-
tification. * p<0.05

Supplemental Figure II. VICs did not undergo apoptosis when encapsulated in hydrogels. A TUNEL staining of VIC-laden 
hydrogel conditions at day 21. b Positive control by VICs plated on tissue culture plate treated with DNase.
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Supplemental Figure III. Phenotypic characterization of VICs in culture. Immunofluorescence staining of pVICs seeded in 
normal polystyrene tissue culture plate. αSMA, Vimentin, IgG: green, DAPI: blue, bar = 50 μm

Supplemental Figure IV.
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AbSTRACT

Introduction

Calcific aortic valve disease (CAVD) is the most prevalent valvular disease in the Western world. 

Recent difficulty in translating promising experimental results of statins to beneficial clinical ef-

fects warrants the need for understanding the role of valvular interstitial cells (VICs) in CAVD. In 

two-dimensional culture conditions, VICs undergo spontaneous activation similar to pathological 

differentiation, which intrinsically limits the use of in vitro models to study CAVD. Here, we hypoth-

esized that a three-dimensional (3D) culture system based on naturally derived extracellular matrix 

polymers, mimicking the microenvironment of native valve tissue, could serve as a physiologically 

relevant platform to study the osteogenic differentiation of VICs.

Methods and Results

Aortic VICs were encapsulated in photocrosslinkable 3D hydrogels and cultured in control or 

osteogenic conditions for up to 21 days. VICs loaded into 3D constructs maintained a quiescent 

phenotype, similar to healthy human valves. In contrast, osteogenic environment induced an initial 

myofibroblast differentiation (hallmarked by increased alpha smooth muscle actin [αSMA] expres-

sion), followed by an osteoblastic differentiation, characterized by elevated Runx2 expression, and 

subsequent calcific nodule formation recapitulating CAVD conditions. Silencing of α-SMA under 

osteogenic conditions diminished VIC osteoblast-like differentiation and calcification, indicating 

that a VIC myofibroblast-like phenotype may precede osteogenic differentiation in CAVD.

Conclusions

Using a 3D hydrogel model, we simulated events occurring during early CAVD in vivo and provided 

a platform to investigate mechanisms of CAVD. This novel approach can provide important insight 

into valve pathobiology and serve as a promising tool for drug screening.



159

Simulation of Early Calcific Aortic Valve Disease in a 3D platform

8

InTRODuCTIOn

Aortic valve stenosis due to calcific aortic valve disease (CAVD) is the most common heart valve 

disease in developed countries.1 CAVD is a progressive disease characterized by a cascade of cellular 

events in the valve leaflets, followed by fibrotic thickening and calcification of the aortic valve that 

impairs functional leaflet movement and causes left ventricular outflow obstruction.2 Although 

CAVD traditionally was viewed as a passive degenerative phenomenon resulting from years of 

mechanical stress, we now recognize it as an actively regulated disease, with evidence suggest-

ing a process akin to bone formation.3, 4 The disease progression is primarily regulated by valve 

interstitial cells (VICs), the most abundant cell type in the aortic valve. End-point analysis of calcified 

leaflets have identified various VIC phenotypes, including quiescent fibroblast-like VICs, which can 

differentiate into activated myofibroblast-like VICs during various pathological conditions, but also 

have revealed the presence of osteoblast-like cells which may be responsible for the deposition of 

calcium in CAVD.3, 5-8

VIC differentiation accelerates in response to pathophysiological cues caused by injury or 

disease,9 which include inflammation,10, 11 oxidized low-density lipoprotein (LDL) deposits,12, 13 

oxidative stress,14 and extracellular matrix (ECM) disruption.15, 16 No in vitro study, however, has iden-

tified all of the relevant VIC phenotypes and their respective contributions to CAVD.15, 17 Moreover, 

understanding of pathological changes in VICs is hindered by a lack of in vitro model systems that 

maintain physiological VIC phenotypes without spontaneous VIC myofibroblast-like differentiation, 

as is observed when cultured on unnaturally stiff tissue culture plates. These myofibroblast-like 

VICs form dystrophic calcific nodules in vitro; however, these nodules do not display osteogenic at-

tributes15, 18 and osteoblast-like differentiation of VICs in vitro has proven difficult.19 Given that both 

dystrophic and osteogenic calcification processes are observed in excised human CAVD leaflets3 in 

vitro platforms that enable the study of both myofibroblast-like and osteoblast-like VICs are needed.

Three-dimensional (3D) culture platforms are emerging to provide a more tissue-like environ-

ment for studying valvular cell behavior.17, 20 Such 3D cell culture systems could simulate the natural 

ECM of the valve and model an in situ-like environment of the fibrosa layer, where calcification 

is mainly observed.21 Photocrosslinkable hydrogels used to engineer 3D culture platforms for 

VICs showed limited damage of encapsulated cells during fabrication17, 20, 22 and preservation of 

cell–matrix interaction and matrix signaling.23 Hyaluronic acid, an important glycosaminoglycan 

of the adult heart valve ECM, is a vital component of the cardiac jelly during heart embryogenesis. 

Gelatin — a denatured form of collagen — also is abundantly present in the heart valve ECM. By 

adding methacrylate groups to hyaluronic acid (HAMA) and gelatin (GelMA), these biopolymers can 

crosslink to each other in the presence of a photo-initiator and form 3D hydrogel platforms.24, 25, 26 

We have recently shown that combining HAMA and GelMA into a 3D hybrid hydrogel platform 

can maintain a quiescent VIC phenotype, while allowing VICs to undergo myofibroblast-like dif-

ferentiation upon exogenous pathological stimulation.29,30 This study provided us with an in vitro 

3D platform that can be used to model VIC phenotype changes as thought to occur in early CAVD.
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The present work uses a hydrogel culture platform composed of native valvular ECM molecules 

that simulates the in situ–like environment of the healthy heart valve. In this study, we will use this 

in vitro 3D model system to elucidate the role of VIC activation and calcification in mechanisms of 

CAVD.

METhODS

For detailed methods see supplemental material.

Valvular interstitial cell (VICs) isolation and culture

VICs were isolated from aortic heart valves as described previously29 and cultured in DMEM with 

10% fetal bovine serum and 1% penicillin/streptomycin (Invitrogen) at 37°C, 5% CO2. Cells between 

passage 3 and 6 were used for all experiments.

hydrogel fabrication

Hybrid hydrogels were fabricated from HAMA and GelMA, which were synthesized as reported pre-

viously27, 28 using photocrosslinking (Figure 1A).25, 29 Briefly, VICs were resuspended in the prepolymer 

solution consisting of 1wt% HAMA and 5wt% GelMA. 50 μL of the cell-laden polymer solution was 

added between two spacers each with a height of 450 µm and and subjected to light (wavelength 

360 nm) with a light intensity of 2.5 mW/cm2. VIC-laden hydrogels were cultured in either control 

medium (CM) or osteogenic medium (OM) (CM supplemented with 10 mM β-glycerophosphate, 10 

ng/mL ascorbic acid, and 10 nM dexamethasone) or OM with tumor necrosis factor alpha (TNFα).

Silencing of alpha smooth muscle actin in VIC-laden hydrogels

To inhibit the expression of α-smooth muscle actin (α-SMA), ON-TARGET plus SMART-pool (L-

003605-00-00100) and a negative control (scramble) from ThermoScientific was used. Transfection 

of 50 nmol/l siRNAs was performed using DharmaFECT 1 transfection reagent twice per week over 

the entire culture period.

histological analysis and immunofluorescence staining of VIC-laden hydrogel constructs

Human calcified aortic valves were obtained from CAVD patients who underwent surgical valve 

replacement according to Brigham and Women’s Hospital Institutional Review Board Protocol 

(IRB # 201-P-002567/2). VIC-laden hydrogels were frozen in optimal cutting temperature (OCT) 

compound, and 10-µm cross-sections were obtained. To detect calcium deposition, sections were 

stained with 0.02 mg/mL Alizarin Red S solution (Sigma). Von Kossa staining (American MasterTech) 

was used to visualize calcium-phosphate deposition.

Immunofluorescence staining for α-SMA and runt-related transcription factor 2 (Runx2) was 

performed using anti-human α-SMA antibody (Clone 1A4, Dako) or a anti-human Runx2 antibody 
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(Abcam), followed by biotin-labeled secondary antibody (Vector Labs) and streptavidin-labeled 

AlexaFluor 488 for α-SMA and AlexaFluor 594 for Runx2. Sections were counterstained with 

4’,6-diamidino-2-phenylindole (DAPI). Images were taken with an Eclipse 80i microscope (Nikon) 

and processed with Elements 3.20 software (Nikon).

Quantification of alkaline phosphatase activity and calcium content in hydrogel constructs

Activity of alkaline phosphatase (ALP) and calcium content were measured using colorimetric as-

says (Biovision Lifesciences) and normalized to DNA content.

Real-Time Polymerase Chain Reaction for expression of cell markers

After mechanical disruption of the cell-laden hydrogels (TissueLyzer, Qiagen), total RNA was isolated 

using RNAspin mini RNA Isolation kit (GE Healthcare). Total RNA was reverse transcribed with oligo-

(dT)12-18 primers and Superscript II reverse transcriptase (Life Technologies) followed by RT- PCR 

using SYBR Green (BioRad). Primer sequences were as follows: α-SMA: F:5’-AGTGCGACATTGACAT-

Figure 1. Fabrication of VIC-laden hydrogel platform. A Methacrylation of gelatin (GelMA) and hyaluronic acid (HAMA), respec-
tively, occurs by the addition of methacrylic anhydride groups to dissolved gelatin and hyaluronic acid. b Schematic depiction of 
photocrosslinking GelMA and HAMA. By dissolving HAMA and GelMA into a solution containing a photoinitiator, when exposed 
to UV light, the polymers form crosslinks between the methacrylate groups, creating an ECM-like mesh. C Schematic depiction of 
fabricating VIC-laden hydrogels. (1) VICs are isolated from culture and resuspended into a photoinitiator solution containing dis-
solved 1%(w/v) HAMA and 5% (w/v) GelMA; (2) Cell-polymer suspension is pipetted on to a plate between two spacers (450 μm) 
and (3) exposed to light at an intensity of 2.5 mW/cm2 for 30 seconds (λ=365 nm), which yields a (4) crosslinked VIC-laden hydrogel 
disc. VIC-laden hydrogels are then cultured for up to 21 days.
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CAGG-‘3 and R:5’-CTGGAAGGTGGACAGAGAGG-‘3, Runx2 F:5’-ACCCAGAAGACTGTGGATGG-‘3 and 

R:5’-ACCTGGTCCTCAGTGTAGCC-‘3, GAPDH: F:5’-CCCAGAAGACTGTGGATGG-’3, R:5’-ACCTGGTCCT-

CAGTGTAGCC-’3. Expression was quantified using comparative 2–ΔΔ CT method.

Cell viability and apoptosis

Cell viability was determined by LIVE/DEAD Viability kit (Life Technologies). Apoptosis was deter-

mined by TUNEL staining (Millipore). Cell-laden hydrogels were imaged using an A1/C1 confocal 

microscope (Nikon).

Statistical analysis

Results are presented as mean +/- standard deviation unless indicated otherwise. Unpaired stu-

dent’s t-test was used for comparisons between two groups. One-way ANOVA was used to evaluate 

statistical significant differences in multiple groups. P < 0.05 was considered statistically significant.

RESuLTS

Osteogenic environment causes calcific nodule formation in 3D culture model

Osteogenic medium (OM) promoted calcific nodule formation in VIC-laden hydrogels, as demon-

strated by Alizarin Red S staining. Calcific nodules localized throughout the VIC-laden hydrogel and 

were particularly increased at day 21 (Figure 2A).

To evaluate the potential of the hydrogel platform for studying specific pathophysiology related 

to early CAVD, such as inflammation, we used the pro-inflammatory cytokine TNF-α. TNF-α in OM 

promoted calcific nodule formation as visualized by Alizarin Red S staining (Figure 2B) and von 

Kossa (Figure 2C, Supplemental Figure I), while TNF-α supplementation to control media (CM) had 

negligible effect. Quantification of nodule formation revealed a 1.65 fold increase in VIC-laden hy-

drogels cultured in OM supplemented with 10 ng/ml TNF-α as compared to untreated cells (p <0.05 

Figure 2D). Further quantitative calcium analysis showed an OM-mediated induction of calcium 

deposition in a time-dependent manner that was further increase under TNF-α stimulation (Figure 

2E, OM: 1.8±0.2 vs. OM+TNF-α: 1.0±0.1, p <0.05). ALP activity, as marker of early calcification, peaked 

at day 10 (Supplemental Figure II). Addition of TNF-α to the OM significantly increased ALP activity 

(OM day 10:1.2±0.1 vs. OM+TNF-α day 10: 2.3±0.9, p< 0.05). No ALP activity was detected within 

cultures maintained in CM (data not shown).

To confirm the VIC-laden hydrogels demonstrated an active disease process of mineralization, 

contrary to being a consequence of apoptotic driven mineralization, we performed cell viability 

analysis and TUNEL staining. Cell viability when cultured in CM was 95±2% at day 1 and 90%±2 at 

day 21, compared to 91±2% at day 21 and 87±1% at day 21 when cultured in OM (Supplemental 

Figure III). TUNEL staining and quantification showed no apoptosis at 7, 14, and 21 days of culture 

in constructs cultured in OM and OM+TNF-α (Supplemental Figure IV, panels A and B). These results 
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suggest that the mineralization within VIC-laden hydrogels is primarily cellular driven, and that 

TNF-α primarily aggravates but not initiates mineralization in the 3D constructs.

Myofibroblast-like differentiation precedes osteoblastic VIC differentiation in 3D constructs

The mineralized VIC-laden hydrogels were analyzed for differentiation markers involved in the 

active disease process of CAVD. We stained VIC-laden hydrogels cultured in OM and OM+TNF-α 

for α-SMA, a marker for myofibroblast differentiation, and Runx2, a marker for osteoblast differentia-

tion. At day 7, VIC-load in hydrogels and cultured in OM and OM+TNF-α had abundant positive 

immunofluorescence staining of α-SMA and no nuclear staining for Runx2 (Figure 3A). Conversely, 

at day 21, αSMA immunostaining decreased compared to day 7 (Supplemental Figure V), while 

nuclear Runx2-positive cells were detected (Figure 3B). Positive nuclear Runx2-stained cells were 

not identified at other time points (data not shown).

In addition, αSMA mRNA expression (Figure 3C) supported our findings and showed a significant 

increase at day 7 and decreases at days 14 and 21 (OM: day 1, 1±0; day 7, 5.1±1.1; day 14, 2.8±1.1; day 

Figure 2. Calcification potential of 3D in vitro valve model.  A, Alizarin red S staining of VIC-laden hydrogels cultured in control 
media (CM), osteogenic media (OM), or osteogenic media with TNFα (OM+TNFα) at day 1, 7, 14, and 21. b, Alizarin red S staining 
and C, Von Kossa staining of VIC-laden hydrogels cultured in CM or OM with TNFα (0,1,5 or 10 ng/mL) at day 21. Arrows indicate cal-
cific noduli. Bar: 100 μm. D, Number of calcific noduli per hydrogel section (n=3). Data depicted as mean ± SD. E, Calcium measured 
every 3 days in hydrogel constructs cultured in OM or OM + TNFα (n=3 per time point). Data depicted as mean ± SD (**: p < 0.05).
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21, 1.8±0.8). 3D constructs treated with OM+TNF-α showed significantly reduced α-SMA expression 

at day 7 compared to OM alone (OM+TNF-α: 3.5±0.4 vs. OM 5.1±1.1, p <0.05).

Runx2 mRNA expression demonstrated a time-dependent increase (day 1 1±0; day 7 0.9±0.4; 

day 14 1.2±0.8; day 21 1.7±0.8). TNF-α caused an additional significant increase in Runx2 expression 

at day 21 (day 1;1±0; day 7 1.1±0.6; day 14 1.7±0.7; day 21 2±0.2), compared with constructs cul-

tured in OM (Figure 3D). These results suggest an inverse relationship between myofibroblast-like 

differentiation and osteoblastic differentiation of quiescent VICs when cultured in an osteogenic 

environment.

An osteogenic stimulus activates quiescent VICs in 3D culture constructs

To further understand myofibroblast-like differentiation of quiescent VICs, we compared α-SMA 

expression of VICs in human valves and VICs cultured in 2D and 3D models while cultured in CM, 

OM, or OM + TNF-α. Non-calcified areas of aortic valves express low levels of α-SMA (Figure 4A/B), 

similar to VICs laden in 3D hydrogels cultured in CM (Figure 4E).

Calcified areas of aortic valves showed increased α-SMA expression (Figure 4C/D), also observed 

in VIC-laden hydrogels cultured in OM (Figure 4F). Quantitative analysis supported a significant 

increase in α-SMA-positive cells within the VIC-laden hydrogels (17±5% vs. 40±10%, p<0.05) (Figure 

Figure 3. Inverse relationship between myofibroblast-like and osteoblast-like differentiation. VIC-laden hydrogels were cul-
tured in osteogenic medium (OM) and osteogenic medium with TNFα (10ng/mL) (OM + TNFα) for 21 days. A, α-SMA and Runx2 
immunofluorescence staining at day 7, red arrows indicate negative nuclear stain for Runx2. Bar: 50 μm. b, αSMA and Runx2 im-
munofluorescence staining at day 21. White arrows indicate positive nuclear Runx2 staining. Bar: 50 μm. C, mRNA expression of 
αSMA quantified by RT-PCR at day 1, 7, 14, and 21, (n=3, *: p < 0.05). D, mRNA expression of Runx2 quantified by RT-PCR at day 1, 
7, 14, and 21 (n=3, * p < 0.05).
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4G), indicating an activated myofibroblast-like VIC phenotype. These observations were supported 

by RT-PCR, demonstrating a significant increase in α-SMA mRNA expression after culturing VICs for 

21 days in OM, compared to CM (Figure 4H).

We next evaluated myofibroblast-like differentiation when VICs were seeded onto hydrogels and 

cultured in CM, OM, and OM+TNF-α for 1, 7, 14, and 21 days. Immunofluorescence staining revealed 

abundant numbers of α-SMA cells when cultured in CM (Figure 4I), similar to VICs seeded on to 

common tissue culture plates (Supplemental Figure VI). When 2D seeded VICs were cultured in OM 

or OM+TNF-α, α-SMA staining decreased at day 21 (Figure 4I).

Taken together our results demonstrate that VICs encapsulated in 3D hydrogels remain quies-

cent when cultured in CM; in OM, they become activated myofibroblast-like cells, thus simulating 

VIC behavior in physiological and diseased heart valves.

Reduction of α-SMA expression diminishes mineralization of VIC-laden hydrogels

We next investigated the impact of VIC myofibroblast-like differentiation and the role of α-SMA in 

calcification. VIC-laden hydrogels were cultured in CM, OM, and OM+TNF-α under the silencing of 

α-SMA by siRNA or scrambled non-targeted siRNA (SCR) as control. Immunofluoresce staining of 

α-SMA demonstrated positive α-SMA staining in VIC-laden hydrogels cultured in OM (SCR) with and 

Figure 4. Osteogenic environment activates quiescent VICs in 3D hydrogels. A-D, Immunofluorescence αSMA staining 
(green), nuclei (blue) of a native aortic heart valve (normal valve), and calcified aortic valve of a patient with aortic stenosis. V: Zona 
Ventricularis, S: Zona Spongiosa; F: Zona Fibrosa. Bar: 50 μm. C-D, Higher magnification of A/b; Bar: 50μm. E-F, Immunofluorescence 
of αSMA staining in cell-laden hydrogels cultured for 21 days in control (CM) or osteogenic media (OM). Bar; 50μm. G, Quantifica-
tion of αSMA-positive cells per high-power field (HPF), (n=3); h, mRNA expression of αSMA demonstrates increased myofibroblast 
phenotype (αSMA) when cultured in OM. Data depicted as mean ± SD (** p < 0.01) I, Immunofluorescent staining of αSMA expres-
sion of pVICs seeded onto hydrogels (2D) and cultured in CM, OM, or OM with TNFα. αSMA: green, DAPI: blue; bar = 50 μm
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without TNF-α. Staining for α-SMA (Figure 5A) and analysis of mRNA expression levels (Figure 5B) 

verified silencing efficiency.

α-SMA silencing significantly decreased ALP activity in constructs cultured in OM and OM+TNF-α 

(OM: SCR 8.5±4.2 vs. Si-α-SMA 0.6±0.5, p<0.05, OM+TNFα: SCR 14.8±2.6 vs. Si-α-SMA 7.1±3.3, p<0.05) 

(Supplemental Figure VII). Further, α-SMA silencing caused a significant reduction in calcification, 

as detected by Alizarin Red S staining (Figure 5C) and von Kossa staining (Supplemental Figure 

VIII). Quantification of calcium content of VIC-laden hydrogels supported these findings and con-

firmed that silencing of α-SMA significantly decreases calcium content when cultured in OM and 

OM+TNF-α (Figure 5D). In addition, α-SMA silencing reduced Runx2 expression when cultured in 

OM (-76%, p<0.05) and OM+TNF-α (-49%, p=0.06) compared to control (Figure 5E), further suggest-

ing that myofibroblast-like activation is an important step for VIC osteogenic transformation.

DISCuSSIOn

This study establishes an in vitro 3D culture model to study early CAVD. It shows that a 3D hybrid 

hydrogel platform composed of hyaluronic acid and gelatin could maintain a quiescent VIC pheno-

type identified in healthy heart valves, thus providing a platform to study initial changes in CAVD. 

Figure 5. Silencing αSMA reduces osteogenesis. VIC-laden hydrogels were cultured up to 21 days in control (CM), osteogenic 
media (OM), or osteogenic media with TNFα (OM + TNFα). Silencing of αSMA (Si-αSMA) was performed twice per week. Scramble 
(SCR) SiRNA served as control. A, Immunofluorescent staining of αSMA expression, αSMA: green, DAPI: blue, bar = 50 μm. b, Alizarin 
red staining of VIC-laden hydrogels. C, RT-PCR of αSMA expression. D, RT-PCR of Runx2 mRNA expression. E, Calcium content nor-
malized for DNA content at day 21. Data depicted as mean ± SD, *:p < 0.05.
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We also demonstrated that quiescent VICs could be controllably activated by osteogenic stimuli 

to undergo myofibroblast-like differentiation and eventually differentiate into osteoblast-like cells, 

which actively deposit calcium. We provide a platform that allows observation of both osteoblast-

like and myofibroblast-like VICs—the two pathologic phenotypes observed in CAVD. Furthermore, 

we established that myofibroblast-like differentiation, hallmarked by α-SMA expression, is neces-

sary for osteoblast-like differentiation. We showed that this in vitro 3D model for calcification can 

be used to controllably study specific pathological mechanisms associated with CAVD, including 

inflammation and calcification (Figure 6).

Recent evidence suggests that early CAVD may be characterized as an active disease process, 

in which quiescent VICs become activated to undergo myofibroblast-like differentiation upon 

exposure to mechanical stress or inflammation, hallmarked by the presence of α-SMA stress-fibers 

within the cytoskeleton.4 Activated VICs maintain valvular tissue integrity by pertinent remodeling 

of the valve ECM, by secreting cytokines,8, 30 matrix metalloproteinases,6, 31 and depositing ECM pro-

teins.30, 32 In addition, osteoblastic cells have been detected in ex vivo heart valves,3, 5 characterized 

by Runx2 expression. Causal relationships between VIC phenotypes, however, have never been 

established. This work is the first, to our knowledge, to report that quiescent VICs differentiate into 

osteoblast-like VICs by first undergoing myofibroblast differentiation. This may explain the observa-

tion of both dystrophic and osteogenic calcific deposits in vivo. Dystrophic nodules may form by 

apoptotic myofibroblast-like VICs as demonstrated previously30, 33 but a portion of these VICs may 

proceed to an osteoblast-like phenotype forming the observed osteogenic nodules.3

Growing evidence, supported by our data, suggests that VIC pathophysiology is highly depen-

dent on the culture microenvironment.15, 34 29 More specifically, matrix elasticity and cell-matrix 

protein interactions play important roles in directing the pathological response of VICs.15 VICs 

cultured on standard tissue culture polystyrene, an unnaturally stiff environment, undergo a com-

plete phenotypic change into myofibroblast-like cells35 — commonly considered a “diseased” state. 

Hence, numerous studies have focused on modulating 2D culture substrates, albeit by changing 

stiffness or by using various ECM proteins, to analyze their relationship to VIC behavior.34-36 Initially, 

studies demonstrated that stiffer substrates elicit increased myofibroblast-like differentiation and 

even calcific nodule formation,15, 35 but they were unable to identify osteoblastic markers. Indeed, 

when cultured on stiff gels (>25kPa), VICs seemed to form larger calcific nodules that also contained 

apoptotic cells,15 much like that observed in dystrophic calcification.9 The elastic modulus of the 

hybrid hydrogels used in this work was ~20kPA.21,29 Similar to other recent studies,15, 36 we showed 

that spontaneous myofibroblast-like differentiation can occur on more compliant substrates. This 

myofibroblast-like response of VICs encapsulated into 3D hydrogels only occurs, however, when 

exposed to exogenous environmental cues, and it is necessary to elicit an osteoblastic differentia-

tion. The elastic modulus of 3D hydrogels used in our study corresponds to the perceived modulus 

of the fibrosa as measured by micropipette aspiration up to 21 kPA.37 Notably, mineralization of the 

aortic valve by VICs predominantly occurs in the fibrosa of the heart valve ECM,9 which recently was 

shown to have a relatively soft modulus.37
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In the present study, we did not observe apoptotic driven calcification in 3D VIC-laden hydro-

gels, but rather an “active” osteogenesis via the Runx2 pathway, in which calcific noduli, composed 

of calcium and phosphates, are formed throughout the construct. On a cellular level, we observed 

the ability of healthy quiescent VICs to differentiate eventually into osteoblast-like VICs — a process 

that, in the 3D environment, requires initial myofibroblast-like differentiation. Our observations 

offer insight into a lingering question in VIC biology: do osteoblast-like VICs solely derive from 

resident quiescent VICs or does a heterogeneous VIC population contain specific mesenchymal or 

osteogenic progenitor cells?34 Considering that myofibroblast-like differentiation may be required 

for this transition, this could pose interesting pathways for possible therapeutic intervention. The 

potential of controllably investigating disease specific pathways in this 3D platform was tested by 

adding the pro-inflammatory stimulus TNF-α, a cytokine mainly secreted by macrophages and 

abundantly present in leukocyte infiltration areas in stenotic aortic valves.10, 38 Studies suggest that 

inflammatory mechanisms play a regulatory role in the active development of CAVD.38 We have 

demonstrated that the addition of TNF-α to osteogenic media increased osteoblastic differentia-

Figure 6. Schematic illustration of simulating early CAVD. A, Pathophysiological cellular concept of “active” mineralization 
in CAVD. Quiescent VICs (qVICs) become activated myofibroblast-like VICs (aVICs) hallmarked by increased α-SMA expression. In 
healthy valves, cells can return to a quiescent state, but in CAVD, aVICs can differentiate into osteoblast-like VICs (oVICs) character-
ized by decreased α-SMA expression and increased Runx2 expression. b, 3D versus 2D modeling of VIC-driven mineralization. Using 
a 3D culture platform, the entire cellular driven disease process of CAVD can be modeled.
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tion of VICs, but failed to affect calcific nodule formation when added to normal media. This may 

indicate that TNF-α may not participate in the initiation of osteoblast-like differentiation, but may 

have more of a catalyzing affect in an already present osteogenic milieu.

Our study is limited by the static nature of 3D hydrogel platform and the absence of an endothe-

lial monolayer, both important components when modeling valvular biology. Blood flow–induced 

shear stress and hemodynamic forces are key in valve tissue development, structural integrity, and 

disease.9 As is apparent from valve development and tissue engineering,39, 40 biomechanical signals 

that are transduced to interaction between valvular endothelial cells, VICs, and the ECM are vital to 

understanding valvular biology and pathology.41-43

In conclusion, our study simulates events that occur in early CAVD using a 3D hydrogel culture 

platform, in which quiescent VICs differentiate to osteoblast-like cells through initial myofibroblast-

like differentiation and subsequently mineralize. Moreover, this approach provides a robust plat-

form to therapeutically target VIC calcification. The 3D approach presented in this work, which can 

maintain healthy quiescent VICs and thus can model the entire cellular process, suggests that this 

platform can be used as a tool for drug screening and for the validation of cellular and molecular 

mechanisms.
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SuPPLEMEnTAL ExPAnDED METhODS

Valvular interstitial cell (VIC) isolation and culture

Primary porcine valvular interstitial cells (VICs) isolated from aortic heart valves as described pre-

viously.(1) Briefly, hearts were acquired from pig (10 months), which were sacrificed at an USDA 

approved abattoir (THOMA Meat Market, Saxonburg, PA). To remove endothelial cells valve surfaces 

were scraped three hours after dissection. VIC isolation was performed using collagenase A (Sigma, 

St. Louis, MO) digestion. Cells were cultured in normal growth medium containing Dulbecco’s 

modified Eagle’s medium (DMEM) with 10% fetal bovine serum and 1% penicillin/streptomycin 

(control medium) (Invitrogen, Grand Island, NY) at 37°C, 5% CO2. Cells between passage 3 and 6 

were used for all experiments.

Synthesis of materials

HAMA was synthesized as reported previously.(2) Briefly, after making a solution of 1wt% hyaluronic 

acid (Lifecore Biomedical, Chaska, MN) in deionized water, methacrylic anhydride (Sigma-Aldrich, 

St. Louis, MO) was added. By adding 5M NaOH (Sigma-Aldrich, St. Louis, MO), the pH was adjusted 

to 8, during which the solution was kept on ice for 24 hours. After metacrylation the HAMA solu-

tion was dialyzed against deionized water for 72 hours, which was followed by lyophilization. This 

resulted in solid white foam like material, which was stored at -80°C before using it for experiments.

The synthesis of GelMA has also been described before.(3) In brief, powdered type A cell culture 

tested gelatin from porcine skin (Sigma-Aldrich, St. Louis, MO) was dissolved in phosphate buffered 

saline (PBS), and then heated to 60°C under continuous stirring for 20 minutes to obtain a 10 wt% 

gelatin solution. Metacrylated gelatin (GelMA) solution was formed by drop wise adding of 8% (v/v) 

methacrylic anhydride under constant stirring for 3 hours at 50°C. The GelMA solution was then 

diluted and dialyzed against deionized water at 40°C for one week. Subsequently, the solution was 

lyophilized for 96 hours which yielded a white porous foam-like material, which was stored at −80°C 

before experimental use.

hydrogel fabrication

Hybrid hydrogels were fabricated from HAMA and GelMA using photocrosslinking as previously 

reported.(1, 4) Briefly, 1mg photinitatior (PI) (Igracure 2595) was dissolved in 1 mL of phosphate 

buffered saline (PBS; Gibco) at 80°C. To achieve a concentration of 1wt% HAMA and 5wt% GelMA, 

we added 1 mL PI solution to 10 mg HA and 50 mg GelMA and put this into an 80°C oven for 20 

minutes. The solutions were vortexed regularly. The polymer solution was then allowed to cool off 

to 37°C. VICs at 80% confluency were trypsinized and centrifugated at 1500 rpm for 5 minutes. The 

supernatant was aspirated and the remaining cell pellet resuspended in the prepolymer solution. We 

used a cell density of 10 million cells/mL. 50 μL of the cell-laden prepolymer solution was drop-wise 

added to a petri dish between two spacers with a height of 450 µm and covered with an autoclaved 

sterile glass slide. The cell-laden solution was then subjected to light (wavelength 360 nm) for 30 
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seconds with an intensity of 450 mW at a 10 cm height yielding a light intensity of 2.5 mW/cm2. The 

exposure to light facilitated photoinitiator dependent crosslinking of the polymers in the solution 

yielding a disc shaped hydrogel with a height of 450 μm. The VIC-laden hydrogel was removed from 

the glass slide and placed into a well plate containing either control medium (CM) or osteogenic 

medium (OM) (control growth medium supplemented with 10 mM β-glycerophosphate, 10 ng/

mL ascorbic acid, and 10-8 M dexamethasone) or OM with tumor necrosis factor alpha (TNF-α). The 

VIC-laden hydrogels were cultured for up to 21 days.

Silencing of alpha Smooth Muscle Actin in VIC-laden hydrogels

To inhibit the expression of α-smooth muscle actin (α-SMA), ON-TARGET plus SMART-pool (L-

003605-00-00100) and a negative control (scramble (SCR)) from Dharmacon RNAi Technologies/

ThermoScientific (Chicago, IL, USA) was used. Transfection of 50 nmol/l siRNAs was performed 

using DharmaFECT 1 transfection reagent twice per week over the entire culture period. Samples 

were analyzed at day 14 and day 21 of culture.

histological analysis and immunofluorescence staining of VIC-laden hydrogel constructs

Human calcified aortic valves were obtained from CAVD patients that underwent surgical valve 

replacement surgeries according to Brigham and Women’s Hospital IRB protocol (#201-P-002567/2; 

BWH). Tissue was frozen in optimal cutting temperature (OCT) compound (Sakura Finetech, Tor-

rance, CA), of which 7 µm sections were cut. The VIC-laden hydrogels were washed with PBS for 5 

minutes and then fixed in 4% paraformaldehyde for 20 minutes, followed by PBS wash. The hydro-

gels were placed into a 30% (w/v) sucrose solution overnight at 4°C, after which they were frozen in 

OCT compound and 10µm sections were cut. To detect calcium deposition, sections were stained 

with 0.02 mg/mL Alizarin Red S (ARS) solution (Sigma, St. Louis, MO). Von Kossa staining (American 

MasterTech) was used to visualize phosphate deposition in the VIC-laden hydrogel cross sections. 

Images were obtained using Nikon Elipse microscope (Nikon Instruments). Calcific nodules/ posi-

tively stained cells were quantified by manually counting noduli per high power field (HPF) using 

five fields per hydrogel, and three hydrogels per time point for each condition.

Immunofluorescence staining for αSMA and runt-related transcription factor 2 (Runx2) was 

performed. Hydrogel sections were permeabilized using 0.1% Triton-X. After blocking in 4% horse 

serum, sections were incubated with monoclonal mouse anti-human α-SMA primary antibody 

(Clone 1A4, Dako, Dako Denmark A/S, Glostrup, Denmark) or a monoclonal mouse anti-Runx2 

primary antibody (Abcam, Cambridge, USA) for 90 minutes at room temperature (RT), followed 

by biotin labeled secondary antibody (Vector Labs, Burlingame, CA, USA) for 45 minutes at RT and 

streptavidin labeled AlexaFluor 488 (Invitrogen, Grand Island, NY) for α-SMA and AlexaFluor 594 

(Invitrogen, Grand Island, NY) for Runx2. Sections were washed three times in PBS for 5 minutes and 

nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI) containing mounting me-

dium (Vector Labs, Burlingame, CA, USA). Images were taken with an Eclipse 80i microscope (Nikon, 

Melville, NY, USA) and processed with Elements 3.20 software (Nikon, Melville, NY, USA). Positive 
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staining was quantified by manually counting positively stained cells of the total cell number in five 

HPF per hydrogel. Three hydrogels were quantified per condition for each time point.

Quantification of alkaline phosphatase and calcium in engineered hydrogel constructs

Alkaline phosphatase (ALP) activity was measured using a colorimetric kit (Biovision Lifesciences, 

Milpitas, CA, USA). Samples were washed in PBS, and stored in ultrapure water at -80°C before use. 

Three hydrogels per time point per experiment were pooled together. Upon analysis, samples were 

thawed and homogenized using a tissue lyzer (Qiagen, Venlo, The Netherlands). The homogenized 

hydrogels were centrifuged at 13.000 rpm for 3 minutes. The supernatant containing ALP was trans-

ferred to new tubes. To measure ALP activity we followed the manufacturer’s protocol. Briefly, 16 μL 

of supernatant was added to 64 μL of ALP assay buffer and 50 uL of PnPP solution was added and 

incubated for 1 hour at room temperature. The absorbance was read at a wavelength of 405 nm. 

Values were normalized to the standard curve. Calcium content was quantified using a colorimetric 

kit (Biovision Lifesciences, Milpitas, CA, USA), using the manufacturer’s protocol. Briefly, 50 µL of 

sample was added to 60 µL of calcium assay buffer, followed by 90 µL chromogenic reagent is 

added and incubation for 10 minutes at room temperature in the dark. Absorbance was read at a 

wavelength of 575nm with a plate reader. Values were normalized to the standard curve. Calcium 

content and ALP activity were normalized to DNA content. Double stranded DNA (dsDNA) was 

measured with a Quanti-it PicoGreen dsDNA Quantification Kit (Invitrogen, Grand Island, NY, USA).

Real Time Polymerase Chain Reaction for expression of cell markers

VICs were isolated from cell-laden hydrogels using a mechanical disruption of the hydrogels 

(TissueLyzer, Qiagen, Venlo, The Netherlands). Total RNA was isolated from using GE Health-

care RNAspin mini RNA Isolation kit. The amount of RNA in each sample was measured using 

NanoDrop 2000c (ThermoScientific, Waltham, MA, USA). Total RNA was reverse transcribed with 

oligo-(dT)12-18 primers(Invitrogen/Life Technologies,Grand Island, NY, USA) and Superscript II 

reverse transcriptase (Invitrogen/Life Technologies,Grand Island, NY, USA) to obtain a target cDNA 

concentration of 0.335ug/mL followed by RT- PCR using SYBR Green (BioRad, Hercules, CA, USA), 

and annealing temperatures of 95 and 60 degrees Celsius for 35 cycles. Primer sequences were 

designed with Primer3 software and were as follows: α-SMA: F:5’-AGTGCGACATTGACATCAGG-’3 

and R:5’-CTGGAAGGTGGACAGAGAGG-’3, Runx2 F:5’-ACCCAGAAGACTGTGGATGG-’3 and R:5’- 

ACCTGGTCCTCAGTGTAGCC-’3 The housekeeping gene used was Glyceraldehyde-3-phosphate 

dehydrogensase (GAPDH): F:5’-CCCAGAAGACTGTGGATGG-’3, R:5’- ACCTGGTCCTCAGTGTAGCC-’3. 

Expression was quantified using comparative Ct (Cycle threshold method) 2–ΔΔ CT method) with the 

following equations: (1) ΔCT =CT of target gene –CT of housekeeping gene, (2) ΔΔCT=ΔCT day 

x – ΔCT day 1; (3) Fold increase between groups = 2– ΔΔCt
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Cell viability and apoptosis

Cell viability was determined by fluorescent labeling with 4μM Calcein AM and 2µM Ethidium 

Homodimer-1 (LIVE/DEAD Viability kit for mammalian cells, Invitrogen, Grand Island, NY, USA). Cell-

laden hydrogels were first washed with PBS for 5 minutes and then incubated with fluorescent dye 

for 20 minutes at room temperature. The cell-laden hydrogels were then washed with PBS again and 

imaged using an A1/C1 confocal microscope (Nikon Instruments, Inc. Melville, NY) Three hydrogels 

were analyzed per time point per condition. Of each hydrogel 3 z-stacks (10 μm per slice) were 

made of which a compressed image was formed. Amount of viable cells were stained green and 

dead cells red, and were manually counted using Image J Software. Data is depicted as percentage 

of live cells. Apoptosis was determined by TUNEL (terminal deoxynucleotidyl transferase mediated 

dUTP nick end labeling) staining (Millipore, Remecula, CA, USA), according to manufacturer’s pro-

tocol and quantified using fluorescence microscopy. Data are depicted as percentage of positively 

stained cells.

Statistical Analysis

Results are presented as mean +/- standard deviation unless indicated otherwise. Unpaired stu-

dent’s t-test was used for comparisons between two groups. One-way ANOVA was used to evaluate 

statistical significant differences in multiple groups. P < 0.05 was considered significant.
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SuPPLEMEnTAL FIGuRES

Supplemental Figure I. Calcification potential of 3D in vitro valve model.
40x magnification of Von Kossa staining of VIC laden hydrogels cultured in osteogenic media  (OM) or osteogenic media with TNFα 
(OM + TNFα) at day 21.  Arrows indicate brown/black positive staining. Bar: 50μm

Supplemental Figure II. ALP Activity in 3D constructs.
ALP activity, a marker for early calcification was measured every 72 hours in VIC laden hydrogels cultured in osteogenic media (OM) 
and osteogenic media with TNFα. Data is depicted as mean ± SD (n=3)
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Supplemental Figure III. Cell viability after 21 days of culture. VIC-laden hydrogels were cultured in control media (CM) and 
osteogenic media (OM) for up to 21 days. (A) Representative confocal images of the middle of the VIC-laden hydrogel stained with 
Live/Dead assay. Live cells are green, dead cells red. (b) Quantification of cell viability. Data is depicted as mean percentage live 
cells ± SD (n=3). Bar: 100μm

Supplemental Figure IV. Evaluation of apoptosis in VIC-laden hydrogels. A TUNEL staining of VIC laden hydrogels at day 7, 14 
and 21 after culture in osteogenic media (OM) and osteogenic media with TNFα (OM + TNFα). Arrow indicates positive staining for 
apoptosis. Bar; 50 μm b Quantification of % negative apoptotic cells using Image J. (n=3) Data is depicted as mean±SD.
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Supplemental Figure V. Quantification of αSMA positive cells . VIC-laden hydrogels were cultured osteogenic media (OM) and 
osteogenic media with TNFα (OM+TNFα) for up to 21 days. Quantification of positively stained cells for αSMA at each time point. 
Data is depicted as percentage of positive cells per high power field (HPF) (mean ± SD) (n=3) * p<0.05.

Supplemental Figure VI. Phenotypic characterization of VICs in culture. Immunofluorescence staining of pVICs seeded in 
normal polystyrene tissue culture plate. αSMA, Vimentin, IgG: green, DAPI: blue, bar = 50 μm

Supplemental Figure VII. Early marker for osteogenesis is reduced when by silencing of αSMA. VIC-laden hydrogels were 
cultured for up to 14 days in control media (CM), osteogenic media (OM) and osteogenic media with TNF-α (OM + TNFα) A. Im-
munofluorescent staining αSMA (green) at day 14, bar: 50μm b Alkaline phosphatase (ALP) activity normalized for DNA (ug/mL) 
content at day 14. Cell laden hydrogels were cultured for 14 days and either treated with SiRNA (SI-αSMA) against αSMA or scramble 
control (SCR) twice a week. (n=3) Data is depicted as mean ± SD. *p < 0.05,
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Supplemental Figure VIII. Silencing αSMA reduces osteogenesis. VIC-laden hydrogels were cultured up to 21 days in control 
media (CM), osteogenic media (OM) or osteogenic media with TNFα (OM + TNFα). Silencing of αSMA (Si-αSMA) was performed 
twice per week. Scramble (SCR) SiRNA served as control. Von Kossa staining with Nuclear Fast counterstain. Arrow indicates positive 
Von Kossa staining. Bar: 50 μm
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AbSTRACT

Introduction

Mediastinal ionizing radiotherapy is associated with an increased risk of calcific aortic valve disease 

(CAVD). Due to an improved survival of patients with mediastinal tumors receiving mediastinal 

radiotherapy, prevalence of co-morbidities such as radiation-induced valve disease is increasing. 

However, the mechanism of radiation associated valvular disease is largely unknown. Aortic valve 

calcification is considered an actively regulated disease process by valvular interstitial cells (VICs). 

We hypothesize that ionizing radiation accelerates VIC-induced calcification.

Methods and Results

VICs were cultured in control medium (CM) or osteogenic medium (OM), and irradiated with 0, 2, 

4, 8, and 16 Gy. Increase in radiation dosage demonstrated a decrease in amount of viable cells. 

Similarly, proliferation decreased in a dose-dependent manner after a culture period of 14 days. 

VICs cultured in OM demonstrated an increased loss of myofibroblast phenotype, when exposed to 

increased dose of irradiation, compared to VICs cultured in CM.  Mineralization was mostly present 

in VICs exposed to 4 Gy Increase in irradiation dose showed VICs to develop into a quiescent giant-

fibroblast like cell morphology.

Conclusion

This ongoing investigation demonstrated that radiation might accelerate loss of myofibroblast-like 

phenotype and mineralization by VICs. In addition, itradiation might induce differentiation of VICs 

into a terminally differentiated giant cell fibroblast.  Further studies are needed to elucidate the 

mechanisms.
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InTRODuCTIOn

Using radiotherapy for malignancies of the chest and the chest wall is associated with an increased 

risk for developing cardiomyopathy, pericarditis or valvular disease.1-5 Moreover, this risk is elevated 

in patients receiving radiotherapy below the age of 21.1 The majority of valvular disease includes 

aortic valve disease.6 Within 20 years after mantle radiation for lymphoma, an incidence of aortic 

valve stenosis is 16%.7 The only treatment for aortic valve stenosis is surgical replacement.8 However, 

following chest radiotherapy, surgical risk is significantly increased.9 Radiation-associated aortic 

valve disease demonstrates pathological hallmarks similar to calcific aortic valve disease (CAVD). 

Generally, CAVD is characterized by initial fibrotic thickening, mineralization, eventually leading to 

aortic valve leaflet dysfunction and subsequent aortic valve stenosis.10

Traditionally, CAVD is viewed as a passive disease, culminating from years of wear and tear. 

However, currently it is considered an active disease process, in which resident valvular interstitial 

cells (VICs) are considered to be key regulators. VICs exist in various phenotypes in the heart valve. 

Quiescent VICs are healthy fibroblast like cells, which upon exposure to environmental stimuli are 

able to differentiate into myofibroblast-like cells.11 These activated VICs (aVICs) can remodel the 

extra cellular matrix (ECM) by expressing matrix metalloproteinases (MMPs) or depositing ECM 

proteins such as collagen.11 The interplay between these phenotype changes is key to maintaining 

valve tissue homeostasis, and provides for the ability of heart valves to adapt to changes in func-

tional demand. It is believed that the fibrotic response observed in early CAVD is a consequence 

of persistent activation of VICs. In addition, histological studies of end-stage stenotic valves have 

demonstrated the presence of osteoblast-like cells.12 It is suggested that VICs can differentiate into 

osteoblast-like cells and actively deposit calcium in the valve interstitium. This osteoblast-like dif-

ferentiation is characterized by loss of alpha smooth muscle actin phenotype and gaining bone 

markers such as the upregulation of the transcription factors runx2 and Osteocalcin, and increased 

ALP activity.13 The temporal relationship of these VIC phenotypes and how they relate to disease 

onset or even disease progression in humans is unknown.

Radiation-associated disease cannot merely be considered similar to CAVD. Specific cellular and 

ECM responses to ionizing radiation have been well documented. Irradiation has shown to activate 

stromal fibroblasts.14 In addition, increased activation and production of transforming growth fac-

tor – beta (TGFβ) has been reported as a result of irradiation to vessels and myocardium, which in 

turn leads to increased collagen deposition15, 16 Explanted heart valves have shown the presence 

of terminally differentiated atypical giant-like fibroblasts, seen also in skin as a consequence of 

radiation.17, 18

Radiation-induced CAVD is a major burden in patients subjected to radiotherapy. Considering 

the increased survival of these patients, the incidence of radiation induced CAVD is expected to 

rise. The aim of this work is to investigate the relationship between radiation and using 2D and 3D 

in vitro models of CAVD. We hypothesize that radiation catalyzes the fibro-calcific response of VICs. 
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The work presented here is an initial step in the ongoing investigation to unravel the effects of 

irradiation on development of CAVD.

METhODS

Valvular interstitial cell isolation and culture

Porcine aortic valvular interstitial cells (pVICs) were obtained as described previously19 and cultured 

in normal growth medium containing DMEM, high glucose, pyruvate (Gibco, Life Technologies, 

Grand Island, NY, USA) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin 

(Gibco) at 37°C and 5% CO2 in T150 flasks. This medium condition was also used as control (CM). 

The cells were subcultured at 70-80% confluency. For all experiments, cells between passage three 

and six were used. For immunofluorescence, cells were seeded on gelatin-coated coverslips. Cells 

from three different donors were used for all experiments.

Irradiation

For irradiation experiments, cells were plated at a seeding density of 10.000/cm2, 24 hours before 

irradiating. Prior to irradiating, medium was changed to normal or osteogenic medium (control 

medium supplemented with 10 mM β-glycerophosphate, 10 nM dexamethasone and 0.5 mg/ml 

L-ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA)). The cells were irradiated with 0, 2, 4, 8 and 16 

Gy (0.90 Gy/min) with a Gammacell 40 Exactor Cs-137 irradiator (Best Therotronics, Ottawa, On-

tario, Canada). The control group (0 Gy) was transported to the irradiator together with the treated 

groups. After radiation cells were kept in culture, depending on the analysis, for 1, 2, 7 or 14 days.

hydrogel fabrication

Hybrid hydrogels were fabricated from HAMA and GelMA, which were synthesized as reported 

previously,19 using photocrosslinking Briefly, VICs were resuspended in the prepolymer solution 

consisting of 1wt% HAMA and 5wt% GelMA. 50 μL of the cell-laden polymer solution was added 

between two spacers each with a height of 450 µm and and subjected to light (wavelength 360 

nm) with a light intensity of 2.5 mW/cm2. VIC-laden hydrogels were cultured in either control me-

dium (CM) or osteogenic medium (OM) (CM supplemented with 10 mM β-glycerophosphate, 10 

ng/mL ascorbic acid, and 10 nM dexamethasone). Hydrogels were irradiated with 0, 4 and 16 Gy. 

The effect of radiation on hydrogel composition was evaluated by performing a compaction assay.

Cell viability and proliferation

To assess the cell viability after radiation, the ATP content of the cells was measured at day 2. For this 

analysis a luminescent cell viability assay (Progema, Madison, WI) was used. The DNA content was 

measured with Quant-iT PicoGreen kit (Life Technologies).
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Osteogenesis

The activity of ALP was quantified with a colorimetric assay kit (Biovision, Milpitas, CA) on day 1, 7 

and 14. The ALP activity was normalized to DNA content. Calcium content in hydrogels was quanti-

fied using a colorimetric assay (Biovision, Milpitas, CA) normalized for DNA content.

Immunofluorescence and histological Analysis

At day 14, VICs were fixed with ice-cold methanol for 30 minutes. Cells were stained for ALP activity 

with eosin counterstaining and for αSMA, collagen and the nucleus. αSMA was stained with an 

anti-human αSMA antibody (Clone 1A4, Dako, Carpinteria, CA, USA). For nuclear staining, DAPI (Life 

Technologies) was used and to visualize collagen we used an in-house developed probe CNA35. 

ALP activity was visualized with a 5-bromo-4-chloro-3-indolyl phosphate /nitroblue tetrazolium 

(BCIP/NBT) solution (Amresco, Kaysville, UT, USA) and an eosin counterstaining (Sigma-Aldrich).

Real-Time Polymerase Chain Reaction

To quantify mRNA expression of irradiated VICs, we performed RT- PC. RNA was isolated with an RNeasy 

kit (Qiagen, Valencia, CA, USA) on day 1, 7 and 14. From the extracted RNA, complementary DNA 

was made with oligo-(dT)12-18 primers and SuperScript II reverse transcriptase (Life Technologies). 

Real-Time Polymerase Chain Reaction (RT-PCR) was performed using SYBR Green (BioRad, Hercules, 

CA, USA) for αSMA (cell activation), collagen type I (functionality), vimentin (osteoblast differentia-

tion), Runx2 (calcification), and housekeeping gene glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH). The following primer sequences were used: αSMA: F:5’-AGTGCGACATTGACATCAGG-’3 and 

R:5’-CTGGAAGGTGGACAGAGAGG-‘3, collagen type I F:5’CCAAGAGGAGGGCCAAGAAGAAGG-’3 and 

R:5’-GGGGCAGACGGGGCAGCACTC-’3, vimentin F:5’-AGCAGTATGAGAGTGTGGCC-’3 and R:5’- CTTC-

CATTTCCCGCATCTGG-’3, Runx2 F:5’-ACCCAGAAGACTGTGGATGG-’3 and R:5’-ACCTGGTCCTCAGTG-

TAGCC-’3 and GAPDH: F:5’-CCCAGAAGACTGTGGATGG-’3, R:5’- ACCTGGTCCTCAGTGTAGCC-’3. The 

mRNA expression was quantified using the comparative Ct method.

Statistics

Data is presented as the mean +/- standard deviation. To evaluate significant differences one-way 

ANOVA was performed using SPSS software. P <0.05 was considered significant. For posthoc test-

ing, the Bonferroni test was used.

RESuLTS

Cell Viability and Proliferation

VICs were exposed to 0, 2, 4, 8, and 16 Gy of radiation. To evaluate cell viability after 48 hours we 

performed an ATP activity assay, demonstrating a dose response curve. (Figure 1)
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ATP content of VICs decreased upon exposure to increased radiation doses. We observed a 7% 

decrease in cell viability compared to the control group (0 Gy). Next, we determined the prolif-

eration response of irradiated VICs by quantifying DNA content at several time points (Figure 2). 

Proliferation also decreased upon increase in radiation dose, following a similar trend to cellular 

viability, establishing a dose-dependent response of VICs to radiation.

Figure 1. Cell viability decreases when radiation dose increases. ATP content was measured in VICs exposed to 0, 2, 4, 8, and16 
Gy after 48 hours and normalized for DNA content, demonstrating a significant decrease in viability in 8 and 16 Gy exposed VICs. 
(p < 0.05)

Figure 2. Cell proliferation decreases along radiation dose increase. DNA content was measured in VICs exposed to 0, 2, 4, 
8, and 16 Gy at day 1, 7 and 14. An inverse relationship between radiation dose and proliferation is observed. Data is presented as 
mean±SD, p < 0.05.
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VIC morphology, differentiation and functionality

VICs demonstrated a myofibroblast-like phenotype, hallmarked by αSMA expression, when cultured 

in control medium and osteogenic medium (Figure 3A). Notably, the amount of cells observed in 

each well decreased when exposed to increased radiation dose.

Conversely, the cellular size of VICs exposed to radiation increased. In addition, a decrease in 

αSMA-positive cells was observed when exposed to increased dose of radiation, in comparison to 

our control group (0 Gy), to be αSMA positive. This result was confirmed by RT-PCR, where αSMA 

expression follows a similar trend. (Figure 3B). No difference between groups was observed at day 

1 after radiation, but at day 7 a clear decrease in αSMA expression is seen.

We also observed an increase in collagen staining at day 14 of culture in OM compared to CM, 

which remains present in lesser amount at 2Gy irradiation, but was obsolete at 4Gy and higher 

dosage. At 14 days, VICs cultured in control medium showed little collagen staining at 0Gy, but 

similarly to OM is absent at higher radiation dosages. This was confirmed by mRNA expression of 

collagen type 1, showing a decline in collage type I expression alongside radiation dosage increase. 

No difference between groups in αSMA and collagen mRNA expression was found in control media. 

Vimentin expression remained similar in all groups (data not shown).

Figure 3. Myofibroblast-like differentiation of VICs changes in a dose dependent manner. A VICs were cultured in normal 
media (NM) and osteogenic media (OM) for up to 14 days after being irradiated with 0, 2, 4, 8, and 16 Gy. At day 14 VICs were double 
stained for αSMA (red), collagen (green), and cell nuclei (DAPI/blue) bar: 50 μm. b RT-PCR of mRNA expression of αSMA in OM C 
RT-PCR of mRNA expression of Collagen in OM. Data is depicted as mean +/- SD. p < 0.05
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Osteogenesis and Radiation of VICs

The activity of the early osteogenic marker ALP was measured at day 1, 7 and 14 of culture. We 

demonstrated ALP activity to be present in high dose groups at day 14 of culture. To visualize ALP 

activity, cells were stained with BCIP/NBT, resulting in a dark blue staining upon ALP hydrolyzing 

BCIP. (Figure 4) No ALP staining was observed in the CM groups, apart from high radiation doses, 

showing some positive ALP cells. When cultured in OM, VICs show ALP staining predominantly 

in the 0,2 and 4 Gy groups. Upon exposure to 8 or 16Gy and cultured in OM, there were less ALP 

positive cells.

Preliminary data of VIC-laden hydrogels exposed to radiation

Cell-free hydrogels exposed to radiation demonstrated no difference in compaction (Figure 5A), 

indicating that radiation did not affect crosslinking or composition of the hydrogels. There was no 

significant difference observed in proliferation of VICs encapsulated in hydrogels, exposed to radia-

tion and cultured in either control or osteogenic media. (Figure 5B) In an early pilot experiment, 

we observed an increase in calcium content in VIC-laden hydrogels cultured in OM when exposed 

to 4Gy of radiation compared to the control group. (Figure 5C) However, a decrease in calcium 

content was seen in 16Gy irradiated VIC-laden hydrogels.

Figure 4. Radiation is associated with VIC-driven osteogenesis. A ALP staining (BCIP/NTP) of VICs cultured in control media 
(CM) and osteogenic media (OM). VICs exposed to 4Gy radiation demonstrate increased ALP activity compared to 2Gy and control. 
At 8 and 16 Gy, cellular density seems to have declined and morphology changed. bar: 50 μm. b ALP activity was quantified and 
normalized to DNA content demonstrating an increase in osteogenesis upon increase of radiation dose. Data is depicted as mean 
± SD, p < 0.05
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DISCuSSIOn

This study is ongoing work, in which we aim to unravel radiation-associated CAVD. We demonstrate 

that radiation induces a decrease in cell viability and proliferation of VICs in culture in a dose de-

pendent manner. In addition, we observe an increase in cell size of VICs in vitro exposed to higher 

doses of radiation. Moreover, we show a decrease in both myofibroblast-like differentiation of VICs 

when exposed to increasing radiation doses both in control and osteogenic media. However, an 

increase in early osteogenic activity is observed upon increasing radiation dose. Finally, we observe 

differentiation of VICs into a giant-cell fibroblast phenotype at high dose of irradiation.

However, caution is warranted when interpreting these results. When VICs are exposed to 8Gy 

and 16Gy, next to a lower viability and proliferation, we observe a marked change in cell shape. It is 

clear that these radiation dosages alter cellular function drastically; by the almost giant fibroblast-

like aspect they obtain after 14 days of culture. Previous studies have reported on these atypical 

giant sized fibroblasts in skin, indicating terminal differentiation.17 This arrested state may eventu-

ally result in excessive growth of the cell, which could explain why we observe a metabolic active 

cell. Although we have not looked at DNA damage at this stage, other work has demonstrated 

that these doses of radiation are associated with increased cellular damage.20 It might explain the 

Figure 5. Preliminary results of irradiation of VIC-laden hydrogels. A Hydrogels without cells were exposed to 0, 4, and 16 Gy 
irradiation (n=6). A gel-compaction assay demonstrated no change over time, indicating no effect of radiation on the crosslinking 
or stability of the hydrogel. b VIC-laden hydrogels were exposed to 0, 4, and 16 Gy before cultured in CM or OM. No significant 
difference in proliferation was demonstrated in either group. C Calcium content was quantified after VIC-laden hydrogels were 
irradiated and cultured for 14 days. An increase in calcium content was observed at 4 Gy in OM, whereas a decrease was observed 
in 16 Gy radiated VIC-laden hydrogels. One donor was used for this pilot experiment. Data is depicted as mean ± SD. p < 0.05.
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deviant shape VICs demonstrate. Curiously, these cells do exhibit ALP activity, a marker for early 

osteogenesis. More accurate analysis of the mineralization potential of these cells is warranted, but 

these results indicate that radiation may induce an osteogenic active phenotype of VICs in vitro.

VICs have a higher radio-resistance than most cancer cell lines.21 Nevertheless, they do follow 

a similar dose-dependent pattern to other cancer cell line studies.21 Osteogenic activity was also 

observed in VICs in control media exposed to high dosages of radiation, supporting the hypothesis 

that radiation somehow can accelerate the osteoblast-like differentiation of VICs even if not in an 

osteogenic environment.

Few studies have researched radiation-associated CAVD. Studying VIC response in vitro is not 

sufficient to recapitulate the events that may occur in vivo. To overcome this challenge, hydrogel 

micro engineering has emerged as a powerful tool to create three dimensional (3D) tissue models 

able to simulate the VIC micro-environment in vitro. We have recently demonstrated that combin-

ing hyaluronic acid and collagen by photo-crosslinking, a three dimensional environment can be 

fabricated that simulates the valvular micro- environment. Since this environment facilitates the 

quiescence of VICs,19 it is a potentially valuable approach to study the effect of radiation, as it may 

occur in vivo, in which quiescent VICs are exposed to radiation. Our preliminary results demonstrate 

that hydrogel composition seems unaffected by radiation, as measured by compaction. Arguably, 

elasticity and porosity must also be evaluated.

Due to our observation that VICs in culture form into atypical giant-like fibroblasts when exposed 

to 8 and 16 Gy, but retain their native morphology at 4 Gy, we chose to expose VIC-laden hydrogels 

to 0, 4, and 16 Gy. In addition, 16 Gy demonstrate osteogenic activity of VICs even in normal growth 

media, potentially accentuating the accelerated mineralization observed in patients. Although 

currently radiotherapy is mostly conducted in a fractioned from, 4 Gy is similar to the therapeutic 

range subjected to patients.

In non-radiation associated CAVD mechanical stress is thought to be one of the initiators of 

calcification of the valve.22 This stress can induce lesions in the fibrosa layer, eventually perpetuating 

CAVD. Radiation also creates micro fractures in collagen.23 Therefore, the micro lesions in irradiated 

heart valves can be one of the key mechanisms of valvular heart disease in irradiated patients. Al-

though compaction analysis shows little difference, it doesn’t rule out damage to the ECM proteins 

in the hydrogel. Structural analysis is needed to investigate this mechanism.

To date little is known about the relationship between VICs and radiotherapy. One other study 

has demonstrated an increase in osteoblast-like differentiation of VICs in vitro when exposed 

to radiation.24 However, only one dosage was used. It is paramount in the pursuit of potentially 

adjusting dosage regimens of radiotherapy to investigate various dosages of radiation, consider-

ing the variation of effects it may inflict on tissue. Great development has already been made in 

radiotherapy. With current standards gamma radiation can better focus on targeted tissue and 

shield surrounding tissues as much as possible. This has lead to the ability of using a higher dose 

of radiation to target a smaller area. To this end, it is believed that the amount of patients develop-

ing cardiovascular disease would diminish. However, the aortic valve area remains unshielded in 
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mantle field radiation for Hodgkin’s lymphoma.25 In addition, indirect damage by reactive oxygen 

species (ROS) as a consequence of radiation may occur in otherwise shielded areas.26

In summary, this preliminary work demonstrates that radiation might accelerate loss of 

myofibroblast-like phenotype and mineralization by VICs. In addition, we demonstrate how a tissue 

engineered three-dimensional model for the valvular microenvironment is necessary to understand 

key processes of radiation associated CAVD as it may occur in vivo. However, further work on this 

research is required to draw clinically relevant conclusions.
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AbSTRACT

Introduction

Calcific aortic valve disease (CAVD) is the most common heart valve disease in the Western world. 

We previously proposed that valvular endothelial cells (VECs) replenish injured adult valve leaflets 

via endothelial-to-mesenchymal transformation (EndMT); however, whether EndMT contributes to 

valvular calcification is unknown. We hypothesized that aortic VECs undergo osteogenic differentia-

tion via an EndMT process that can be inhibited by valvular interstitial cells (VICs).

Methods and Results

VEC clones underwent TGF-β1-mediated EndMT, shown by significantly increased mRNA expression 

of the EndMT markers α-SMA (5.3±1.2), MMP-2 (13.5±0.6) and Slug (12±2.1) (p<0.05), (compared 

to unstimulated controls). To study the effects of VIC on VEC EndMT, clonal populations of VICs 

were derived from the same valve leaflets, placed in co-culture with VECs, and grown in control/

TGF-β1 supplemented media. In the presence of VICs, EndMT was inhibited, shown by decreased 

mRNA expression of α-SMA (0.1±0.5), MMP-2 (0.1±0.1), and Slug (0.2±0.2) (p<0.05). When cultured 

in osteogenic media, VECs demonstrated osteogenic changes confirmed by increase in mRNA 

expression of osteocalcin (8.6±1.3), osteopontin (3.7±0.3), and Runx2 (5.5±1.5). The VIC presence 

inhibited VEC osteogenesis, demonstrated by decreased expression of osteocalcin (0.4±0.1) and 

osteopontin (0.2±0.1) (p<0.05). Time course analysis suggested that EndMT precedes osteogenesis, 

shown by an initial increase of α-SMA and MMP-2 (day 7), followed by an increase of osteopontin 

and osteocalcin (day 14).

Conclusions

The data indicate that EndMT may precede VEC osteogenesis. This study shows that VICs inhibit VEC 

EndMT and osteogenesis, indicating the importance of VEC–VIC interactions in valve homeostasis.
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InTRODuCTIOn

Calcific aortic valve disease (CAVD) and subsequent aortic valve stenosis is the most common 

heart valve disease in the Western world.1, 2 CAVD is currently considered an actively regulated 

and progressive disease, characterized by a cascade of cellular changes that initially cause fibrotic 

thickening, followed by extensive calcification of the aortic valve leaflets. This in turn leads to sig-

nificant aortic valve stenosis and eventual left ventricular outflow obstruction,3, 4 for which surgical 

replacement remains the only viable treatment option.

Heart valves contain a heterogeneous population of valvular endothelial cells (VECs) and val-

vular interstitial cells (VICs), which maintain valve homeostasis and structural leaflet integrity. VICs, 

the most abundant cell type in the heart valve, play a key role in CAVD progression. Various VIC 

phenotypes have been identified in diseased human heart valves,5 including quiescent fibroblast-

like VICs (qVICs), which upon pathological cues can differentiate into activated myofibroblast-like 

VICs (aVICs); and osteoblast-like VICs (oVICs), which are responsible for the active deposition of cal-

cium in CAVD.6-8 Additionally, numerous studies have demonstrated the ability of VICs to undergo 

osteogenic differentiation.9-11 Relatively little is known about the role of VECs in CAVD. VECs cover 

the surface of the heart valve to form an endothelial monolayer, and are unique in that they can 

undergo endothelial-to-mesenchymal transformation (EndMT) — a critical process in develop-

mental valvulogenesis.12-15 During development, EndMT occurs in the endocardial cushions, where 

a subset of endothelial cells detach from the endothelium, transiently enhance the contractile 

protein α-SMA, and migrate into the interstitium of the embryonic valve to become VICs.13, 16, 17 

EndMT also occurs in adult valves, where cells co-expressing endothelial markers and α-SMA have 

been detected along the valve endothelium and in subendothelial locations.18 These observations 

prompted the hypothesis that low or basal levels of EndMT contribute to the replenishment of VICs 

as part of physiologic valve remodeling that is required throughout postnatal life.19 We recently 

demonstrated that EndMT plays a role in the adaptive pathologic remodeling of mitral valve leaflets 

in an ovine model of functional mitral regurgitation.20 In addition, EndMT has shown to be potenti-

ated by exposure to cyclic mechanical strain.21 Additionally we showed that mitral VECs are able to 

differentiate in vitro into mesenchymal lineages, including osteogenic cells.14

VECs have been indicated as key regulators in early CAVD via recruitment of immune cells,22 

dysregulation of protective nitric oxide (NO) signaling,23, 24 and phenotypic plasticity through the 

expression of procalcific proteins.14 Collectively, these studies indicate a potential role for dysregu-

lated VECs in valvular disease, but the role of EndMT in aortic valve leaflet calcification in CAVD is 

yet unknown. Furthermore, factors that regulate EndMT-associated VEC differentiation into osteo-

genic cells remain unclear. Based on our previous investigations, we hypothesized that VEC–VIC 

interaction serves as a native barrier to prevent excessive VEC EndMT and subsequent osteogenic 

differentiation.
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METhODS

Aortic valve cell isolation

Ovine tissues from animals 8-10 months of age, weighing 20–25 kg, were obtained under approved 

NIH guidelines for animal experimentation as performed at Children’s Hospital Boston. Valve leaflets 

were incubated in endothelial basal medium (EBM-2) (CC- 3156, Cambrex Bio Science, Walkers-

ville, MD) with 5% fetal bovine serum (FBS) (Hyclone, Logan, UT), 1% GPS (Invitrogen, Carlsbad, 

California), 2 mmol/L l-glutamine, and 100 μg/ml gentamicin sulfate for 1–4 hours. They were then 

minced into 2-mm pieces and incubated with 0.2% collagenase A (Roche Diagnostics, Indianapolis, 

IN) in EBM-2 for 5 minutes at 37°C, and diluted with Hanks’ balanced salt solution containing 5% FBS, 

1.26 mmol/L CaCl2, 0.8 mmol/L MgSO4, and 1% GPS (wash buffer). The supernatant was sedimented 

at 200× g, resuspended in VEC medium (EBM-2 medium, 10% heat-inactivated FBS, 1% GPS, and 2 

ng/mL basic fibroblast growth factor [bFGF]; Roche Diagnostics, Indianapolis, IN) and plated. The 

following day, primary cultures were washed to remove unattached cells. Primary cultures were 

trypsinized, resuspended in growth medium at 3.3 cells/ml, and 100 μl were plated in each well of a 

96-well plate, at a concentration of approximately one cell to every third well; visual inspection was 

performed to assess that single colonies appeared in a subset of wells. When the colonies covered 

two-thirds of the well, cells were split into 24-well dishes. Based on morphology, these clones were 

initially visually identified as either endothelial or interstitial. These observations were confirmed 

with phenotypic characterization and designated as either endothelial (VEC)25, 26 or interstitial (VIC-

K3, VIC-K5, VIC-K6), and expanded on 1% gelatin-coated dishes in VEC media. Cells were passaged 

1:3 or 1:4 every 6 to 14 days, and experiments were performed using VEC and VIC clones between 

passages 8 and 14. VECs were grown in VEC media, and VICs were cultured in VIC media (DMEM, 

10% FBS, 1% GPS).

human calcified aortic valves

Aortic valve leaflets (n=5) were harvested from patients undergoing aortic valve replacement for 

aortic valve stenosis and a healthy valve was obtained from autopsy, performed using criteria es-

tablished by the declaration of Helsinki. Tissue samples were frozen in optimal cutting temperature 

compound (OCT, Sakura Finetech, Torrance, CA) and 7 µm serial sections were cut and stained. 

Tissue was collected according to Brigham and Women’s Hospital IRB Protocols.

Mouse model of CAVD

Male apolipoprotein E-deficient mice (apoE-/- mice; 10 weeks old) were purchased from Jackson 

Laboratory (Bar Harbor, ME). High-fat diet (21% fat and 0.21% cholesterol) was obtained from 

Research Diets (D12079B, New Brunswick, NJ). Mice were fed with an atherogenic diet for a total 

of 22 weeks. Mice were euthanized for tissue collection and histopathology at 32 weeks. The ani-

mal procedures were performed conform the NIH guidelines and approved by the Brigham and 



201

Valvular Interstitial Cells Suppress Calcification by Valvular Endothelial Cells

10

Women’s Hospital Animal Care and Use Committee. This model is characterized by the presence of 

functional and histopathological changes found in human CAVD.33

Endothelial-to-Mesenchymal Transformation (EndMT)

EndMT was induced as described previously.26 The assay was also performed in the presence of 

VICs in an indirect co-culture system, using a Transwell system (12-mm Transwells with 0.4-μm pore 

polycarbonate membrane inserts; Corning Life Sciences, Acton, MA) (Supplemental Figure I). Briefly, 

VECs were grown alone or in co-culture with VICs in VEC media, or VEC media supplemented with 

2 ng/mL TGF-β1 (R&D Systems, Minneapolis, MN), for up to 14 days. Media was changed every 2–3 

days.

VEC and VIC osteogenic potential

The osteogenic potential of VEC and VIC clones was tested both separately and in co-culture for up 

to 21 days via treatment with osteogenic media (OM) (DMEM with 10% FBS, 1% GPS with 10 nmol/L 

beta-glycerolphosphate, 50 µmol/L ascorbic acid, 10 µmol/L dexamethasone). DMEM with 10% 

FBS, 1% GPS was used as control medium (NM). Media was changed every 2–3 days.

VEC-VIC indirect co-culture

Co-culture experiments were performed using Transwell plates (Corning, Tewksbury, MA) (Supple-

mental Figure I). Cells were plated either in the Transwell inserts or on the bottom of 6-well plates 

at a density of 1 x 105 cells/cm2 and allowed to adhere overnight. After 24 hours, the two cell types 

were combined to begin the co-culture by placing the inserts into the corresponding well of the 

6 well plate. For the conditioned media experiments, cells were treated with media that had been 

conditioned by the specific cell type for 24 hours. Conditioned media was sterile-filtered and added 

in a 1:1 ratio with fresh media to treated cells. Media was changed every 2–3 days.

histological detection of VEC and VIC mineralization

Upon completion of experiments, cells were washed with PBS and fixed using 4% paraformalde-

hyde for 15 minutes. Cells were subsequently washed with PBS. Mineralization was analyzed by 

staining with 0.02 mg/L of Alizarin Red S (Sigma-Aldrich). The area of positive Alizarin Red S staining 

was normalized to cell number. To detect the expression of alkaline phosphatase (ALP), nitro-blue 

tetrazolium/indolylphosphate (NBT/BCIP) staining was performed. Before staining, the cells were 

washed with PBS, 0.5 ml of NBT/BCIP was added, and the samples were then incubated at 37°C in 

a humidified chamber containing 5% CO2 for 30 minutes. Samples were then washed with PBS and 

fixed with 4% PFA, after which they underwent a counter stain with 0.1% eosin for 5 minutes. Im-

ages were taken with an Eclipse 80i microscope (Nikon) and processed with Elements 3.20 software 

(Nikon).
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Alkaline phosphatase activity and calcium measurements

A colorimetric kit was used to measure ALP activity (BioVision, Milpitas, CA) according to the manu-

facturer’s instructions. 16 µl of supernatant from 12-well plates was added to 64 µl of ALP assay 

buffer and 50 µl of PnPP solution was added and incubated for 1 hour at room temperature. The 

absorbance was read at a wavelength of 405 nm. Values were normalized to the standard curve. 

Calcium content was quantified using a colorimetric kit (BioVision) according to the manufacturer’s 

protocol. Briefly, 50 µL of sample was added to 60 µL of calcium assay buffer, after which 90 µL of 

chromogenic reagent was added and incubated for 10 minutes at room temperature in the dark. 

Absorbance was read at a wavelength of 575 nm with a plate reader. Values were normalized to the 

standard curve.

Immunofluorescence and western blotting

Immunofluorescence staining was performed on methanol-fixed cells and human and mouse 

aortic valve leaflets using anti-human VE-cadherin (Santa Cruz) or CD31 (Cell Signaling), anti-

human α-SMA (clone 1A4, Sigma-Aldrich), anti-vimentin antibody (Abcam, Cambridge, MA) and 

anti-osteocalcin (Abcam). Secondary antibodies conjugated with AlexaFluor 488 (Invitrogen) were 

used. Images were taken with an Eclipse 80i microscope (Nikon) and processed with Elements 

3.20 software (Nikon). For western blotting, cells were lysed as previously described.14 Briefly, cells 

were lysed with 4 mol/L urea, 0.5% SDS, 0.5% NP-40, 100 mmol/L Tris, and 5 mmol/L EDTA, pH 

7.4, containing 100 µmol/L leupeptin 10 mmol/L benazmidine, 1 mmol/L PMSF, and 12.5 µg/mL 

aprotinin. Lysates were subjected to 10% SDS-PAGE (13 µg of protein per lane) and transferred 

to Immobilon-P membrane (Millipore, Bedford, MA). Membranes were incubated with murine 

anti-human α-SMA, goat anti-human CD31, and goat anti-human VE-Cadherin diluted in 5% dry 

milk in 1x PBS-T (0.1% Tween-20, 25 µM Tris-HCL, 0.15 M NaCl in PBS), and then with secondary 

antibody (peroxidase-conjugated anti-mouse or anti-goat). Antigen-Ab complexes were visualized 

using chemiluminescent sensitive film. Equal protein amounts (12-15 µg) were loaded in each lane 

(determined by u-BCA assay, Pierce), and expression was quantified via densitometry analysis and 

normalized to that of β-actin (Sigma). All antibodies were shown to cross-react with their ovine 

homologs.

Real-time Polymerase Chain Reaction

Total RNA was isolated using RNeasy Mini Kit (Qiagen), supplemented with DNase I treatment (Qia-

gen). Reverse transcription was performed with Superscript II cDNA synthesis kit (Invitrogen/Life 

Technologies, Grand Island, NY) to obtain a target cDNA concentration of 0.335 µg/mL, followed 

by RT- PCR using SYBR Green (BioRad, Hercules, CA), and annealing temperatures of 95º C and 

60º C for 35 cycles. Oligonucleotide primer sequences are presented in Table 1. All PCR products 

were sequenced using ABi DNA sequences (Children’s Hospital Boston core facility) to verify the 

sequence corresponding to the gene of interest (Suppl.Table 1).
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Migration assay

100 µg/mL rat tail collagen type I (0.02 N acetic acid) was used to coat 6.5-mm Transwells with 8.0-

µm pore polycarbonate membrane inserts for 1 hour at 37°C, followed by one wash with PBS. Cells 

were treated as specified, trypsinized, and seeded in the upper chamber of the transwell plate at a 

Figure 1. EndMT may precede VEC osteoblastic differentiation. VECs were treated with normal media (NM) or osteogenic media 
(OM) ± TGF-β1 for 1, 7, or 14 days. (A) Immunofluorescent staining of VE-Cadherin and α-SMA (green), cell nuclei (DAPI/blue). Bar: 
50 μm. (b) Quantification of α-SMA staining. (C) mRNA expression α-SMA, MMP-2, and Slug. (D) ALP staining of VECs in media + 
TGF-β1 or OM at day 14. Bar: 50 μm. (E) ALP activity of VECs in media + TGF-β1 or OM at day 1. Data is depicted as mean ± SD/
normalized to NM conditions, *p<0.05. (F) mRNA expression of osteopontin, osteocalcin and Runx2. Data is depicted as mean ± 
SD fold change, *p<0.05.
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density of 1x104 cells/well (100 µl volume). 300 µL of control media (EBM-2 / serum-free and growth 

factor-free) or VEC media supplemented with 20% FBS was added to the lower chamber. Cells were 

then allowed to migrate for 4 hours at 37º C. The cells in the upper chamber were gently removed 

using a cotton swab, and the lower surface was fixed with ice-cold methanol and mounted on glass 

slides in mounting media containing DAPI. Cells were counted using a fluorescent microscope.

Statistical analysis

Results are presented as mean +/- standard deviation (SD) unless indicated otherwise. Unpaired 

Student’s t-test was used for comparisons between two groups. One-way ANOVA was used to 

evaluate statistical significant differences in multiple groups. P < 0.05 was considered statistically 

significant.

RESuLTS

TGF-β1 and osteogenic media induce VEC EndMT

Clonal populations from ovine aortic valve leaflets were isolated using a brief collagenase-A proce-

dure, which has been described previously.12 The VEC clone demonstrated cobblestone endothelial 

morphology and stained positively for VE-Cadherin and negatively for α-SMA (Supplementary Fig-

ure II). VIC clonal populations from the same valve were isolated and characterized. Immunofluo-

rescence staining of the aortic VIC clones (VIC-K3, VIC-K5, and VIC-K6) confirmed the characteristic 

myofibroblastic phenotype of VICs grown in culture, with positive staining for α-SMA and vimentin 

and negative staining for the endothelial cell marker VE-Cadherin (Supplementary Figure III).

In accordance with our earlier work,12 this VEC clone was able to undergo TGF-β1–induced EndMT, 

as visualized by anti-α-SMA immunofluorescence after 8 days of TGF-β1 stimulation (Supplementary 

Figure IVA). Western blot analysis confirmed the changes in protein expression (Supplemental Fig-

ure IVB). Significant increases in mRNA expression of the EndMT markers α-SMA (5.3±1.2), MMP-2 

(13.5±0.6) and Slug (12±2.1), as well as a decrease of the endothelial marker VE-Cadherin (0.2±0.1) 

(p<0.05) confirmed TGF-β1–induced EndMT of the VECs (n=3, Supplementary Figures IVC-F).

We performed a time-course analysis of EndMT-associated proteins in VECs treated with either 

TGF-β1 or osteogenic media (OM) for up to 14 days. VECs were stained for VE-cadherin and α-SMA 

at days 1, 7, and 14 of culture (Figure 1A).

Both TGF-β1 and OM induced a progressive loss of VE-cadherin compared to NM in the VECs. 

Quantification of α-SMA–positive cells confirmed the increase of myofibroblast-like differentiation 

of VECs after day 7 and day 14, as compared to day 1 (p<0.05). When VECs were cultured in OM, 

a higher percentage of α-SMA–positive cells were present on day 14, as compared to day 7 (Fig-

ure 1B). RT-PCR analysis of EndMT markers revealed a significant increase in mRNA expression of 

α-SMA at day 7 relative to day 1 when cultured with TGF-β1 (9.8±4.3) and OM (7.9±1.1), but α-SMA 

expression decreased at day 14 as compared to day 7 (Figure 1C). In cells stimulated with TGF-β1 or 
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OM, MMP-2 expression increased significantly from day 7 (TGF-β1: 2.3±0.5; OM: 2.7±1.1) to day 14 

(TGF-β1: 5.4±1.8; OM: 5.6±0.7). Slug expression follows a similar pattern to α-SMA, demonstrating a 

significant increase at day 7 (TGFβ1
:
 5.8±1.9; OM: 6.4±2.2) compared to day 1 (p<0.05). While day 14 

for Slug was not significantly different from day 7, it remained significantly increased as compared 

to day 1 (TGF-β1: 4.1±0.3; OM: 2.6±0.7) (Figure 1C). The increase in expression of these EndMT mark-

ers between days 1 and 7 suggests that a process of EndMT occurs in both the VECs treated with 

TGF-β1 and those treated with OM.

Osteogenic differentiation follows EndMT in VECs

We next evaluated osteogenic differentiation over time. We detected a small number of ALP-

positive cells following 14 days of stimulation with TGF-β1, but when VECs were cultured in OM, 

a more pronounced ALP staining was observed (Figure 1D). This observation was confirmed by 

quantification of the ALP activity (OM: 3.2±0,8 vs. TGF β1: 1.9 ±0.4 (Figure 1E). TGF-β1 significantly in-

creased osteopontin (2.9±0.6) osteocalcin (4.8±0.5), and Runx2 (3.2±0.5) mRNA expression (p<0.05) 

at day 14 (Figure 1F). In addition, when we cultured VECs in OM, we found a significant increase in 

osteopontin (15.5±8.1), osteocalcin (11.5±4.3), and Runx2 (6.7±2.1) expression at day 14, as com-

pared with earlier time points (p <0.05) (Figure 1F).

VICs suppress TGFβ1–induced EndMT of VECs

The presence of VICs (in co-culture) attenuated TGF-β1–induced EndMT. VICs suppressed TGF-β1–in-

duced expression of α-SMA in VECs, as demonstrated by immunofluorescence staining (Figure 2A) 

and confirmed by Western blot. Three different VIC clones suppressed the EndMT marker α-SMA 

when the VECs were stimulated with TGF-β1 (Figure 2B, Supplementary Figure V). VICs significantly 

suppressed the expression of three EndMT markers in TGF-β1 treated VECs: α-SMA (0.1±0.5), MMP-2 

(0.1±0.1) and Slug (0.2±0.2) (three different VIC clones, p<0.05; Figures 2C, 2D, 2E). A similar inhibi-

tion of EndMT markers was observed when using VIC conditioned media at a 1:1 ratio (Supple-

mentary Figure VI). The presence of VICs also inhibited TGF-β1-induced migration potential of VECs 

that were first co-cultured with VICs and TGF-β1, as compared to VECs treated with TGF-β1 alone 

(Supplementary Figure VII).

VICs inhibit osteogenic differentiation of VECs

VECs were cultured in OM to evaluate their osteogenic differentiation capacity, using DMEM-based 

normal growth media (NM) as a control. VECs cultured in OM for 21 days demonstrated a loss of 

VE-Cadherin, compared with VECs cultured in NM (Figure 3A). Mineralized matrix, visualized using 

Alizarin Red S staining, was observed after culturing VECs for 21 days in OM, but was not detected 

in VECs cultured in NM (Figure 3A). The presence of VICs (in co-culture) prevented both the OM-

mediated decrease in VE-Cadherin and the increase in mineralized matrix (Figure 3B). There was no 

difference in cell number between groups (Supplementary Figure VIII). Analyses of mRNA expres-

sion at day 21 confirmed the inhibitory effect of VICs on the osteogenic differentiation of VECs. 
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VE-Cadherin expression decreased significantly in VECs in OM compared to NM (0.3±0.2 p<0.05). 

This decrease was inhibited by the presence of VICs in co-culture (0.8±0.5) (Figure 3C). Expres-

sion of α-SMA increased when VECs were cultured in OM (17.3±7.5, p<0.05), and this increase was 

mitigated by the presence of VICs in co-culture (1.3±0.7) (Figure 3D). VEC cultured in OM showed 

increased expression of osteocalcin (8.6±1.3, p<0.05), osteopontin (3.7±0.3, p<0.05) and Runx2 

(5.5±1.5, p<0.05), compared with cells cultured in NM (Figures 3E, 3F, and 3G). The co-culture of 

VECs with VICs in OM abolished the induction of osteogenic differentiation markers. A functional 

consequence of osteogenic differentiation, calcium deposition, increased when VECs were cultured 

in OM alone, but was significantly impaired when VECs were co-cultured with VICs (OM: 4.2±1.7 μg/

mL, OM+VICs: 1.9±0.8 μg/mL, n=3, p<0.05) (Figure 3H).

VECs do not suppress osteogenic differentiation of VICs

We evaluated whether VECs have a similar inhibitory effect on the osteogenic differentiation of VICs. 

VICs cultured in OM for 21 days demonstrated mineralized matrix by Alizarin Red S staining (Figure 

4A). When VICs were co-cultured with VECs in NM or OM, VICs also stained positively for both α-SMA 

and calcium (Figure 4B). Expression of α-SMA increased in VICs cultured for 21 days in OM (1.4±0.3, 

p<0.05) (Figure 4C). VICs cultured in OM with VECs demonstrated a significant decrease in α-SMA 

expression (0.2±0.1 p<0.05). The mRNA expression of osteogenic differentiation markers osteocal-

Figure 2. VICs suppress TGF-β1–induced VEC EndMT. VECs were co-cultured with VICs in a transwell culture system and treated with 
TGF-β1 for 8 days. A Immunofluorescence staining of α-SMA (green), cell nuclei (DAPI/blue). Bar: 50 μm. b Western blot for endothe-
lial markers (VE-Cadherin, CD31) and myofibroblastic marker (α-SMA). C mRNA expression of EndMT markers α-SMA, MMP-2, and 
Slug. Data is depicted as mean ± SD fold change, *p<0.05.
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cin, osteopontin, and Runx2 and the activity of ALP further revealed that VECs do not exhibit an 

inhibitory effect on VIC osteogenic differentiation (Figures 4D, 4E, and 4F, Supplementary Figure IX). 

Functionally, we observed a significant increase in VIC calcium deposition in the co-culture samples 

(Figure 4G).

human and mouse calcified aortic valves leaflets demonstrate EndMT

After observing EndMT in isolated aortic VECs, we evaluated the presence of EndMT in human 

calcified aortic valve leaflets. Using immunofluorescence we demonstrate co-expression of α-SMA 

and CD31 (Figure 5), confirming the presence of EndMT in calcific valves. In addition, both α-SMA 

and CD31 co-expressed with osteocalcin, indicating a potential role for EndMT in human calcific 

aortic valve disease. Further, α-SMA was not observed in the endothelium of a non-calcified hu-

man aortic valve leaflets. To further evaluate the in vivo relevance of EndMT in CAVD we assessed 

α-SMA expression in the aortic valve of wild type and Apoe -/- mice, a common mouse model of 

cardiovascular calcification.33 Increased expression of a-SMA was observed in the endothelium of 

the Apoe -/- mice.

Figure 3. VICs suppress OM-induced VEC osteogenesis. VECs were co-cultured with VICs in a transwell culture system in osteo-
genic media (OM) for 21 days. A-b Immunofluorescent staining of VE-Cadherin (green), α-SMA (green), cell nuclei (DAPI/blue), and 
Alizarin Red S (ARS) (red/orange). Bar: 50μm. C mRNA expression of VE-Cadherin, D α-SMA, E Osteocalcin, F Osteopontin, G Runx2. 
h Calcium content. Data is depicted as mean ± SD fold change, *p<0.05.
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Figure 4. VECs do not suppress OM-induced VIC osteogenesis. VICs were co-cultured with VECs in a transwell culture system 
in osteogenic media (OM) for 21 days. A-b Immunofluorescent staining of Alizarin Red S (red/orange), α-SMA (green), cell nuclei 
(DAPI/blue). Bar: 50 μm. C mRNA expression of α-SMA, D Osteocalcin, E Osteopontin, F Runx2. G Calcium content. Data is depicted 
as mean ± SD fold change, *p<0.05.

Figure 5. human and mouse aortic valves demonstrate EndMT. Human non-calcified (n=1) and calcified (n=5) aortic valves 
were stained for CD31, aSMA and Osteocalcin. Aortic root sections from wild type (n=2) and Apoe -/- (n=3) mice were stained for 
CD31 and aSMA. Images of the leaflets are shown. * = aortic side. (bar: 20 μm)
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DISCuSSIOn

We report that VICs can inhibit EndMT of VECs even when stimulated with TGF-β1, a well-established 

inducer of EndMT.12, 13, 19, 27 We have also demonstrated that VEC osteogenic differentiation is inhib-

ited by VICs when cultured in an osteogenic environment. Conversely, in our study, VECs did not 

inhibit VIC mineralization. In addition, we have shown that EndMT may precede VEC osteogenesis. 

Finally, EndMT was observed to co-express with osteogenic markers in a mouse model of aortic 

valve calcification and human aortic valves obtained from patients with calcific aortic valve disease. 

We thus propose that VECs contain the capacity to differentiate into endothelial-derived VICs (eV-

ICs) through an EndMT process. In certain disease conditions where communication between VICs 

and VECs is disrupted, EndMT may be promoted. EndMT-derived eVICs may populate the valve 

leaflet and differentiate into osteoblastic cells (oVICs), contributing to the pathological remodeling 

observed in CAVD (Figure 6).

This study builds on our previous work, in which we demonstrated that VEC clones from ovine 

mitral valve leaflets might be a source for osteoblastic VICs.14 Endothelial osteoblastic differentiation 

potential has been proposed in VECs,14 prostate tumor EC,28 mutant ECs with constitutively active 

ALK229 and in arterial endothelial cells in matrix Gla protein-deficient mice.30 We previously showed 

that the in vitro osteogenic differentiation potential of mitral VEC corresponded with focal regions 

of osteogenic endothelium in tethered mitral valves in vivo.20 The role of the endothelium in valve 

Figure 6. Schematic depiction of cellular mechanism of the role of VECs in valvular osteogenesis. Quiescent VICs (qVICs) 
may differentiate into activated myofibroblast-like VICs (aVICs), responsible for functional remodeling of the heart valve ECM (i). The 
interplay between qVICs and aVICs is thought to be the cornerstone of valve homeostasis. Upon pathological stimulation, aVICs 
can further differentiate into osteoblastic VICS (oVICs), which may be responsible for calcium deposition in CAVD. Valvular endo-
thelial cells (VECs) can differentiate into endothelial-derived VICs (eVICs) via the EndMT process. In turn, eVEC may also differentiate 
into oVICs and contribute to calcification of the valve. VIC interaction with VEC may further inhibit EndMT-induced osteogenic eVIC 
differentiation (ii).
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calcification was also suggested by the finding that the endothelial activation marker VCAM-1 

expression correlated with VIC osteoblastic differentiation in a model of aortic valve stenosis.31 This 

work also underscores the unique plasticity within subsets of VECs, which is reflected not only in 

diseased states but also in normal valve physiology, as evident by the co-expression of CD31 and 

α-SMA in human fetal and postnatal semilunar valves.19

These findings have prompted our hypothesis that — when needed — a progenitor-like subset 

of VECs can replenish the VIC population via EndMT.14 In turn, this transdifferentiation could contrib-

ute to maintaining structural integrity and function of the heart valve (Figure 6). In normal valves, 

qVICs are activated by environmental cues and can differentiate into myofibroblast-like VICs (aVICs; 

α-SMA-positive), which maintain tissue integrity by adaptive remodeling of the valve ECM through 

the secretion of various cytokines,32, 33 matrix metalloproteinases,34, 35 and deposition of ECM pro-

teins.33, 36 But when persistent activation of VICs occurs, an excessive, lasting remodeling of the 

valve ECM may also take place. Such a maladaptive process may lead to a pathological disruption 

of the valve’s normal connective tissue homeostasis, leading to fibrosis and eventual calcification 

by differentiation of oVICs.37 Although the role of VECs in CAVD remains to be elucidated, mounting 

evidence indicates that endothelial dysfunction correlates with such continuous maladaptive VIC 

activation.37 To our knowledge, the present work is the first to investigate VEC–VIC direct interaction 

in relation to osteogenesis in an in vitro culture model system. VICs in culture mostly demonstrate 

a myofibroblast-like phenotype attributed to the unnatural stiff substrate of the tissue culture 

plates.38 To what extent qVICs affect VEC phenotype in co-culture remains to be elucidated. In the 

current experimental setup, we cannot separate the culture conditions to modulate VIC and VEC 

phenotypes independently. Therefore, both VICs and VECs were cultured in an osteogenic environ-

ment. This may be similar to the tissue, wherein both cell types are likely exposed to pathologic 

stimuli simultaneously, but it is possible that certain cues lead to phenotypic changes in only one 

cell type (e.g., hemodynamic changes that affect VECs only). Future studies may try to build on the 

current work to isolate changes in each cell type.

It remains unclear how closely the EndMT we have observed in VECs in vitro reflects the EndMT 

that occurs in vivo, either during valve development or disease. As such, it is important to note 

that although we demonstrate a correlation of EndMT and osteogenesis, our in vivo results cannot 

offer a causal role for VEC EndMT in CAVD. Our in vivo knowledge of valve EndMT mostly stems 

from end-point analyses of human postnatal pulmonary valve specimens or studies of the murine 

endocardial cushion19, where hallmarks of EndMT consist of a loss of cell–cell contact in the EC 

monolayer; increased expression of α-SMA, MMP-2, and Slug; and increased cellular invasion. The 

present study confirms our earlier work that EndMT — as determined by these hallmarks — can be 

simulated in vitro.12 Therefore, our current results build upon previous work suggesting that EndMT 

plays an important role in the onset of CAVD. Aortic VECs represent a cell population with the in-

trinsic plasticity to differentiate into myofibroblast-like aVICs, and further into osteoblast-like oVICs. 

That both phenotypes have been shown to possess the potential to contribute to the development 

of CAVD underscores the importance of understanding the role of the valvular endothelium in the 
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disease process. Future works may use cell lineage tracing and cell fate models to determine the 

source of cells that populate the aortic valve leaflet during tissue remodeling and pathogenesis.39 

By building a better understanding the cellular contributions valve remodeling, specific popula-

tions of cells may be targeted to control valvular homeostasis and develop therapeutics for CAVD.
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SuPPLEMEnTAL FIGuRES

Supplemental Figure I. Schematic depiction of experimental setup. Transwell plates were used to setup a co-culture experi-
ments with Valvular interstitial cells (VICs) and (VECs). These were cultured in either osteogenic media or control media with or 
without TGF-beta. Cells at the bottom of the well were used for analysis.

Supplemental Figure II. Valvular Endothelial Cell Phenotype VEC (Wav-1) were cultured 5 days in VEC media. Immunofluo-
rescent staining of VEC phenotype for VE-Cadherin (A), αSMA (b). Primary antibody was left out and substituted for IgG negative 
control (C). Bar: 50 um
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Supplemental Figure III. VIC clones were cultured 5 days in VIC media. Immunofluorescent staining of aVIC clones phenotype. 
K3, K5, K6 were stained for aSMA (A-C), Vimentin (D-F), VE-Cadherin (G-I). Primary antibody was left out and substituted for IgG 
negative control (J-L). Bar: 100um

Supplemental Figure IV. VECs undergo TGFβ-induced EndMT. VECs were with TGFβ for 8 days. A Immunofluorescent staining 
of α-SMA (green), cell nuclei (DAPI/blue) at day 1 and 8. bar: 50μm. b Western blot displaying expression of endothelial markers 
(CD31) and myofibroblastic marker (α-SMA). C mRNA expresssion of EndMT markers VE-Cadherin, α-SMA, MMP-2 and Slug. Data is 
depicted as mean±SD fold change, *p<0.05
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Supplemental Figure V. Densitrometry data VECs were treated with VIC conditioned media, TGF-β, or VIC-conditioned media 
and TGF-β for 8 days.  Densitometry quantification of Western blot for αSMA expression

Supplemental Figure VI. Conditioned media from VICs inhibit TGFβ-induced EndMT. VECs were treated with VIC conditioned 
media, TGFβ, or VIC conditioned media and TGFβ for 8 days. A Western blot displaying expression of endothelial markers (VE-
Cadherin, CD31) and myofibroblastic marker (α-SMA). b Densitometry quantification of western blot
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Supplemental Figure VII. VICs supress migration potential of VECs. VECs were cultured in transwell system with VIC and treat-
ed with TGFβ for 8 days, after which a migration assay on the VECs was performed. Data is depicted as mean ± SD fold change. *p 
< 0.05

Supplemental Figure VIII. VEC cell number remains similar when cultured in nM, OM and in co-culture with VICs. . VECs 
were cultured in NM, OM, and in co-culture with VICs, and counted for positive DAPI staining. (n=5), *p < 0.05

Supplemental Figure Ix. ALP activity day 14. aVICs were cultured for 14 days in OM and in OM with aVECs. (n=3) Data is depicted 
as mean ± SD/normalized to NM conditions. * p < 0.05,
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InTRODuCTIOn

Calcific aortic valve disease (CAVD) is the most common valve disease in the Western world. There is 

no therapeutic medication that can prevent or halt the progression of disease. As such, surgical or 

trans-catheter valve replacement remain the only treatment options to date. Considering that the 

burden of this disease is expected to triple in the next decades, improved understanding of CAVD 

and in particular its onset is warranted. The objective of this thesis was to address this challenge and 

use new means of elucidating mechanisms of early CAVD. The specific aims pursued in this these 

were defined as follows:

I Using molecular imaging as a tool to study early onset CAVD and identify hallmarks of disease 

progression

II Developing an in vitro model that can recapitulate the process of early CAVD as it may occur in 

situ.

VISuALIzInG EARLy CALCIFIC AORTIC VALVE DISEASE

Patients often do not present with symptoms of CAVD until it has developed into significant aortic 

stenosis. This observation inherently means that mechanisms of disease progression and disease 

onset in humans remain relatively unknown. As such, we have based most of our understand-

ing on either in vitro cellular experiments or in vivo animal models. However, albeit both of vital 

importance to study various aspects of disease, both approaches have been unable to recapitulate 

disease progression or even disease onset as it may occur in situ. An important and also clinically 

relevant challenge lies in visualizing the entire disease process. To this end, molecular imaging has 

emerged as a new and powerful tool to visualize cellular processes of disease in situ.

Part I of this thesis describes and explores the use of molecular imaging in studying CAVD. 

Currently both vascular and valvular calcifications are visualized by non-invasive imaging modalities 

such as echocardiography, computed tomography (CT) and magnetic resonance imaging (MRI). 

Even though CT and echocardiography are vital diagnostic tools, clinical imaging is only performed 

when patients are becoming symptomatic. Early detection methods are not only needed to eluci-

date early mechanism of cardiovascular calcification, but also to establish potential reversibility of 

disease.

Chapter 3 elaborates on how molecular imaging has been able to visualize novel concepts of 

both vascular as valvular calcification. In Chapter 4 we use molecular imaging to visualize mecha-

nism of disease in an established model of cardiovascular calcification. We demonstrate in vivo 

evidence for a potential inverse relationship between cardiovascular calcification and bone mineral 

density in mouse models of atherosclerosis and chronic renal disease. In addition, this work reveals 
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an association between aortic valve calcification and arterial calcification in these mouse models. 

Notably, we observe increased inflammatory activity in arteries, aortic valves and long bones in 

atherosclerosis and renal failure, demonstrating that systemic inflammatory disease could possible 

connect loss of bone mineral density and ectopic calcification. It validates the enormous potential 

molecular imaging holds in visualizing disease progression on a cellular and molecular level.

Clinically, an association exists between coronary artery disease and aortic valve stenosis, linking 

atherosclerosis to calcific aortic valve disease. In addition, both mouse and rabbit models dem-

onstrate that aortic valve calcification can be treated by lipid-lowering therapies such as statins, 

considering it has been proven successful in treating atherosclerosis. In hallmark histological work 

atherosclerotic-like plaques have been identified in calcified aortic heart valves. However, random-

ized clinical trials have failed to show a beneficial effect. It is left to question whether atherosclerosis 

and associated vascular calcification should even be considered a similar disease to aortic valve 

calcification. In any event it is clear, that we still were unable to grasp the mechanisms of disease of 

CAVD, particularly relating to its onset and progression.

MODELInG EARLy CALCIFIC AORTIC VALVE DISEASE

In pursuit of understanding CAVD disease onset, it became clear that we needed a new approach 

that could not only mimic aortic valve biology but also simulate aortic valve disease as it might 

occur in humans. In Part II we approach this challenge by looking towards tissue engineering. 

Tissue engineering pursues the development of organs or tissue suitable to replace or improve 

biological functions. In this thesis we used hydrogel micro engineering to develop a model of valve 

tissue able to recapitulate valve (patho) biology as it may occur in situ. Hydrogels resemble native 

extracellular matrix, and can be fabricated using natural extracellular matrix components, making 

it a potentially important tool in controllably re-creating the micro-environment of the heart valve.  

Chapter 5 elaborates on the application of hydrogels in tissue engineering, in addition to Chapter 

6, which focuses on discussing the application of hydrogels to heart valve tissue engineering.

In pursuit of fabricating an in vitro model for CAVD, we use hydrogel micro engineering to first 

create a micro-environment that is similar to that in the aortic valve. Chapter 7 describes how 

we used hyaluronic acid and collagen, vital components of the valve ECM, to fabricate three-

dimensional heart-valve like structures. We demonstrate that this approach allows for studying 

phenotypic changes of valvular interstitial cells (VICs). By varying collagen and hyaluronic acid 

content, we first fabricate a hydrogel with similar characteristics to the zona fibrosa of the heart 

valve. This is the layer of the valve where calcification solely occurs. Establishing the ability to har-

ness quiescent healthy VICs within a three dimensional valve like construct, we next show that we 

can controllably direct VICs into a myofibroblast-like differentiation. This process is considered the 

hallmark of valve fibrosis, and potentially the onset of CAVD.
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Chapter 8 describes how we use these micro-engineered valve-like constructs to study CAVD 

onset and mineralization. It shows how our hydrogel platform can maintain a quiescent VIC phe-

notype similar to healthy heart valves, and thus providing for a platform that can study disease 

onset. By exposing these VIC-laden hydrogels to osteogenic and inflammatory stimuli, VICs un-

dergo myofibroblast-like differentiation and eventually differentiate into osteoblast-like cells, which 

actively deposit calcium. To our knowledge, this is the first study demonstrating all phenotypes 

of VICs involved in CAVD in one model. We also establish that myofibroblast-like differentiation is 

required for osteoblast-like differentiation, potentially opening up a window for therapeutic target-

ing. We show that this 3D in vitro model for calcification can be used to controllably study specific 

pathological mechanisms associated with CAVD, including inflammation.

Furthermore, this model can be used to study relationships within other disease etiologies. In 

Chapter 9 we apply our 3D model valve-like model to study the relationship between radiation 

therapy - in for instance lymphoma or breast cancer - and accelerated calcification of the aortic 

valve, as is often observed in the clinic. This preliminary work demonstrates an accelerated loss of 

myofibroblast-like phenotype and mineralization by VICs when exposed to irradiation. We demon-

strate the potential of our 3D model to be used as a testing platform for environmental stimuli such 

as radiation associated with CAVD.

In pursuit of fabricating an in vitro model for valve disease, the endothelium cannot be over-

looked. Mounting evidence indicates that valvular endothelial cells may hold a reciprocal relation-

ship with valvular interstitial cells both in maintaining a healthy valve homeostasis as well as in 

valve disease. Chapter 10 examines the relationship between valvular interstitial cells and valvular 

endothelial cells in both a healthy and osteogenic environment, with the purpose of improving our 

understanding of valvular endothelial cells in calcific aortic valve disease. We demonstrate that VECS 

are able to differentiate into osteoblastic cells and deposit calcium. Moreover, this is a process that is 

driven by endothelial to mesenchymal transition. More importantly, we observe that activated VICs 

can inhibit mineralization by VECS, by inhibiting the mesenchymal differentiation process of VECs. 

We corroborate these findings in both mouse models of valve disease and human calcified valve 

specimens. Based on this work, we propose that VECs may differentiate into endothelial-derived 

VICs and contribute to the onset of CAVD.

In this thesis, we set out to overcome important challenges in CAVD research. First, we use 

molecular imaging to visualize disease progression in vivo and identified important hallmarks for 

disease propagation. Second, we develop a three-dimensional in vitro valve-like model of CAVD 

and used it to study the onset and progression of CAVD as it may occur in humans. We believe 

that results of this work may aid in the development of targets for therapeutic strategies that can 

possibly prevent, diagnose, or treat CAVD, broaden our data to other disease processes and further 

the progress in engineering valve substitutes.
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CALCIFIC AORTIC VALVE DISEASE: ShEDDInG LIGhT On ITS OnSET

Research into calcific aortic valve disease (CAVD) has received renewed impulse and attention in 

the field. An important reason is that successful translation of experimental and pre-clinical re-

search to clinical practice remains wanting. Without intervention, upon diagnosis of symptomatic 

aortic valve stenosis, death follows within months to a few years.1, 2 The main treatment for CAVD 

is surgical valve replacement, where trans-catheter valve replacement is reserved for patients with 

excess operative risk.3 Tissue engineered valve replacements also holds great promise, however 

remains to be successfully translated to the patient.4 Currently, there are just no medical therapies 

for CAVD as an alternative to surgery.

This observation means that we do not fully understand the mechanisms involved in CAVD; or 

valvular biology for that matter. Although great progress has been made, elucidating disease onset 

and its seemingly inevitable progression to significant aortic valve stenosis remains challenging. 

Considering the exponential increase of disease burden that is bound to follow an ageing world 

population, strong motivation exists to overcome this challenge.

The objective of this thesis is to shed light on the onset of CAVD, by first visualizing cellular 

mechanisms in vivo and identifying hallmarks of disease progression and secondly developing a 

new in vitro model for CAVD able to simulate events that may occur in early CAVD in situ. In this 

general discussion we will elaborate on how our work relates to the current status of CAVD research. 

In addition we will describe recommendations for future study.

LESSOnS FROM huMAn EnD-STAGE CALCIFIC AORTIC VALVE DISEASE

In brief, CAVD is currently considered a progressive disorder, ranging from mild valve thickening 

called sclerosis to severe calcification with impaired leaflet motion eventually causing aortic valve 

stenosis. Due to a persistent fibrotic collagen accumulation in the valve leaflet, which seemingly 

precedes calcific nodule formation,5 CAVD can also be labelled as a fibro-calcific disease.6 However, 

whether calcific nodule formation may occur simultaneous to the persistent fibrotic response is 

unknown.

The fibro-calcific process is actively regulated by valvular interstitial cells (VICs), which reside in 

the valve interstitium and are responsible for structurally maintaining the valve extracellular matrix. 

(Chapter 1) More specifically, quiescent VICs (qVICs) reside throughout healthy native valves and 

differentiate into activated myofibroblast-like VIC (aVICs) upon environmental cues7, 8, subsequently 

leading to remodelling of the ECM.9 Persistent activation of qVICs is considered the fundamental 

mechanism of the fibrotic response and related to the calcification process.10

CAVD is characterized by the deposition of calcium phosphate mineral within the extracel-

lular matrix.11 Two osteogenic processes may be considered as key mechanisms of CAVD. First, 

calcification may be present as dystrophic calcification, a disorganized crystal structure that is 
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associated with the precipitation of calcium phosphate on debris remaining after cell death. 

Secondly, calcification can be observed as a bone-like organized crystal lattice of hydroxyapatite, 

indicating an active osteogenic process.12-14 Histological analyses delineate an estimate of up to 

83% of dystrophic calcification and 13% bone-like structures present in calcified valve explants.13 

How these osteogenic processes relate to each other is unclear.15 The bone-like calcification has 

been attributed to osteoblast-like cells that actively deposit calcium in the valve extracellular 

matrix.12

Notably, spherical particles containing calcium phosphate mineral have recently been identified 

in calcified aortic valves. The origin of these particles is uncertain, but may be considered cellular 

derived matrix vesicles, which are thought to contribute to the initiation of hydroxyapatite miner-

alization.16 Evidence suggest that these vesicles are released by macrophages or valvular interstitial 

cells, enriched in calcium binding proteins which serve as nucleation sites for calcium phosphate.17 

Further investigation will elucidate how these vesicles play a role in CAVD.

ThE POInT OF nO RETuRn

An important discussion in the field of CAVD research involves whether the disease is reversible, 

whether there is a point of no return in the disease process, and where such a point may lie. 

Answers to these questions would have vital implications for therapeutic intervention, including 

determining the optimal timing of surgery. Developing imaging tools that can monitor events 

associated with the disease process in patients with risk factors is thus a vital goal. (Chapter 3) 

Traditional imaging modalities such as echocardiography and computerized tomography, albeit 

very suitable in identifying and quantifying calcification, are limited because they are unable to 

detect early CAVD lesions. Molecular imaging has emerged in the search for new technologies to 

allow early detection and offer insight into the mechanism of CAVD, as a successful tool that can 

detect pathobiological processes associated with inflammation and early stages of calcification in 

vivo at the cellular level.18-21 Studies have successfully detected pro-inflammatory, pro-osteogenic, 

and proteolytic activity in cardiovascular calcification in vivo.19, 22-24 Imaging agents use molecular 

processes to generate image contrast using high-resolution imaging technology. This approach 

has led to the discovery of imaging agents that chemically attach to an affinity ligand, such as 

a fluorochrome or magnetic compound (e.g., biphosphonate-conjugated fluorescent agents, 

cross-linked iron oxide fluorescent nanoparticles to detect macrophages). We can visualize enzyme 

activity in CAVD by employing molecular imaging agents to interact with enzymes that, when ac-

tive, undergo a chemical change leading to signal amplification.19, 24 Currently, only optical imaging 

modalities can be used to detect calcification and early stages of the disease, due to limited signal 

detection by conventional imaging techniques such as CT and MRI. Visualizing pathways involved 

in early stages of CAVD is warranted in the pursuit of new therapeutic targets. The work presented 

in this thesis (Chapter 4) utilized multimodal molecular imaging to detect and monitor over time 
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the dynamic changes in inflammation and ectopic calcification in mouse models of cardiovascular 

calcification19, 22, 25 (Figure 1).

Figure 1. Inflamed aortic valves of apoE−/− mice had characteristics of early calcific disease. Gross morphology (left) and fluores-
cence microscopy (image stacks; right) of calcified aortic valves visualized osteogenic activity (OsteoSense-680, red) in the areas of 
leaflet attachment to the aortic wall in inflamed valves (CLIO-750, green)

These changes are undetectable by conventional imaging techniques. In addition, molecular 

imaging provides the opportunity to effectively visualize biological processes simultaneously us-

ing different imaging agents. This research demonstrates the importance of developing imaging 

techniques able to non-invasively characterize stages of disease progression, and thus detect early 

calcification before a “point of no return,” and to establish the reversibility potential of CAVD. Great 

progress in translating molecular imaging to humans has recently been made, using radiotracers 
18F-fluorodeoxyglucose and 18F sodium fluoride to visualize inflammatory activity and calcification 

using PET-CT scanning.26, 27 This work underscores the ability for molecular imaging approaches 

to visualize key pathological processes. Conversely, molecular imaging can also be used to track 

effect of therapeutic intervention and facilitate the development and validation in individual 

subjects.

ThE AThEROSCLEROSIS PARADOx

A hallmark histological study by Otto et al, demonstrated that human calcified aortic valve 

leaflets harboured similar atherosclerotic lesions as found in coronary artery disease, including 

macrophages, foam cells, oxidized LDL, and lipid deposits.28 In addition, pre-clinical studies have 

demonstrated atherosclerosis-like lesions in aortic valve leaflets both in rabbit and mouse models 

of atherosclerosis. Lowering cholesterol levels in mice even ceased progression of aortic valve 
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calcification.29 Clinical studies also suggest that CAVD and coronary artery disease share similar 

epidemiologic risk factors, such as age, gender, hypercholesterolemia, and hypertension.10, 30, 31

Taken together, this has led to the hypothesis that CAVD shares similar mechanisms to ath-

erosclerosis and could thus potentially be treated using similar therapeutic strategies.5 However, 

randomized clinical trials treating patients with CAVD with statins showed no benefit of treatment. 

Conversely, it must be argued that patients included in these trials already had moderate to severe 

aortic valve stenosis, which means that disease could have passed ‘ the point of no return’. As such, 

whether statin therapy might benefit patients with early CAVD remains to be elucidated. Neverthe-

less, results from these trials spurred the discussion to what extent atherosclerosis and CAVD should 

be considered similar etiological entities.

A paradox exists between treating atherosclerosis and CAVD. Atherosclerosis is characterized 

by a collagen-rich fibrotic cap encapsulating an underlying calcification that forms within the 

plaque,32 which is reminiscent of fibrosis and calcification observed in CAVD. Interestingly, from 

a therapeutic standpoint an important difference exists between the fibrotic response of athero-

sclerosis and CAVD. Collagen accumulation in an atherosclerotic lesion is desirable to stabilize the 

plaque and minimize the potential for rupture and thrombosis33-35 Lesion stability has traditionally 

been determined by collagen thickness in the fibrotic cap.36 Subsequent calcification then further 

stabilizes the plaque.37 Patients treated with statins demonstrate heightened atherosclerotic plaque 

stability, attributed to increased collagen accumulation within the fibrous cap.38 The desirability of 

atherosclerotic plaque growth is only limited by the ensuing stenosis of a vessel. Nevertheless, a 

heightened fibro-calcific response seems the aim of atherosclerosis management. Conversely, this 

completely contradicts treatment goals of CAVD, where added fibro-calcific response would only 

increase valvular dysfunction.

InFLAMMATIOn

A possible link between arterial calcification and CAVD could be the manifestation of inflammatory 

disease. Both CAVD and calcification in atherosclerotic plaques is associated with the presence 

of inflammatory cells, such as macrophages and T-cells.25, 27 In established mouse models for 

atherosclerosis and chronic renal disease (CRD), we demonstrate in this thesis the correlation of 

macrophage activity in arteries and aortic valves. (Chapter 4) More specifically, we hypothesize that 

infiltration of inflammatory cells is an early event in aortic valve calcification and atherosclerotic 

lesions.19, 39 Inflammatory cells actively release protease that degrade extracellular matrix proteins, 

and thus could indicate a role initiating the remodelling processes that lead to calcification. Par-

ticularly, persistent inflammation, attributed to for instance diabetes mellitus or the metabolic syn-

drome, has detrimental effects. Collagen degradation in atherosclerotic plaques leads to a decrease 

in plaque stability.33 These cells also release pro-inflammatory cytokines, promoting pathological 

differentiation of VICs and VECs.
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Osteogenic differentiation is for instance related to exposure to tumor necrosis factor-alpha 

(TNFα) (Chapter 8), and interleukin-6 (IL-6). We also observe this process that TNFα catalyzes min-

eralization of heart-valve like constructs in vitro (Chapter 8), by activating runt-related transcription 

factor 2 (runx2). In addition, Msx2/Wnt signalling cascades have also been shown to be upregulated 

to inflammatory cytokines, leading to mineralization and ectopic bone formation.40 In addition, 

there is mounting evidence suggesting that the inflammatory milieu in CAVD actually favours inhi-

bition of osteoclastogenesis, because osteoprotegerin is upregulated early in disease progression of 

valve tissue, and in serum OPG has shown to predict mortality in patients with symptomatic CAVD.41

Furthermore, a regulator of macrophage biology, NAD-dependent deacteylase sirtuin-1, has 

been shown to decrease resistin expression.42 Resistin leads to the accumulation of LDL in arterial 

walls and is correlated with CAVD in patients over 70 years of age.43 Therefore, inflammation might 

also be associated with lipid changes that influence valvular remodelling.

To this end, it would be of great interest to investigate the effect of anti-inflammatory agents and 

if they are able to prevent and reduce the extent of calcification and osteogenesis, which is known 

to be triggered by inflammatory mediators. As such, the on-going Cardiovascular Inflammation 

Reduction Trial (CIRT) is examining whether treatment with low-dose methotrexate, an effective 

anti inflammatory drug, may affect progression of CAVD.44

FROM in vivo TO in vitro MODELS

Because we are unable to adequately study disease onset in humans, the majority of experimental 

evidence relies on using in vivo animal models or in vitro models. In vivo models hold the advantage 

of modelling complex physiology akin to humans. In addition, animals can be genetically modified 

to express a specific pathology. Great strides have been made in understanding the functional 

consequences of various mediators in calcific aortic valve disease, however one must recognize the 

limitations of laboratory experiments on mice.45 The inbred strains used in sterile environments in 

which we raise our mice, allow for well controlled experiments, but are unable to reflect the het-

erogeneity of humans, including human interaction with microbes. Laboratory experiments usually 

utilize mice by exaggerating disease. Research pertaining to mechanistic study of CAVD has mostly 

used rabbit or mice models. Rabbit models require very high cholesterol diets46 to induce athero-

sclerotic disease also observed in patients, and the addition of Vitamine D to cause calcification.47 

Mouse models are genetically modified and require very high cholesterol addition to their diet 

to induce calcification. Both LDL receptor knockout and ApoE knockout mice, also utilized in this 

thesis (Chapter 4), must be fed a high cholesterol diet to develop hypercholesterolemia associated 

cardiovascular calcification over time.6, 25 This exaggeration allows for an expedited experimental 

time of weeks to months, compared to the human disease process, which requires years if not 

decades. Although, these limitations should not cast any shadow on knowledge gained from this 

work, it does necessitate caution when extrapolating results to clinical disease.
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As such, even though CAVD and atherosclerosis share risk factors in patients, one must question 

if disease simulated in these models progress through the same mechanisms as human disease,48 

particularly since translation of therapeutic targets in these animal models to patients remains 

elusive.

Conversely, in vitro models, which allow better isolation and manipulation of independent 

variables, offer a powerful window of opportunity to study CAVD, but not in its traditional form. 

(Chapter 5) In vitro systems have historically used Petri-dishes, to study the role the valvular cell 

population might have in valve calcification. However, therein lies its greatest limitation. In vitro 

models are intrinsically unnatural environments for cells, due to the unnaturally stiff substrate of 

plastic and the two-dimensional environment cells when in culture reside in.49 In addition, VICs 

have demonstrated a high degree of mechanosensitivity, leading to uncontrollable phenotypic 

changes in 2D culture systems.50 Therefore the development of a 3D in vitro system that allows 

for the independent modulation of the VIC phenotype with the purpose of modelling the entire 

cellular driven process of valve homeostasis and pathology would be a great leap forward.

EnGInEERInG CALCIFIC AORTIC VALVE DISEASE: WhEn IS IT GOOD 
EnOuGh?

To overcome this challenge we developed an in vitro three-dimensional heart valve-like construct 

using hydrogel microengineering. (chapter 5,6,7) Hydrogels can be designed using natural pro-

teins to recapitulate important environmental cues in native tissues, and have gained a great deal 

of interest also in valve tissue engineering due to their ability to be chemically and mechanically 

tailored to specific needs.51 VICs have proven to be very sensitive to their micro-environment.50 

Thus, an important question to address in the discussion of work presented in this thesis is: 

First, what complex variables must be considered to appropriately simulate the valve micro-

environment? Second, how does our model relate to the native aortic valve micro-environment? 

In short, is our model good enough? These questions will be addressed by discussing the follow-

ing concepts: substrate stiffness and dimensions, substrate components, hemodynamics, and 

the role of VECs.

SubSTRATE STIFFnESS AnD DIMEnSIOnS

As described earlier, the native valve extracellular matrix is comprised of three layers, the zona 

fibrosa, zona spongiosa and zona ventricularis. CAVD predominantly occurs in the zona fibrosa of 

the aortic valve, which mainly consists of collagen and glycosaminoglycans (e.g. hyaluronic acid). 

We based our hydrogel model on using methacrylated gelatin, a denatured form of collagen, and 

hyaluronic acid to recapitulate the environment of the aortic valve in which CAVD occurs. By photo-
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crosslinking GelMA and HAMA we engineered an in vitro 3D culture system to study VIC phenotype 

change. We show that VICs encapsulated in a combination of HAMA and GelMA preserve the 

quiescent fibroblast like phenotype in VICs, contrary to VICs cultured on plastic plates (Chapter 

7). The modulus of our hydrogels maintaining VIC quiescence was measured to be around 25 kPa, 

corroborating earlier work demonstrating the native aortic valve zona fibrosa to posses similar 

modulus.52

In the pursuit of fabricating an in vitro model similar to the native micro-environment, the lay-

ered structure and its mechanics must be taken into account. The structural integrity of the aortic 

valve is mostly supplied by the collagen rich- zona fibrosa,53 suggesting that the ECM layers have 

different elasticities. Studies used different testing methods to determine moduli of normal aortic 

valves, which may account for the relative large difference between reported moduli (8.5 kPa vs 2 

mPA).49 If only, these discrepancies underline the need to determine a unified method to spatially 

map the mechanical properties of valve tissue, particularly in relation to disease progression.

Previous work determined that a substrate modulus of E>15kPa would facilitate a threshold like 

myofibroblast response of VICs in vitro,54 however this was shown in VICs seeded onto a substrate 

in two dimensions. Interestingly is that other work showed this substrate modulus to be associ-

ated with the formation of osteogenic calcific nodules in the presence of TGFβ1.55 This observation 

underscores the notion that cells behave differently in a three-dimensional culture system. The 

threshold for pathological behaviour induced by relevant biochemical cues may vary greatly de-

pending on the substrate environment.

Nevertheless, substrate modulus is also associated with calcification. For instance, VICs demon-

strate an increase in calcific nodule formation when cultured on tissue culture-treated polysterene 

(TCPS) compared to VICs seeded on hydrogels functionalized with integrin binding small peptide 

RGD.54 On soft, thick, type I collagen gels, VICs hardly showed any mineralization, compared to 

stiffer substrates. This work indicates that substrate elasticity can elicit different VIC responses, but 

also confirms the need to move away from traditional TCPS plates for to culture platforms in which 

matrix elasticity can be fine tuned to physiological relevance. To underscore this point, tractional 

forces by cells should be considered.56 VICs apply tractional forces to the surrounding matrix, which 

is resisted in part by the elasticity of the ECM. VIC traction probably stiffens valve tissue during the 

relaxed state of systole.57 However ECM tractional stress often exceeds external tractional stress 

applied to cells. Cells respond to changes in matrix elasticity by altering adhesion to the ECM and 

cytoskeletal organization.58 Thus mechanical properties of the matrix can activate and modify 

intracellular signalling pathways an alter VIC function. Studies have shown that the preservation 

of native VIC phenotypes has recently been attributed to go through an elasticity regulated PI3K/

AKT pathway. PI3K/AKT signalling antagonizes apoptosis and promotes cell survival and prolifera-

tion.59 It is hypothesized that elevated AKT activity in myofibroblasts could be an important cause 

or persistent activation due to its sensitivity to mechanosensing.

Mechanosensing might also explain the difference in the nature of mineralization observed in 

stenotic valves. VICs cultured in osteogenic media on compliant and stiff collagen gels formed 
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calcific nodules, but they differed from one another.50 On compliant substrates, similar to fibrosa 

elasticity (~25kPa), VICs formed small aggregates of viable cells expressing osteogenic genes and 

proteins leading to bone formation. However, VICs cultured on stiffer gels in osteogenic media, 

mimicking stiffness of stenotic tissue, VICs demonstrated a myofibroblast phenotype, formed larger 

calcific nodules with apopotic cells.50 Perhaps this provides insight into osteogenic differentiation 

occurring predominantly in the fibrosa, and that this process may precede dystrophic calcification.

9. hyDROGEL SubSTRATE COMPOnEnTS

Our model is in essence a relatively simple one, in which other ECM proteins have not been in-

cluded. For instance, it is known that VICs cultured on fibrin exhibit more nodules than on collagen, 

fibronectin or laminin.54 Fibronectin coated tissue culture polystyrene suppressed calcification.60 

However both fibronectin and fibrin coating soft hydrogels suppressed calcification,61 indicating 

that perhaps substrate stiffness is more important than substrate composition. When VICs cultured 

on either collagen-I or fibronectin are exposed to strain, collagen showed less myofibroblast dif-

ferentiation of VICs compared to fibronectin.62 This indicates that interaction with collagen in the 

fibrosa layer might play part in maintaining tissue homeostasis. As such, substrate composition is an 

important concept in which to compare our model to that of the native valvular micro-environment.

A limitation to our work is that we only included a collagen-based material and a glycosamino-

glycan. The important zona ventricularis, predominantly comprised of elastin, is not included in our 

hydrogel model. Elastin is a vital yet elusive extra-cellular matrix protein of the native heart valve. 

The zona ventricularis is responsible of the extension of the valve leaflet in diastole and recoil in 

systole during the cardiac cycle. It is an important component of valve durability, and has remained 

an elusive part of the extra cellular matrix to generate both in the setting of a laboratory or in efforts 

to create a functional tissue engineered heart valve. The importance of creating or maintaining a 

zona ventricularis is underscored by studies demonstrating the exacerbation of tissue calcification 

when exposed to elastin fragments.22 In addition, in vivo mouse studies demonstrated inflamma-

tion might accelerate calcification by Cathepsin-S induced elastolsysis.22

The next step in our work is to include an elastin-based or elastomeric layer to the hydrogel to 

recapitulate the layered nature of the heart valve. Successful efforts have been underway to create 

an elastin-based hydrogel.63 Notably, recombinant human tropo-elastin, a precursor to elastin, can 

be methacrylated and subsequently crosslinked to fabricate a elastomeric hydrogel.64

In our work we used a collagen-based material and a glycosaminoglycan, hyaluronic acid, to 

purposefully simulate the microenvironment of the zona fibrosa, with the eventual goal to study 

CAVD. Arguably, this does not comprise the intrinsic complex composition of the aortic valve, par-

ticularly considering the mechano-signalling transfer the zona ventricularis may have on the zona 

fibrosa. Combining elastomers to our hydrogel model, would be an important next step to make.
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10. hEMODynAMICS

Considering the entire ECM structure of the valve, one must also discuss the valvular hemodynam-

ics and to what an extent it may influence disease onset and progression. Clearly, our model as 

studied in this thesis, does not take hemodynamics into account due to its intrinsic static nature. To 

claim the recapitulation of the valvular microenvironment, a strong case can be made for the inclu-

sion of appropriate hemodynamics, which can have profound consequences on both macroscopic 

and microscopic scales. Hemodynamic forces exert shear stress on the surface of the valve leaflets, 

which are transduced to the valvular endothelial cells that line the leaflet surface and VICs in the 

valvular interstitium.65 As described earlier, VIC phenotype and function is regulated by cues from 

the local environment, in which the mechanical environment can play a critical modulatory role. 

Shear stress can cause valvular dysfunction, and pathological stretching, causing activation of VICs, 

upregulated latent TGFβ signalling, promoting maladaptive tissue remodelling.53 Notably, VICs in 

the zona fibrosa demonstrated an increased deformation upon tissue stretch compared to VICs in 

the zona ventricularis, contributing in part to the explanation as to why myofibroblast activation 

predominantly occurs in the zona fibrosa.52

Importantly, a synergistic effect of valve tissue stretching and TGFβ -1 treatment on VIC activa-

tion has been described.66 VIC αSMA expression was similar when exposed to cyclical stretch or cul-

tured with soluble TGFβ 1, however when both were exposed to VICs, αSMA expression increased 

synergistically. This link between mechanical stimulation and TGFβ 1 signalling was confirmed by 

observing mechanical activation of latent TGFβ 1.67 As such, it is reasonable to believe that adding 

TGFβ in its soluble form to our hydrogel based valve-like in vitro system functionally could be con-

sidered a simulation of mechanical stretch. Nevertheless, combining our hydrogel based platform 

to a hemodynamic stretch component, such as a bioreactor or a pulsatile substrate (e.g. FlexCell) is 

an important next step.

11. ThE CRuCIAL ROLE OF VALVuLAR EnDOThELIAL CELLS

Another important observation when evaluating our hydrogel system is that it solely looked at 

valvular interstitial cell behaviour. Although VICs are considered the key mediator of valve extra-

cellular matrix integrity and tissue homeostasis, VECs also play an important role in valve biology 

or pathology. Recapitulating the interaction between VICs with VECs is paramount in modelling 

human valvular disease in vitro. As such, 3D culture systems have been engineered to simulate the 

spatial relationship observed between VICs and VECs in their native valve environment. Co-culture 

experiments using 3D hydrogels allow for a dynamic simulation of the valve microenvironment, 

allowing for in vitro study of the role of VECs on VIC behaviour and vice-versa.

The importance of VECs in valve homeostasis is apparent from the difference in gene expression 

of VECs located on opposite sides of the valve leaflet.68 Results from shear stress studies confirm 
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differential gene expression between fibrosa and ventricularis VECS.69 Leaflets exposed to change in 

shear stress ex vivo demonstrate increase expression of vascular cell adhesion molecule-1 (VCAM-

1), intercellular adhesion moleculue-1 (ICAM-1), BMP-4, and TFGβ, but only on the fibrosa side, indi-

cating side dependent shear sensitivity correlating with side-dependent disease development.68, 69

Furthermore, it is currently believed that VECs play a critical role in regulating VIC phenotype via 

paracrine signalling. Studies have demonstrated VECs able to influence pathological differentiation 

of VICs.69 More specifically, VECS may be a key modulator of progression of CAVD by regulating VIC 

activation and calcification. The regulation of VIC phenotype has been correlated with nitric oxide 

(NO) secretion, as synthetically generated NO can decrease calcific nodule formation in VIC cultures 

in vitro.70 Interestingly, other CAVD risk factors such as hypercholesterolemia or diabetes mellitus 

decrease in NO expression.71 The exact mechanism of what paracrine factors drive or inhibit VIC 

phenotype change is unknown. Isolating the effect of the valvular endothelium is difficult to study 

in vivo because both biophysical and biochemical factors likely affect VIC function and phenotype. 

Developing an in vitro platform able to simulate events that may occur in vivo is the most success-

ful course of action.

We sought to investigate this intracellular relationship by studying the interaction of VICs and 

VECs from the same species in an osteogenic environment. Our work (Chapter 10) adds to a grow-

ing body of evidence that a reciprocal bond exists between VICs and VECs, and that alteration 

in this relationship influences valve tissue homeostasis and disease. Our work utilized an indirect 

co-culture system to explore this relationship. However, this approach is intrinsically limited by not 

being able to take substrate stiffness or composition – as discussed previously – into account. The 

next step is to use our hydrogel system as a co-culture in vitro model for valve (patho) biology. 

Adding an endothelial layer to a cell-laden hydrogel is vital in the pursuit of accurately simulating 

the valvular micro-environment in vitro. Hydrogels have been used before to study this particular 

feature; by encapsulating VICs in collagen gels and seeding these with VECs. However, collagen 

gels are intrinsically soft and alone do not recapitulate the valvular substrate stiffness or even com-

position. Synthetic Poly(ethylene glycol) (PEG) hydrogels have also been explored as a co-culture 

modality. PEG based hydrogels are useful in their mechanical tunability, and able to provide for a 

range of elastic moduli. Using these PEG-hydrogels, recent work has shown that the inhibition of 

VIC activation by VECs is increased in stiffer hydrogels.72

VECs also play a key role in valve biology through a process called endothelial-to mesenchymal 

transition (EndMT).73 Our work shows that ovine aortic valve VECs differentiate to myofibroblast 

like cells, when stimulated with TGFβ, corroborating previous work.74 In addition, we show VECs to 

differentiate into osteoblast-like cells, a process inhibited by VICs. This means that VECs and VICs 

may exist in a reciprocal relationship. The exact relationship of EndMT and CAVD is unclear, but we 

add to the notion that VECs may replenish the cellular population of valves upon suffering injury 

contributing to maintaining valve homeostasis.73 In turn endothelial dysfunction may inhibit this 

repairing mechanism.
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12. FInAL ThOuGhTS

Evidently, CAVD is a complex multifactorial disease. Although a great deal of improvement in 

our understanding of the pathobiology has been made over the last decades, we still lack vital 

diagnostic tools to detect CAVD, particularly its onset and progression. Although we know and are 

familiar with some risk factors, not everyone with CAVD progresses to end stage aortic stenosis. 

We cannot predict with any certainty who will or will not progress. Development of new non-

invasive diagnostic tools to visualize early CAVD is a necessary strategy not only for understanding 

disease onset, but also provide for means to evaluate its progression and potential response to 

new therapeutic strategies. A point of no return needs to be determined to identify patients who 

may benefit from medical treatment. This would also aid in determining for which patients surgical 

valve replacement is inevitable, and may strengthen the argument to surgically treat a category of 

asymptomatic patients.

These challenges can be met if we learn to understand the entire process of CAVD, and in par-

ticular its onset and progression. Considering the fact that patients do not develop symptoms until 

end-stage CAVD in the form of aortic valve stenosis, new means of studying CAVD are warranted. 

Two main goals are defined in this thesis. One is to use molecular imaging as a novel tool to visual-

ize key processes involved in CAVD progression. The second goal is to model CAVD in vitro as it may 

occur in humans.

Molecular imaging is a powerful tool to study the disease process. It allows for specific visualiza-

tion of cellular mechanisms involved in cardiovascular calcification. We have shown inflammation 

to be a hallmark of disease progression in mouse models simulating cardiovascular calcification. 

Next to developing such tools, we must always be critical of the models used to study human 

disease. A strong case can be made that no animal models fully recapitulate CAVD as it may occur 

in situ. Thus we turn to in vitro studies, which offer much more control over variables involved. 

However, in vitro studies alone also represent a non-physiological environment. As such we look 

towards tissue engineering to re-create the valve microenvironment in the laboratory simulating 

events that occur in human CAVD. An important step has been made, by demonstrating that we 

can controllably differentiate healthy quiescent valve cells to a diseased state, making this the first 

to simulate all cellular phenotypes involved in CAVD in one model system. However, like we have 

discussed throughout this entire thesis. CAVD is a multifactorial complex disease. A leap forward 

has been made, and part of the CAVD process has successfully been simulated in the laboratory. 

But important components such as elasticity, hemodynamics, and an endothelial layer is required 

to claim we have re-created the aortic valve micro-environment outside of the human body.

In the end, once we can build it, we understand it (Richard Feynmann).
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InLEIDInG

Aortaklepverkalking is de meest voorkomende hartklepaandoening in de westerse wereld. Het 

is een progressieve ziekte die leidt tot vernauwing van de aortaklep, ook wel bekend als aortak-

lepstenose. Er bestaan tot nu toe geen therapeutische mogelijkheden om aortaklepverkalking te 

voorkomen of  medicamenteus te behandelen. Tot op heden is chirurgische klepvervanging dan 

ook de enige effectieve behandeling van aortaklepstenose. Bij  patiënten met een te hoog ope-

ratierisico kan de aortaklep  minimaal invasieve worden vervangen  middels kathetertechnieken. 

Wereldwijd worden per jaar meer dan 275.000 aortaklep vervangingen uitgevoerd. Met een steeds 

ouder wordende bevolking is de verwachting dat dit aantal in 2050 meer dan verdrievoudigd is. De 

omstandigheden die leiden tot verkalking van de aortaklep zijn tot op heden niet goed bekend. 

Het doel van dit proefschrift is tweeledig: 

I Met behulp van moleculaire imaging de ontwikkeling van aortaklepverkalking te visualiseren om 

de kenmerken van het ziekteverloop te identificeren;

II Het ontwikkelen van een weefselmodel dat ons in staat stelt de mechanismen van aortaklepver-

kalking, zoals deze in de mens plaatsvindt, te onderzoeken. 

VISuALISATIE VAn hET OnTSTAAn VAn AORTAKLEPVERKALKInG

Symptomen zoals kortademigheid of pijn op de borst, ontstaan pas wanneer er sprake is van een 

significante aortaklepstenose. Dit wordt gezien als het eindstadium van de ziekte. Doordat de 

klepziekte pas in een late fase van het ziekteproces ontdekt wordt is het ontstaan van de aor-

taklepverkalking en de progressie in de mens moeilijk te bestuderen. Hierdoor baseren we onze 

kennis met name op diermodellen en celkweek studies. Alhoewel beide studiemethoden van 

onmiskenbaar belang zijn, zijn ze niet in staat gebleken om de ingewikkelde omstandigheden van 

aortaklepverkalking  in de mens na te bootsen. Het is een aanzienlijke, maar klinisch zeer relevante 

uitdaging om alle fasen van het ziekte proces te visualiseren. Zo kan er mogelijk een  ziektestadium 

worden bepaald waarin behandeling effect heeft. Daarnaast is meer onderzoek noodzakelijk om 

vast te stellen of er fasen bestaan in het ziekteproces waarin sprake kan zijn van reversibiliteit van 

de ziekte. Om dit te bereiken kan ‘molecular imaging’ een uitkomst bieden, doordat deze methode 

ons in staat stelt om cellulaire processen van het gehele ziekteverloop te visualiseren. Molecular 

imaging is een techniek die fluorescerende moleculen kan visualiseren. Zo wordt een fluorochroom 

geconjugeerd aan een molecuul. Enzymen die tot uiting komen bij een bepaald cellulair proces, 

kunnen met deze moleculen binden wat dan fluorescentie tot gevolg heeft. Dit betekent dat 

specifieke enzym activiteit zoals dat kan ontstaan bij onsteking en botvorming gevisualiseerd kan 

worden. 
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Deel I van dit proefschrift beschrijft en gebruikt ‘molecular imaging’ om aortaklepverkalking te 

bestuderen. Thans worden zowel vasculaire  als aortaklepverkalking in beeld gebracht met behulp 

imaging technieken zoals echocardiografie, computed tomography (CT) en magnetic resonance 

imaging (MRI). Zowel echocardiografie als CT zijn belangrijke diagnostische hulpmiddelen voor 

aortaklepverkalking. meestal worden ze verricht bij patiënten die reeds symptomen van verkalking 

vertonen. Deze technieken zijn mindergoed in staat om vroege pathologische veranderingen in 

de aortaklep te visualiseren. Nieuwe opsporingsmethoden zijn nodig om vroege pathologie in de 

klep te diagnosticeren.

hoofdstuk 3 beschrijft hoe ‘molecular imaging’ kan worden gebruikt om mechanismen van 

cardiovasculaire verkalking te visualiseren en zo kan bijgedragen aan het in kaart brengen van de 

pathologie. In hoofdstuk 4 gebruiken we daadwerkelijk deze imaging methode in diermodellen 

van cardiovasculaire verkalking. Met behulp van deze techniek tonen we in muismodellen aan, 

dat er een omgekeerde relatie bestaat tussen cardiovasculaire verkalking en botdichtheid bij athe-

rosclerose en nierfalen. Tevens suggereren onze resultaten dat er in deze modellen een relatie is 

tussen aortaklepverkalking en slagaderverkalking. Bovendien observeren we in deze modellen een 

toename in ontstekingsactiviteit van zowel slagaders, als aortakleppen, als in  botten. Dit resultaat 

vormt mogelijk een aanwijzing voor systemische ontsteking als onderliggende verklaring voor de 

afname van botdichtheid en toename van ectopische verkalking in het cardiovasculair systeem.  

Deze studie toont aan hoe molecular imaging gebruikt kan worden om ingewikkelde cellulaire en 

moleculaire processen in ziekte minimaal-invasief te visualiseren. 

Aortaklepstenose en coronarialijden hebben veel gemeenschappelijke risicofactoren, wat zou 

kunnen betekenen dat atherosclerose en aortaklepverkalking dezelfde etiologie delen.  Studies 

in diermodellen laten zien dat aortaklepverkalking, net als atherosclerose,  behandeld kan wor-

den met cholesterolverlagende medicijnen zoals statines. Bovendien hebben in eerdere studies, 

histologische analyses atherosclerose-achtige plaques laten zien in verkalkte aortakleppen. Echter, 

gerandomiseerde klinische studies hebben bij  mensen geen effect laten zien van behandeling 

met statines in de late fase van aortaklepverkalking. Het maar zeer de vraag of atherosclerose en 

aortaklepverkalking als dezelfde etiologische entiteit kunnen worden gezien.  De tegenstrijdige 

resultaten van deze studies suggereren in ieder geval dat we het ziektemechanisme van aortaklep-

verkalking in de mens nog niet goed begrijpen. 

MODELLEREn VAn AORTAKLEPVERKALKInG

Om de ziekte zoals die in de mens bestaat te begrijpen, is een nieuwe aanpak nodig.  Niet alleen 

vereist aortaklepverkalking in patiënten een verbetering van simulatie technieken, maar ook een 

hoger  kennisniveau van de algemene klepbiologie,. Deze uitdaging werd aangegaan met behulp 

van tissue engineering en is beschreven in Deel II van dit proefschrift. 



251

Samenvatting in het Nederlands

13

Tissue engineering streeft ernaar om organen of weefsel te maken met als doel aangedane 

biologische functies te vervangen of te verbeteren. In dit proefschrift gebruiken we hydrogel mi-

cro-engineering om een model van de aortaklep te maken, dat in staat is om de klepbiologie en 

pathologie te simuleren zoals deze in de mens optreedt. Hydrogels hebben namelijk een unieke ei-

genschap, ze kunnen gemaakt worden van natuurlijke extracellulaire matrixcomponenten. Dit stelt 

ons in staat om de natuurlijke omgeving van hartklepweefsel na te bootsen. hoofdstuk 5 beschrijft 

hoe hydrogels toegepast kunnen worden in tissue engineering.  In hoofdstuk 6 wordt uitgeweid 

over de toepassing van hydrogel micro-engineering in hartkleponderzoek in zijn algemeenheid. 

hoofdstuk 7 beschrijft hoe we een aortaklepmodel hebben gemaakt met behulp van hydrogel 

micro-engineering door gebruik te maken van collageen en hyaluraanzuur: essentiële compo-

nenten van de  extracellulaire matrix van de aortaklep. We tonen in dit hoofdstuk aan, dat ons 

hydrogel model de verandering in fenotype van klepcellen kan nabootsen. Door de collageen- en 

hyaluraanzuur concentratie te variëren en te testen zijn we in staat geweest om een hydrogel 

omgeving te creëren die overeenkomt met de weefselomgeving van de zona fibrosa van de 

aortaklep. Dit is tevens de laag waarin verkalking optreedt. Nadat we hebben vastgesteld dat we 

gezonde fibroblast-achtige “hartklep-interstitiele cellen” kunnen laten leven in ons hydrogel model, 

hebben we laten zien dat hartklepcellen gecontroleerd geactiveerd kunnen worden en zich dif-

ferentieerden tot een myofibroblast-achtig fenotype. Dit proces wordt gezien als kenmerkend voor 

de fibrose die voorafgaat aan aortaklepverkalking. Uit de resultaten blijken ook dat aortaklepcellen 

in onze hydrogels dezelfde eigenschappen hebben als natuurlijke menselijke aortaklepcellen

Dit onderzoek heeft de basis gevormd voor de verdere ontwikkeling van een aortaklepverkal-

king model. In hoofdstuk 8 gebruiken we de hydrogels om aortaklepverkalking daadwerkelijk te 

simuleren door de ze bloot te stellen aan osteogene oftewel botvormende stimuli die geassocieerd 

zijn met aortaklepverkalking;. We laten in dit hoofdstuk zien dat bij botvormende stimulatie eerst 

activatie van de aortaklepcellen, en uiteindelijk verkalking optreedt. Dit proces wordt bovendien 

versterkt wanneer we tumor necrose factor – alpha (TNFα) toevoegen aan ons model. TNFα is een 

cytokine dat verhoogd aanwezig is bij ziekten als diabetes, metabool syndroom en slagaderverkal-

king. We hebben met deze benaderingswijze in één model de verschillende stadia waarin cellen 

zich kunnen bevinden in de hartklepbiologie en -pathologie weten te stimuleren. Dit betekent dat 

ons hartklepmodel gebruikt kan worden om het beginstadium van aortaklepverkalking te simule-

ren, wat tot op heden nog niet mogelijk is geweest. Ook associaties met een andere etiologie van 

klepziekten kunnen hiermee bestudeerd worden. 

hoofdstuk 9 beschrijft een pilot experiment waarin we de relatie tussen bestraling en aor-

taklepverkalking hebben onderzocht. Bestraling die wordt toegepast in de behandeling van 

borstkanker of lymfomen en kan leiden tot versnelde ontwikkeling van klepverkalking. Door onze 

hartklepmodellen bloot te stellen aan bestraling, hebben we aangetoond dat de aortaklepcellen 

inderdaad een versnelde activatie van het verkalkingsproces doorgaan. 

Een belangrijk aspect van de aortaklepbiologie en -pathologie is de rol van endotheelcellen 

die de buitenkant van de hartklep bekleden. Er zijn steeds meer aanwijzingen dat de klep-
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endotheelcellen een nauwe relatie onderhouden met de hartklepcellen met betrekking tot de 

handhaving van de structurele integriteit van een hartklep. hoofdstuk 10 onderzoekt de relatie 

tussen hartklep-endotheelcellen en hartklep-interstitiële cellen in een osteogene omgeving. We 

tonen aan dat endotheelcellen ook de potentie hebben om zich te diff erentiëren in botvormende 

cellen en kalkafzetting teweeg brengen. Deze transitie lijkt zich te voltrekken doordat endotheel 

cellen zich eerst diff erentiëren in myofi broblasten. We laten bovendien zien dat hartklepcellen deze 

transitie lijken te inhiberen. Dezelfde relatie tonen we aan in zowel muismodellen als in humane 

verkalkte kleppen. Gebaseerd op deze studie kunnen we concluderen dat hartklep endotheelcellen  

kunnen diff erentiëren in hartklepcellen en zelfs botvormende cellen om zo bij te dragen aan het 

ontstaan van aortaklepverkalking. 

Dit proefschrift heeft als doel gehad om belangrijke uitdagingen in bestaand onderzoek naar 

aortaklepverkalking te overwinnen. Allereerst hebben we ‘molecular imaging’ gebruikt om 

ziekteprogressie in vivo te visualiseren en belangrijke componenten voor deze progressie te 

identifi ceren. Daarna hebben we een driedimensionaal hartklepmodel ontwikkeld, wat ons in staat 

heeft gesteld om het begin en de progressie van aortaklepverkalking te simuleren.  Dit model kan 

tevens gebruikt worden om nieuwe aanknopingspunten voor medicamenteuze behandeling van 

aortaklepverkalking te onderzoeken. Tot slot biedt dit model ons de kans om kennis te vergaren 

over de ontwikkeling van de hartklep, wat van wezenlijk belang is voor nader onderzoek naar de 

ontwikkeling van tissue-engineered hartkleppen.
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18-FDG 18 Fludeoxyglucose

18-NaF 18- SodiumFluoride

ACE Angiotensin Converting Enzyme

Ao Aorta

AoV Aortic Valve

AoS Aortic valve stenosis

ATII Angiotensin II

αSMA alpha- Smooth Muscle Actin

Apo E Apolipoprotein E

BMP Bone Morphogenetic Protein

BK Bradykinin

CAVD Calcific Aortic Valve Disease

CD31 Cluster of Differentiation-31

CRD Chronic Renal Disease

CT Computed Tomography

ECM Extracellular Matrix

EndMT Endothelial to Mesenchymal Transition

eNOS endothelial Nitric Oxide Synthase

FGF Fibroblast Growth Factor

GAG Glycosaminoglycan

GelMA Methacrylated Gelatin

HA Hyaluronic Acid

HAMA Methacrylated Hyaluronic Acid

HPF High Power Field

HMG-CoA 3-hydroxy-3-methyl-glutaryl-CoA reductase

IL Interleukin

KKS Kalikrein-kinin system

LDL Low Density Lipoprotein

LRP-5 LDL receptor related protein 5

MAPK Mitogen Activated Protein Kinase

MMP Matrixmetalloproteinase

MRI Magnetic Resonance Imaging

NFκB Nuclear Factor kappa beta

OCT Optical coherence tomography

PBS Phosphate Buffered Saline

PEGDA Polyethylene Glycol Diacrylate

PET Positron Emission Tomography
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PI Photo-Initiator

RAAS Renin-Angiotensin-Aldosterone System

RANK  Receptor activator of nuclear factor kappa-B

RANK-L Receptor activator of nuclear factor kappa-B ligand

ROS Reactive Oxygen Species

Runx2 Runt-related transcription factor 2

TGFβ Transforming Growth Factor beta

TIMP Tissue Inhibitor of MetalloProteinases

TNFα Tumor Necrosis Factor- alpha

VCAM-1 Vascular Cell Adhesion Molecule-1

VEC Valvular Endothelial Cell

VIC Valvular Interstitial Cell

aVIC activated VIC

eVIC endothelial derived VIC

qVIC quiescent VIC

oVIC osteoblast VIC

pVIC progenitor VIC 

WT Wildtype
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