
Journal of

Cardiovascular 

Development and Disease

Review

Biology and Biomechanics of the Heart Valve
Extracellular Matrix

Karthik M. Kodigepalli 1,†, Kaitlyn Thatcher 1,†, Toni West 2 , Daniel P. Howsmon 2 ,
Frederick J. Schoen 3, Michael S. Sacks 2 , Christopher K. Breuer 4,5 and Joy Lincoln 1,6,*

1 Department of Pediatrics, Medical College of Wisconsin, Milwaukee, WI 53226, USA;
mkodigepalli@mcw.edu (K.M.K.); kthatcher@mcw.edu (K.T.)

2 Center for Cardiovascular Simulation, Institute for Computational Engineering and Sciences and
Department of Biomedical Engineering, The University of Texas at Austin, Austin, TX 78712, USA;
toni.west@austin.utexas.edu (T.W.); daniel.howsmon@utexas.edu (D.P.H.); msacks@oden.utexas.edu (M.S.S.)

3 Department of Pathology, Brigham and Women’s Hospital and Harvard Medical School,
Boston, MA 02115, USA; fschoen@bwh.harvard.edu

4 Tissue Engineering and Surgical Research, The Research Institute at Nationwide Children’s Hospital,
Columbus, OH 43205, USA; christopher.breuer@nationwidechildrens.org

5 Department of Pediatric Surgery, Nationwide Children’s Hospital, Columbus, OH 43205, USA
6 The Herma Heart Institute, Section of Pediatric Cardiology, Children’s Wisconsin,

Milwaukee, WI 53226, USA
* Correspondence: jlincoln@mcw.edu; Tel.: +1-414-955-7471
† These authors contributed equally to this work.

Received: 13 November 2020; Accepted: 13 December 2020; Published: 16 December 2020 ����������
�������

Abstract: Heart valves are dynamic structures that, in the average human, open and close over
100,000 times per day, and 3 × 109 times per lifetime to maintain unidirectional blood flow. Efficient,
coordinated movement of the valve structures during the cardiac cycle is mediated by the intricate
and sophisticated network of extracellular matrix (ECM) components that provide the necessary
biomechanical properties to meet these mechanical demands. Organized in layers that accommodate
passive functional movements of the valve leaflets, heart valve ECM is synthesized during embryonic
development, and remodeled and maintained by resident cells throughout life. The failure of ECM
organization compromises biomechanical function, and may lead to obstruction or leaking, which if
left untreated can lead to heart failure. At present, effective treatment for heart valve dysfunction
is limited and frequently ends with surgical repair or replacement, which comes with insuperable
complications for many high-risk patients including aged and pediatric populations. Therefore,
there is a critical need to fully appreciate the pathobiology of biomechanical valve failure in order to
develop better, alternative therapies. To date, the majority of studies have focused on delineating
valve disease mechanisms at the cellular level, namely the interstitial and endothelial lineages.
However, less focus has been on the ECM, shown previously in other systems, to be a promising
mechanism-inspired therapeutic target. Here, we highlight and review the biology and biomechanical
contributions of key components of the heart valve ECM. Furthermore, we discuss how human
diseases, including connective tissue disorders lead to aberrations in the abundance, organization
and quality of these matrix proteins, resulting in instability of the valve infrastructure and gross
functional impairment.
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1. Introduction

There are two sets of cardiac valves: the mitral and tricuspid atrioventricular valves that
separate the atria from the ventricles; and the aortic and pulmonic semilunar valves that separate
the ventricles from the great arteries. Although the functional demand for each valve set is similar,
their anatomies are different. The atrioventricular valves consist of two (mitral) or three (tricuspid)
leaflets, with external supporting chordae tendineae that attach the leaflet to papillary muscles within
the ventricles (reviewed [1]). In contrast, the semilunar valves, located at the base of the aorta and
pulmonary trunk, are comprised of three leaflets termed cusps, and lack an external chordae and
papillary muscles, although a unique internal support structure has been described [2]. The heart
valves open and close over 100,000 times per day, 40 million times per year, and over 3 billion times in a
75 year lifetime to maintain unidirectional blood flow during the cardiac cycle. In diastole, the papillary
muscles are relaxed and high pressure in the atrium causes opening of the mitral (left) and tricuspid
(right) valve leaflets to promote blood flow into the respective ventricle. Once ventricular pressure
increases during diastole, the chordae ‘pull’ the atrioventricular valve leaflets closed and maintain
coaptation to prevent eversion of the valve leaflets into the atria. As the ventricle contracts, blood exits
through the now open semilunar valves and the ventricle relaxes to begin the cycle again. Therefore,
throughout the cardiac cycle heart valve structures are exposed to constant changes in hemodynamic
force as a result of pressure differences between systole to diastole. The valves experience mechanical
stresses which include: (i) tension, when the valve is in the closed position; (ii) flexure, which occurs
during closing and opening motions; and (iii) shear stress, experienced by contact with blood flow
in the open position [3]. Healthy heart valves withstand these stresses by continuously maintaining,
and adapting an intricate yet highly ordered connective tissue system within the valvular structures [1].

The predominant biomechanical function of the valve is attributed to a highly organized network of
extracellular matrix (ECM) components [4]. In addition to supporting structure-function relationships
of the valve, the ECM also serves as a pool for signaling molecules to facilitate many biological
processes [5]. In healthy valves, the ECM is organized into three highly organized layers (potentially
four in humans) that are arranged according to blood flow (Figure 1). The fibrosa layer is located
close to the outflow surface and is composed of densely aligned collagen fibers which provide the
primary strength to the valves. The ventricularis layer is located on the opposite inflow surface and
its high content of elastin facilitates stretch and retraction during the cardiac cycle. Sandwiched
in between is the spongiosa layer, described as a central core of loose connective tissue high in
proteoglycans (PGs)-glycosaminoglycans (GAGs), which accommodates the relative motions of the
neighboring layers. The ECM components of the valve leaflet are populated by valvular interstitial
cells (VICs) and encapsulated by an overlying single layer of valve endothelial cells (VECs) (Figure 1).
Based on the necessity of the ECM for cycle to cycle biomechanical function, it follows that the ongoing
quantity, quality and architecture of the valvular ECM, particularly collagen, elastin, and PGs-GAGs,
also determines the adaptability, and long-term (lifetime) durability of the valve.

Recent evidence indicates that the ECM layers are tightly bound and do not slide with respect
to each other [6]. Therefore, while each layer of the heart valve is histologically distinct, each acts
independently as a functionally graded material with unique properties that vary continuously over the
cross-section of the leaflet [6,7]. Moreover, the layered structure spatially varies considerably between
leaflets, and within the same leaflet. Histological studies have shown that the overall valve structure,
composition and organization of the valve ECM is conserved across many species with more apparent
order being observed in larger animals [2]. Clearly, the ECM is critical for valve structure-function
relationships, and any imbalance to this is detrimental. Similar to the game “Jenga”, removal or
disturbances of a wooden block can result in complete disassembly of the overall structure, and this is
often experienced and exaggerated in valve disease states.
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Figure 1. Representation of aortic and mitral valve structure. (Left) Aortic (A) and Mitral (B) valve 
structures to show organization of three ECM layers, including the ventricularis (elastin), spongiosa 
(PGs-GAGs) and fibrosa (collagens). Each layer is arranged according to blood flow as indicated by 
red arrows (ventricularis/atrialis closest to blood flow). Overlying the valve leaflets (mitral) or cusps 
(aortic) is a single layer of valve endothelial cells (VECs, purple), while a population of valve 
interstitial cells (VICs, blue) are embedded within the core. (Right) Representation of the aortic valve 
indicating coordinated rearrangement of the ECM fibers, and elongation of the VICs during systole 
(open) and diastole (closed). 

Recent evidence indicates that the ECM layers are tightly bound and do not slide with respect 
to each other [6]. Therefore, while each layer of the heart valve is histologically distinct, each acts 
independently as a functionally graded material with unique properties that vary continuously over 
the cross-section of the leaflet [6,7]. Moreover, the layered structure spatially varies considerably 
between leaflets, and within the same leaflet. Histological studies have shown that the overall valve 
structure, composition and organization of the valve ECM is conserved across many species with 
more apparent order being observed in larger animals [2]. Clearly, the ECM is critical for valve 
structure-function relationships, and any imbalance to this is detrimental. Similar to the game 
“Jenga”, removal or disturbances of a wooden block can result in complete disassembly of the overall 
structure, and this is often experienced and exaggerated in valve disease states. 

Homeostasis of the valve ECM is regulated by a heterogeneous population of VICs that, in 
healthy adults, are phenotypically similar to fibroblasts and mediate physiological ECM remodeling 
within the leaflet/cusp in response to the normal ‘wear and tear’ with aging [8]. This is achieved 
through a balanced secretion of matrix degradation enzymes including matrix metalloproteinases 
(MMPs) and their inhibitors (TIMPs), and deposition of structural ECM components within the layers 
[9,10]. Therefore, the VIC population plays a critical role in preserving the architecture of the valve 
for functional biomechanics. In addition to the VICs, the valve leaflet or cusp is encapsulated by a 
single cell layer of VECs that primarily form a tight and functional barrier between the blood and the 
inner valve tissue, thereby, protecting it against the physical and mechanical stress of the 
hemodynamic environment, and preventing excess infiltration of circulating risk factors and 
inflammatory cells [11,12]. In addition, VECs have been shown to molecularly communicate with 
underlying VICs to regulate their phenotype [13,14]. Therefore, in addition to VICs, integrity and 
function of the valve endothelium is important for supporting structure-function relationships 
throughout life. 

Therefore, the valve leaflets are highly complex and dynamic structures characterized by 
sophisticated architectural networks formed by the diverse ECM components. Over the years, there 
has been a focus on understanding the cell populations of the valve, and while the field has advanced 
in this area, the ECM has been less frequently highlighted. Therefore, this review aims to highlight 
the critical role of the ECM in establishing and maintaining the “lub-dub” during the cardiac cycle 

Figure 1. Representation of aortic and mitral valve structure. (Left) Aortic (A) and Mitral
(B) valve structures to show organization of three ECM layers, including the ventricularis (elastin),
spongiosa (PGs-GAGs) and fibrosa (collagens). Each layer is arranged according to blood flow as
indicated by red arrows (ventricularis/atrialis closest to blood flow). Overlying the valve leaflets (mitral)
or cusps (aortic) is a single layer of valve endothelial cells (VECs, purple), while a population of valve
interstitial cells (VICs, blue) are embedded within the core. (Right) Representation of the aortic valve
indicating coordinated rearrangement of the ECM fibers, and elongation of the VICs during systole
(open) and diastole (closed).

Homeostasis of the valve ECM is regulated by a heterogeneous population of VICs that, in healthy
adults, are phenotypically similar to fibroblasts and mediate physiological ECM remodeling within
the leaflet/cusp in response to the normal ‘wear and tear’ with aging [8]. This is achieved through
a balanced secretion of matrix degradation enzymes including matrix metalloproteinases (MMPs)
and their inhibitors (TIMPs), and deposition of structural ECM components within the layers [9,10].
Therefore, the VIC population plays a critical role in preserving the architecture of the valve for
functional biomechanics. In addition to the VICs, the valve leaflet or cusp is encapsulated by a single
cell layer of VECs that primarily form a tight and functional barrier between the blood and the inner
valve tissue, thereby, protecting it against the physical and mechanical stress of the hemodynamic
environment, and preventing excess infiltration of circulating risk factors and inflammatory cells [11,12].
In addition, VECs have been shown to molecularly communicate with underlying VICs to regulate
their phenotype [13,14]. Therefore, in addition to VICs, integrity and function of the valve endothelium
is important for supporting structure-function relationships throughout life.

Therefore, the valve leaflets are highly complex and dynamic structures characterized by
sophisticated architectural networks formed by the diverse ECM components. Over the years,
there has been a focus on understanding the cell populations of the valve, and while the field has
advanced in this area, the ECM has been less frequently highlighted. Therefore, this review aims to
highlight the critical role of the ECM in establishing and maintaining the “lub-dub” during the cardiac
cycle by highlighting the predominant compositions, their organization, and function in health and
valve pathology.

2. Extracellular Matrix Components

2.1. Collagens in Heart Valves

The collagen superfamily comprises 28 members (Collagen I through XXVIII) and these can
be divided into several subfamilies, based on their supramolecular assemblies, such as fibrillar
collagens, fibril-associated collagens with interrupted triple helices (FACIT), anchoring collagen fibrils,
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and collagen networks [15]. In heart valves, collagen is the major stress-bearing component and
makes up almost 90% of the valve ECM. They are predominantly localized to the fibrosa layer where
they provide stiffness and strength, and serve to maintain apposition of the cusps without prolapse
into the left ventricle [5]. Several expression studies in mice have identified various collagen types
within the heart valve leaflets [16] which include fibril-forming collagens of type I, II [17], III [18],
V [19] and XI [20], and network/beaded-filament forming collagens of type IV [20] and VI [20,21].
In addition, solubilization studies of healthy human mitral valves reported the relative amounts of
several collagen types and estimated their abundances to be approximately 74% for type I, 24% for
type III, and 2% for type V [22–24].

Collagen fiber arrangement within the three layers of the leaflets, but predominantly in the
fibrosa, facilitates the continued cyclic deformation. In healthy valves, collagen fibers are preferentially
aligned along the circumferential axis. Free collagen content within the valves is low, signifying
that collagen secreted by VICs is quickly integrated into fibrils [25,26]. MMPs enzymatically remove
the N- and C- terminal ends of the free collagen so that collagen polymerizes end-to-end to form
long fibrils. This degrative activity of MMPs is held in check by their inhibitors (TIMPs) in healthy
valves, minimizing further ECM degradation [27]. Although the free collagen polymerizes end-to-end,
the angle between two pieces is kinked, resulting in a repeating dark-light banding pattern of collagen
fibrils which is measured as the D-period. Physiological biaxial tension does not increase the D-period,
denoting that these tiny kinks are not pulled straight in the valves of healthy hearts. At higher than
physiological biaxial tension, the D-period increases linearly with force applied. This denotes that an
individual collagen fibril structure does not have an intrinsic viscoelastic behavior under physiologic
conditions [28,29].

Collagen fiber-level characteristics allow the valve to be stretched repeatedly. In healthy valves,
approximately 605 parallel collagen fibrils crosslink into a single collagen fiber. Individual fibrils can be
resolved under unloaded conditions, but upon physiological levels of biaxial stretch, they are packed
together tightly and cannot be resolved even with electron microscopy [30]. Collagen fibers do not
stay in a rigid straight line when not being stretched; instead they relax into slightly different angles
from the primary circumferential axis and form wavy patter called collagen crimp. This wave-like
pattern that is produced in parallel collagen fibers acts as an initial shock absorber during biaxial
stretch. When the valve is initially stretched, the crimped collagen straightens out and rotates,
allowing the leaflet to coapt and form a seal. When the valve is subsequently unloaded, this process is
reversed. This property imparted by collagen onto the valve leaflet tissue is a major way the valve
functions [25]. It should be noted that this process occurs with minimal fiber-fiber or fiber-matrix
interactions [29], and demonstrates how nature has evolved a highly mechanically-compliant structure
primarily containing very stiff collagen fibers [31–33]. Collagen fibers in heart valves, like other planar
collagenous tissues, follow the principles of the affine kinematic model, where a collagen fiber when
under biaxial stretch, deforms as a single, homogenous fiber-level unit that is approximately 1mm
in size. In general, collagen fibers align well with the circumferential axis [29]. However, there is
more variation in the half of the leaflet that interacts with the shear flow of blood (21◦ splay in the
ventricularis of the aortic valve) than in the back half of the leaflet (14◦ splay in the fibrosa of the
aortic valve), with a gradual transition of splay in the spongiosa region [7,34]. This suggests that the
ventricularis collagen can experience more stretch than that of the fibrosa, while recruitment strains
of the different layers are invariant [29]. Indeed, modeling of the experimental data identifies that
circumferential stress is much higher in the fibrosa than in the ventricularis of aortic valve leaflets [7].

2.2. Proteoglycans in Heart Valves

PGs consist of a core protein, and one or more covalently attached GAGs. They can be classified
into several groups based on their distribution and function. The major types are: (i) interstitial
PGs that help in stabilizing and organizing the collagen fibers; (ii) the aggrecan family of PGs
that includes aggrecan, versican, brevican and neurocan; (iii) secretory granule PGs expressed in
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cytoplasmic secretory granules; (iv) basement membrane PGs distributed in the basement membrane;
and (v) small leucine-rich PGs (SLRPs) that include decorin, biglycan, fibromodulin and lumican [35].
As for GAGs, the major types that exist are hyaluronan, chondroitin sulfate (CS), dermatan sulphate
(DS), keratan sulfates (KS), and heparan sulfate/heparin (HS). PGs are polar molecules that absorb
water efficiently and are commonly interspersed within the collagen fibrils in ECMs and interact
with collagens and other ECM components to form hydrated and stable matrices that are capable of
enduring high compressive loads. Overall, the PGs provide space-filling and lubrication to the tissues
to aide in withstanding compressive stress [5].

Hyaluronan is the main GAG in healthy adult human heart valves, although DS, CS and HS are
also expressed at relatively lower levels (3–7%) [36,37]. At the level of PGs, versican is the most highly
expressed, along with decorin and biglycan [37,38]. In addition to being structurally critical for cardiac
development, versican provides essential lubrication to the valve tissues [39] and forms aggregates
with hyaluronan to aide in loosening the matrix to facilitate cell proliferation and migration during
valve development/remodeling [37,39]. Versican and hyaluronan are abundantly expressed in the
spongiosa layer where they form a foam-like structure and bind water [5,40]. Versican has also been
shown to potentially aide in tissue elasticity [39,41]. On the other hand, decorin and biglycan are found
to be expressed predominantly in the flow-exposed ventricularis and atrialis layers of the healthy
adult aortic, and mitral valve leaflets, respectively [38,42–44]. Decorin is also expressed in the fibrosa
layer of the ECM where it plays a fundamental role in regulation of collagen fibril formation [43,45].
The free edges of the leaflet are also enriched with hyaluronan, 6-sulfated GAGs, and versican, while
in the mitral position, the chordae tendineae contain an abundance of decorin, biglycan, and 4-sulfate
GAGs [46].

Multiple studies have demonstrated that dysregulation of PGs and GAGs are commonly associated
with valve abnormality and dysfunction (see Section 5) [38,43]. In mice, the incomplete cleavage
of versican by ADAMTS5 leads to increased penetrance of bicuspid aortic and pulmonary valve
disease [47]. In human calcific aortic valve tissue, versican, decorin, biglycan and hyaluronan
are abundantly localized to the regions around the calcified nodules [44]. These proteins are also
significantly overexpressed in human and canine myxomatous mitral valves, compared to control
tissues [38,48]. In aging, the GAG-PG composition is markedly altered [43,49] with hyaluronan,
decorin and biglycan being elevated in the fibrosa layer of mitral valve leaflets [43], and abnormal
GAG sulfation patterns observed in a valve-region-dependent way [43,49].

2.3. Elastin in Heart Valves

Elastic fibers are a complex molecular assembly predominantly made up of an insoluble elastin
protein core surrounded by a microfibrillar sheath [5,50,51]. Crosslinked elastin fibers have a remarkable
capability to endure significant amounts of deformation under small loads and still recoil back to
the original shape with minimal energy loss. Therefore, in the heart valves, elastic fibers largely
within the ventricularis/atrialis layer are compactly organized in the form of continuous sheets and
arranged along both radial and circumferential axes. This arrangement provides flexibility and stretch
in response to the hemodynamic environment [5,42]. Although they do not contribute to the stiffness
and strength of the valves, elastic fibers due to their manifold flexibility, significantly contribute to the
valve flexion during cardiac cycle. During the valve closure phase, elastic fibers in the ventricularis
endure significant and continual stretch. This extension also facilitates the unfolding of collagen fibers
within the fibrosa layer during which they bear the load of entire leaflet. As the pressure load reduces,
the elastic fibers recoil, which in turn retracts the valve leaflet back towards the annulus, and also
facilitates the collagen fibers to re-fold and re-orient quickly for the next cycle [5,52].

2.4. Minor ECM Components of the Heart Valve

In addition to the major ECM components reviewed above, there are several minor components
of ECM that play diverse functional roles within heart valves [5]. These include fibronectin, periostin,
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osteopontin, and laminins, among others. Other key components of the heart valve ECM family
are the MMPs and TIMPs [5,53]. MMPs are the major proteinase enzymes that aide in the timely
degradation of ECM, needed for tissue development, repair and remodeling. The expression and
functions of the MMP family, consisting of 24 genes (MMP1 to 24) in various tissue, have been
reviewed extensively elsewhere [54]. MMP activity is largely regulated via inhibition by endogenous
inhibitors, TIMPs, which are critical for ECM remodeling and homeostasis. In addition to regulating
the tissue structure via ECM degradation, MMPs can also chemically alter the ECM microenvironment,
cell-matrix and cell-cell interactions [54]. ECM degradation results in release of growth factors bound
to ECM molecules and make them available for the receptor mediated cell signaling. Additionally,
MMPs have been implicated in several cellular processes including cell migration, inflammatory
processes, apoptosis, and cell differentiation [54]. Correlative studies have suggested that MMPs play
important roles in valve pathogenesis [55]. Stenotic and calcified aortic valve leaflets express elevated
levels of MMP3, MMP9 and TIMP1 [55]. More specifically, MMP9 has been shown to localize at the
calcific nodules, and to be associated with abnormal ECM remodeling, including disorganized collagen
bundles, while MMP1 is thought to mediate inflammation-regulated ECM remodeling and calcific
aortic valve stenosis [56,57]. Both MMP2 and MMP9 are mechanosensitive and their expression is
increased following exposure to cyclic pressure and shear stress [58]. Therefore, their expression maybe
exacerbated in stenotic disease associated with hemodynamic disturbances. In addition to calcification,
The Schoen group were the first to report increased levels of MMP1, MMP3, MMP2 and MMP9 in
excised myxomatous human valves at end stage disease [9], and similar findings were later reported in
affected canines [59]. Additional studies have further shown a causative role for MMPs in mitral valve
disease as determined following over expression of MMP2 in mice that exhibit phenotypes reminiscent
of myxomatous degeneration [60]. These findings demonstrate the importance of a balanced MMP
environment in regulating ECM remodeling in health and disease.

3. Signaling Pathways and ECM in Heart Valves

The cellular component of heart valves include VECs and VICs, and these cell populations play
key roles in regulating the composition and organization of the ECM. Both cell types aide in valve
development, remodeling and maintenance by providing critical autonomous and non-autonomous
signaling mediators that arbitrate the balance of ECM turnover [5,61,62]. VICs, the most abundant of
the two, and are primarily responsible for synthesizing and degrading the ECM [5,63]. VICs arise from
multiple cell lineages during development, and remain a very heterogeneous population, which may
reflect specific functions required for valvular homeostasis and function [10,64]. VIC phenotypes are
still relatively underappreciated, but include: (i) quiescent (qVICs) that are at rest, with low expression
of the myofibroblast marker smooth muscle α-actin (SMA), and maintain normal valve physiology;
(ii) activated (aVICs) that more highly express SMA and regulate the valve pathobiological responses;
in addition to (iii) progenitor VICs (pVICs) that play key roles in valve repair; and (iv) osteoblastic
VICs (obVICs) that regulate osteogenesis and chondrogenesis [64]. Of these, myofibroblast-like aVICs
are crucial for ECM metabolism and remodeling and are dysregulated in several valve diseases [9,10].

Physiological ECM remodeling and stratification are critical for establishing and maintaining
adult valve structure and function [2] and the signaling pathways that regulate these processes have
been identified and reviewed previously [5,63]. It is interesting to note that several of these ‘normal’
pathways are also implicated or dysregulated in valve diseases associated with disturbances in ECM
homeostasis [5]. Transforming growth factor-β-1 (TGF-β1) signaling is critical for early stages of
endothelial-to-mesenchymal-transformation during endocardial cushion development, but has also
been implicated in valve disease [65]. TGF-β1 is well-known for inducing the activation of qVICs at
least in human and large animal cultured cells, characterized by upregulation of SMA and subsequently
promoting changes in ECM homeostasis [66,67]. In addition, previous studies have identified canonical
TGF-β1 signaling in VICs as a regulatory pro-fibrotic pathway via SMAD regulation of collagen
genes [66]. More recently, studies in cardiac fibroblasts and VICs have highlighted Scleraxis (Scx)
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as a key target of TGF-β1 [68,69]. In the valves, Scx is most highly expressed within the supporting
structures, and associated with other tendinous matrix proteins, including Tenascin in regions of
high mechanical demand [68]. While the function of Scx remains largely elucidated, published work
in mouse cardiac fibroblasts has reported an important role in regulating the expression of many
ECM components, including collagens, PGs, MMPs and TIMPs, and loss of function in mice severely
attenuates CSPG and collagen expression profiles [63,70–72]. More importantly, Scx levels were found
to be increased in VICs isolated from human myxomatous mitral valves suggesting a causative role in
pathology associated with ECM disturbances [72]. Aside from the pro-fibrotic role of TGF-β1 signaling
in heart valves, studies by the Lincoln Lab have identified endothelial-TGF-β1 paracrine signaling
as anti-calcific through the positive regulation of Sox9 in VICs [14]. In addition to its anti-calcific
role in VICs, Sox9 is required during early stages of valve development for proliferation of VIC
precursor cells during endocardial cushion formation. However, at later stages it is necessary for
the regulation of several ECM genes shared with chondrogenic development, including ColII, Col1I,
Aggrecan, and Cartilage-Link Protein [63,70]. Together these studies suggest that TGF-β1-mediated
signaling must be finely tuned, in order to maintain healthy homeostasis and prevent disturbances in
VIC behavior and ECM organization.

4. Heart Valve ECM Function

4.1. Heart Valve Biomechanics

The intricate structure of the heart valve ECM facilitates its mechanically demanding physiological
function. Valves constantly undergo deformation during each cardiac cycle [73], which is evident
from echocardiography, as measured by angle of displacement during opening, changing length of the
attached papillaries/chordae, the change in annulus/root shape [74,75], and quantification of forces
imparted on the valve recently modeled from landmarking on 4-dimensional (4D) transesophageal
echocardiograms [76]. The structure of the valve leaflets/cusps is uniquely designed to bend with
their curvature while restricting bending against their curvature [77], allowing valves to maintain
unidirectional blood flow while preventing regurgitation. Tissue-level deformation of the valve
is also evident and this leads to deformation of resident VICs. Cytoplasmic and nuclear surface
area-to-volume ratios of the VICs increase and cytoplasmic volume decreases when the leaflet goes
from unloaded to loaded with physiological levels of biaxial stretch [30]. Understanding how heart
valves are able to maintain and adapt their structure in the context of these mechanical deformations
requires a multiscale approach.

4.2. VIC-Mediated Maintenance of ECM in Heart Valves

The exemplary durability of heart valves is largely made possible by the VICs by incorporating
new collagen and other ECM molecules into the existing matrix, and remodeling them into the proper
structural component. Compared to other dense connective tissues, heart valves are highly cellular,
with ovine aortic valves having on average 2036 cells/mm2, and human aortic valves having on average
760 cells/mm2 [78]. Decellularization of ovine valves, but not human valves, increases biaxial areal
strain and circumferential peak stretch [78], which suggests that VICs themselves and their interactions
with ECM molecules directly affect response to physiological biaxial stretch in a threshold-dependent
manner. In a healthy valve, VICs are generally ellipsoidal in shape [79], but they are highly dendritic
and contain a large amount of cytoplasm [30]. This allows them to directly interact with 3-4 collagen
fibers and the other associated surrounding ECM molecules [30]. During valvular disease states,
VICs produce more ColI that is at more random angles [80]. Pregnancy-induced valve remodeling
differs in modality from pathological remodeling [26] in that it is reversed after pregnancy [81],
and thus, more closely resembles processes seen in development. During pregnancy, increases in
forces due to non-pathological volume overload lead to a compensatory remodeling of the collagen
matrix in the mitral valve, leading to valves that have a larger surface area and are thickened in
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processes mediated by VICs [82]. Initial increases in fibrosa thickness, total ColI, and the average
angle of deflection of ColI fibrils indicate that new collagen is being laid down [25,26]. Then, the total
and mature crosslinks of collagen are increased, while there is no change in immature crosslinks,
as assessed by hydrothermal testing [81]. This indicates that the collagen network is formed into
parallel fibers. The future implementation of genetic mouse models during pregnancy, will allow
scientists to study the biomechanical properties that specific ECM molecule isoforms impart on the
valves during developmental processes, since embryonic and neonatal mouse heart valves are difficult
to study biomechanically because of their size.

VIC contraction, stress fiber orientation, and connection to the ECM also play mechanically
integral roles for the valve leaflet [83]. In a healthy valve, the VICs form focal adhesions with the
surrounding ECM [84] and have a basal tonicity that contribute to the valve leaflet stiffness [85].
When the valve is under adverse stress, there is a mechanically-induced release of latent TGF-β
from the ECM [86]. Subsequent TGF-β signaling activates the VICs, which is discussed (Figure 2).
Upon activation, the cell remodels its interior cytoskeleton to contain larger quantities of SMA and
stress fibers [3,87]. This increase in cytoskeletal components is correlated with cellular contraction
of the VICs and stiffening of the ECM [85,88]. The cells contract, but maintain their focal adhesions,
pulling and reorganizing the ECM [88]. It is important to note that stiff in vitro hydrogel systems
that neither contain TGF-β nor other signaling molecules, can activate VICs, indicating that the
increased forces between VICs and their surroundings alone can lead to VIC activation. Contraction,
in turn, releases more latent TGF-β, which can form a positive feedback loop where VIC activation
leads to further VIC activation, leading to disease. Recently 3D hydrogel cultures of VICs have
been employed with some perplexing but reproducible results where stiffer gels lead to a decrease
in VIC contractility [30,89,90]. This leads to speculate that the results in 3D culture are due to the
lack of complexity of the hydrogel, which is present in native valves. For instance, implementing
cyclical stretch [91], thereby increasing the number of binding peptides [89]; or adding electrospun
microfibers [92], MMPs [88], ColI [93], methacrylated hyaluronic acid or methacrylated gelatin [93]
to the 3D hydrogel produces a VIC phenotype more consistent to that seen in native valves. Although,
tuning of the gels to different stiffnesses within most of these conditions has not been published.

In diseased valves, interior cytoskeleton remodeling continues. In cell culture, VICs can be
differentiated into chondrocytes, osteoblasts, or osteoclasts, but it is more likely that osteoclasts
differentiate from invading monocytes in a native valve [94]. Differentiation leads to a change in the
types and ratio of both ECM and cytoskeletal molecules produced by the cells, changing the stiffness
of the valve [95]. Some VICs apoptose and/or produce exosomes that can serve as seed for initial
microcalcification, attaching to a wide variety of locations throughout the ECM, including collagen,
charged areas of PGs exposed during ECM remodeling, integrins, and fibronectin. Osteoblasts then
further promote calcification, resulting in aggregation of hydroxyapatite crystals. Calcification in the
valves does not form in circular lamellae, but has a disorganized pattern, indicating dystrophy similar
to that seen in atherosclerotic plaque maturation. As collagen is degraded it is replaced with calcium
hydroxyapatite, making the valve stiff and inflexible, with possibility of rupture [80].

4.3. ECM Components as Signaling Mediators in Heart Valves

The valve ECM is rich in biochemical molecules and can regulate various cellular and biological
processes [96], and thus, its dysregulation is often associated with altered cell signaling. The influence
of ECM on physiological cellular functions can be broadly classified into three types: (i) matricellular
signaling, (ii) matricrine signaling, and (iii) mechanical signaling (Figure 2) [97].

In matricellular signaling, the ECM components regulate active intracellular processes through
their interactions with adhesion receptors, such as integrins, other ECM proteins and cell surface
receptors [98]. Smaller ECM proteins, such as fibronectins and laminins aide in this cross-talk
between different ECM components that subsequently result in a physical frame work necessary
for the matricellular signaling [98–100]. Adhesion receptors, such as those belonging to the integrin
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family play a prominent role in matricellular signaling by establishing the cross-talk between the
ECM components and cells [50]. Integrins, the heterodimeric transmembrane receptors, with a large
extracellular domain, are activated by the matrix ligands. Subsequently, activated integrins initiate
signaling cascade of events mediated by focal adhesion kinases (FAK) and integrin-linked kinases
(ILK) [50,98]. In human heart valves, previous studies have identified expression of Integrin α-1,
α-2, α-3, α-4, α-5, and α-11 at different levels in the VICs from all the leaflets [101]. Additionally,
the Integrin α2β1 heterodimer has been shown to mediate binding of VICs to ColI leading to VIC
contraction and leaflet force generation [42]. Decorin, has been reported to activate the TGF-β signaling
pathway, through matricellular signaling, by promoting TGF-β production [102].J. Cardiovasc. Dev. Dis. 2020, 7, x  9 of 23 
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Figure 2. ECM-VIC Signaling Interactions. (A) Matricellular and mechanical signaling occurs in a force-,
ligand-, and integrin heterodimer-specific manner. Once active, integrin heterodimer complex leads to
activation of downstream pathways mediated by activation of signaling molecules, including focal
adhesion kinase (FAK) and integrin-linked kinase (ILK). (B) During matricrine signaling in heart valves,
metalloproteases (MMP) degrade structural components of the ECM, which allow signaling molecules
such as cytokines, chemokines, and TGF-β to be released. Once activated by TGF-β, TGF-β receptors
result in transcription of pro-fibrotic and pro-inflammatory genes via canonical or non-canonical TGF-β
signaling cascade in VICs.

In matricrine signaling, the ECM components particularly PGs, sequester growth factors and
cytokines, leading to ECM serving as a reservoir, often at a gradient concentration for several cellular
signals [50,62,97,98,103]. Additionally, ECM components play a role in maturation of inactive ligands
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such as latent TGF-β, that is stored in ECM upon secretion until proteolytically activated by the
MMPs (Figure 2B) [50,104]. In vascular smooth muscle cells, CS or DS, through a matricrine-signaling
mechanism, increase bioavailability of TGF-β resulting in activation of osteogenic differentiation
pathways [102]. However, it remains to be studied whether they play a similar function in heart valves
as well. Additionally, PGs such as biglycan and decorin have been implicated in accelerating valve
calcification by localizing TGF-β, TNF-α, or other growth factors associated with calcific aortic valve
disease (CAVD), to the calcific nodules in the aortic valve [37]. GAGs, such as hyaluronan have also
been implicated in facilitating matricrine signaling by mediating interactions between ligands and
their receptors [97]. HS-GAG has been reported to form a multimeric complex with fibroblast growth
factor (FGF) and its receptor that promotes FGF signaling [97,105].

In mechanical signaling, the valve ECM regulates the cellular functions in response to changes in
its intrinsic features, such as matrix elasticity or stiffness and other changes in the microenvironment.
Several in vitro studies have identified the effect of ECM stiffness on the VIC behavior and functions [106].
In valves, ECM stiffness has been reported by multiple studies to regulate VIC phenotypes and
differentiation [107–111]. In human aortic VICs, altered matrix stiffness has been reported to drive
the cells towards pathogenic differentiation [108]. Studies using the porcine aortic valve model
further demonstrate that VICs, grown on a rigid collagen matrix, leads to enhanced myofibroblast
differentiation [109] and that matrix stiffness can influence the response of porcine VICs to pro-calcific
factors [110], suggesting the importance of changes in ECM in valve pathologies, such as CAVD and
myxomatous valve disease. Additionally, changes in ECM substrate composition also resulted in
altered response of VICs to pathogenic stimuli [107]. Interestingly, the effect of ECM stiffness on the
valve cells seems to be dependent on age and valve leaflet regions [44]. During the cardiac cycle,
valves are exposed to several forces such as hemodynamic shear stress, stretch and pressure and ECM
transmits these external signals to the cells and regulate valve cell phenotype and processes such as
gene expression and protein activation [112]. Altered biomechanics in valve cells, such as cyclic strain
results in modulation of inflammatory cytokine expression in both interstitial and endothelial cells
in vitro [113,114]. Ex-vivo studies using porcine aortic valves have demonstrated that increased cyclic
stretch can regulate the expression of bone morphogenic proteins resulting in valve calcification [115].
In addition, ECM has also been implicated in affecting cell proliferation, polarity and contractility [50],
denoting the key role of ECM in regulating valve cell signaling and processes.

5. ECM and Heart Valve Disease

Clinically important heart valve pathology most frequently involves a disruption in normal
structure-function correlations by genetic, mechanical, and inflammatory/immunological factors,
through abnormal and complex interaction of VECs, VICs, ECM and their environment. Heart valve
disease can be congenital, referring to phenotypes present at birth, and includes structural
malformations, such as bicuspid aortic valve. Advancements in human genome sequencing have led to
identification of genetic causes involved in the formation of congenital lesions in utero. Alternatively,
heart valve disease can be acquired and manifested later in life, and includes calcification and
myxomatous degeneration [116]. The underlying cause of acquired valve disease is complex and
thought to be the result of age-related degeneration following life-long exposure to known risk factors,
including male gender, hypertension, and smoking causing “wear and tear” stress on the leaflets over
the course of a lifetime [65]. Additionally, inflammatory mechanisms are increasingly thought to play a
role in valve disease. Alternatively, though some cases are still considered idiopathic, there is emerging
data to suggest that acquired valve disease has origins during embryonic development, but phenotype
development is delayed, and likely requires additional risk factors to be present.

5.1. Histological Characteristics of Diseased, or Dyfunctional Heart Valves

As discussed in detail, stratification of the valve ECM components within the healthy valve is
essential in maintaining proper function, as each layer provides a unique and essential biomechanical
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purpose to tolerate a lifetime of hemodynamic forces [2,65]. In contrast to this intricate architecture,
histological examinations of end-stage disease valve tissue at the time of surgical replacement,
commonly report aberations in the organization and composition of the ECM layers [8,117,118].
This includes a breakdown of otherwise healthy ECM, likely due to excess activation of proteinases
(e.g., MMPs) or reduced activity of their inhibitors, and an over-, or under-abundance in the secretion
of key ECM components. The pathological change in the ECM is disease-specific and dictates the
clinical and functional phenotype [8]. For example, excess PG deposition and fragmentation of collagen
fibers leads to a myxomatous phenotype, which in the mitral position, forces the leaflet to prolapse,
or abnormally bulge back into the left atrium. In contrast, abnormal mineralization of the valve
ECM promotes the formation of calcific nodules on the leaflet surface, leading to a stiffened and less
compliant tissue, resulting in stenosis [8]. Therefore, the degree of pathological ECM remodeling
dictates the extent of dysfunction, which is further compromised by gross thickening of the tissue as
the ECM expands.

5.2. Cellular Changes in Diseased, or Dysfunctional Heart Valves

While the underlying mechanisms that govern ECM alterations and subsequent valve dysfunction
in affected individuals are not known, although, VICs are thought to play a role. As mentioned
previously, in healthy valves, VICs are quiescent as noted by their lack of SMA expression.
However, SMA-positive aVICs are present in most forms of acquired valve disease, while less
is known in congenital cases. The contribution of VICs to ECM pathogenesis in adult valves is not clear,
but studies have shown co-localization with MMPs and other matrix remodeling enzymes, as well
as regions of ECM remodeling [8,9,62,119]. SMA-positive aVICs are also observed through stages of
physiological ECM remodeling during valvulogenesis, and therefore it has been postulated that aVICs
play a similar role in mediating matrix changes in disease. However, this process is less controlled.
While endothelial-to-mesenchymal transitions have been shown to give rise to SMA-positive cells in
the embryo, fate map studies in valve disease models suggest that this process does not occur in adult
valve disease [120], but it may mediate disease in canine models [121]. As there is accumulating data to
suggest that the transition of qVICs to aVICs may be one of the early triggers that initiates progressive
degeneration, the field has turned to understanding the mechanistic triggers. Despite these cells being
identified over 25 years ago, the phenotypic switch is poorly understood, but insights from in vitro
assays have shown that TGF-β1 and mechanical stiffness are positive regulators, while the actin binding
protein cofilin negatively regulates VIC activation [65,66,108–110]. Studies by the Bischoff group also
showed that the presence of VECs, prevents activation of cultured VICs through a currently unknown
paracrine signal [122]. Therefore, it is suggested that this inhibitive effect of VECs on VIC activation
may be compromised in valve disease, associated with underlying VEC dysfunction. These collective
studies suggest that maintaining VIC quiescence in healthy valves is complex and likely multi-factorial,
and additional work is needed to fully understand this process in a disease-dependent manner.

5.3. Connective Tissue Disorders and Heart Valve Disease

Mutations in ECM components, such as fibrillin, elastin, or collagen, cause connective tissue
disorders, which are multisystemic diseases and affect tissues, including joints, bones, skin, eyes,
lungs, and the cardiovascular system, including heart valves [123–125]. To better understand the
pathogenesis of these diseases, mouse models have been developed to recapitulate phenotypes seen
in some of the more common connective tissue disorders in humans, including Marfan syndrome
(MS), Ehlers-Danlos Syndrome (EDS), and Osteogenesis Imperfecta (OI). As discussed below and
highlighted in Table 1, mouse models of these human mutations have shed mechanistic insights into
syndromic valve disease pathobiology.

Mutations in fibrillin-1 cause MS, [123] an autosomal-dominant disorder affecting roughly one in
5000 individuals worldwide [126]. MS is characterized by skeletal abnormalities, joint laxity, and ocular
lens dislocation [127,128]. However, the cardiovascular manifestations, such as aortic dissection and
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mitral and aortic valvular dysfunction, are the most common cause of reduced life expectancy [21],
and can be present at birth or acquired later [129,130]. It has been reported that mitral valve prolapse
affects as many as 77% of MS patients by 60 years of age [131]. These cardiovascular phenotypes
are recapitulated in the Fbn1C1039G/+ mouse model [127], with mice developing myxomatous mitral
valve features, including leaflet thickening, increased PG deposition, and collagen fragmentation,
by 2 months of age [130] (see Table 1).

EDS is categorized into 13 different subtypes based on a spectrum of symptoms including joint
hypermobility, skin hyperextensibilty, muscle hypotonia, arterial aneurysm, skeletal abnormalities,
gastrointestinal complications, and occular problems [132–134]. EDS has been linked to mutations in
at least 19 different genes [132], including ColVa1, which has been identified in over 40% of EDS cases
and can be modeled in mice [20]. While, ColVa1-/- mice die at embryonic day 10.5 [20], ColVa1+/- mice
are a viable model of several phenotypes seen in EDS, including decreased tensile strength of the
aorta, hyperextensible skin [135], and when crossed with ColXIa1 mutant mice, show increased
atrioventricular valve thickness compared to wildtype mice [20] (see Table 1).

OI, also known as brittle bone disease, is most commonly caused by mutations in the ColIa1
or ColIa2 chains of type I collagen [136]. It affects approximately 1 in every 10,000 to 20,000 births,
but varies greatly in severity, ranging from mild to perinatally lethal [136]. OI can be classified
into at least 15 different types [137], most of which are caused by autosomal dominant mutations,
though some less common types are autosomal recessive or X-linked recessive [138]. Mice carrying a
single G deletion in the proα2 chain of collagen I were first described as a model of OI in 1993 [139].
They named the mutation osteogenesis imperfecta murine (OIM), and described progressively severe
skeletal abnormalities, present in the homozygous mutants, which are identifiable at birth by their
“drooping wrist” phenotype and “appearance of hemorrhages into joint cavities, sides of the body, or
around the scapulas” [139]. These mice have since been described as having abnormalities of the heart
valves as well, showing progressive distal thickening and increased PG deposition in the aortic valve
leaflets by 5 months of age [117]. Aortic and mitral valve regurgitation has been seen in humans with
OI [140–142], though valvular dysfunction at least by 9 months of age, has not yet been reported in
these mice.
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Table 1. Mouse models of human connective tissue disorders with valvular defects.

Human Disease Associated ECM Gene Mouse Model Human Valvular Defects
Recapitulated in the Mouse Model References

Williams-Beuren Syndrome Elastin
Deletion (from Gtf2i to Fkbp6)

(includes ELN) (most common deletion
found in humans with WBS)

Supravalvular aortic stenosis (SVAS) [125]

Loeys-Dietz Syndrome

TGF-βR1
TGF-βr2R2

TGF-β1
SMAD3

Loss-of-function mutations:
-Tgfβr1M318R/+−Tgfβr2G357W/+

-Transgenic Tgfβr2

Aortic aneurysm
Mitral valve prolapse

[143]
[144]
[145]
[146]

Cutis Laxa FBNL4
FBNL5

Fibulin-4R/R

(reduced expression allele)
Thickened aortic valve leaflets with

stenosis and insufficiency
[145]
[146]

Marfan Syndrome FBN1 Fbn1C1039G/+ Mitral valve prolapse [127]
Ehlers-Danlos Syndrome COLVA1 ColVa1+/− No gross of functional valve defects [20]

Stickler Syndrome COLXIA1 ColXIa1−/− Thickened valve leaflets [20]
Osteogenesis Imperfecta COL1A2 Col1a2−/− (oim/oim) Myxomatous aortic valve leaflets [117]

Fibrotic aortic valve
disease-autosomal-dominant

connective tissue disease
EMILIN-1 Emilin1−/−

Marked progression of valve pathology
that shows severe fibrosis,

neovascularization and inflammation

[147]
[148]
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6. ECM and Therapeutics

Approximately 10,000 deaths per year are directly attributed to heart valve disease in the United
States. There are no medical therapies for preventing or slowing the progression of valvular pathology.
Our lack of medical options arises from our limited understanding of the cellular and molecular
mechanisms underlying heart valve disease, and how abnormalities at these scales propagate to
valve-level function. Improving our understanding of the factors, which govern ECM production
and remodeling, holds the key to understanding heart valve function and pathological dysfunction.
Furthermore, understanding the mechanobiological principles that govern heart valve development,
growth and remodeling will be critical to developing effective medical therapies. As we begin to
elucidate the cellular and molecular mechanisms underlying heart valve disease, we should be able to
rationally design therapeutics to prevent, abate or even reverse progressive heart disease. Based on the
structure-function correlate, the function of the heart valve is determined by its mechanical properties,
which in turn, are dictated by the biomechanical properties of the ECM.

Currently, the only long-term effective treatment for heart valve disease is heart valve repair
or replacement. This area of research has been extensively reviewed elsewhere, [149], but in
brief, approximately 60,000 heart valve replacements are performed per year in the United States.
Since the 1960s, heart valve substitutes have undergone a progressive evolution. Many modifications
have been made and new designs have been introduced to address specific deficiencies in earlier
devices. Currently available valve replacement devices include mechanical heart valves and
biological heart valves. Each type of substitute valve is associated with its own unique set of
complications. Within 10-years of initial heart valve replacement, over 50% of patients experience
prosthesis-associated problems, which require reoperation. The overall rate of complications is
similar for mechanical prostheses and bio-prostheses. Four categories of valve related complications
predominate: (i) thromboembolism, thrombosis, secondary anticoagulation related hemorrhage;
(ii) prosthetic endocarditis; (iii) structural dysfunction including failure or degeneration of the
prosthetic biomaterials; and (iv) non-structural dysfunction including complications arising from
technical problems during surgical implantation such as peri- valvular leak and biological integration
(tissue overgrowth) into the host.

The development of a tissue engineered heart valve (TEHV) created from an individual’s own
cells with the ability to grow, repair, and remodel offers a potential solution to this problem. Significant
progress has been made including the performance of the first clinical trials evaluating the safety of
this technology [150–152]. Unfortunately, the preliminary results of these trials have demonstrated
some significant valve-related complications that have prevented their widespread use, most notably
leaflet retraction which leads to regurgitation. Currently available TEHV can broadly be separated
into two categories, based on the scaffold used to create the TEHV [153]. Synthetic scaffolds are
typically fabricated from man-made synthetic polymers including a variety of biomaterials such as
polyglycolic acid, polycaprolactone, and 4-hydroxybuterate. Alternatively, ECM-based scaffolds can
be fabricated from either decellularized xenograft or homograft valves using either detergent-based or
enzymatic methods. The scaffolds can be either unseeded or seeded with autologous cells including
differentiated cells such as EC, myofibroblasts, or VICs, stem cells, or alternative cell sources including
bone marrow-derived mononuclear cells. The seeded constructs can be developed ex vivo, using a
bioreactor or the seeded construct can be implanted shortly after seeding, allowing the bulk of neotissue
formation to occur in vivo. The optimum design of a TEHV has yet to be achieved but perhaps the
most clinically advanced TEHV have utilized in situ tissue engineering techniques in which unseeded
scaffold is used to induce autologous neotissue formation. The scaffold initially functions as the
replacement heart valve but over time serves as a template as the neotissue forms and gradually
replaces the scaffold.

The key to optimizing the design of the TEHV is to improve our understanding of the factors
which control neotissue formation in TEHV. Neotissue formation appears to result from the interplay
of genetic factors, inflammation, and mechano-mediated remodeling. Understanding the cellular
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and molecular mechanisms that drive ECM production would enable us to rationally design an
improved TEHV. The development of model systems enable us to determine how these factors affect
neotissue formation in isolation and represents an important first step. This should be followed by
the development of computational models, which when properly informed by the experimental data,
can be used to determine the complex interplay of the factors. Ultimately the design of the scaffold can
be used to direct neotissue formation and optimize the performance of the TEHV.

7. Conclusions

In closing, this review highlights the key ECM components that form the three-dimensional
network within the valve structures and offer structural and biochemical support to the valve cell
populations, in addition to providing all the necessary biomechanical properties needed to repetitively
open and close. At present, the availability of effective, long-lasting therapies in the treatment of
heart valve disease are limited and it is critical that alternatives are found in order to improve patient
outcome. Here, we reviewed the key components that are needed to maintain structure-functional
relationships of the heart valve and identified how the dynamic orchestration of this ECM niche regulates
valve phenotypes and influences response. As the field continues to grow, we are learning more
about the ‘triggers’ that initiate ECM disturbances in disease through the development of molecular
approaches, imaging, computational remodeling and tissue engineering approaches. Through this
multi-disciplinary approach, we are becoming poised to further advance our understanding of the fine
balance required for maintaining heart valve homeostasis and the development of mechanistic-based
therapies beyond surgical intervention.

Author Contributions: K.M.K. wrote Sections 2 and 3. K.T. contributed to Table 1 and Section 5. T.W., D.P.H. and
M.S.S. wrote Section 4. F.J.S. provided general expertise and editing to the manuscript. C.K.B. contributed to
Section 6. J.L. wrote the abstract, introduction and conclusions and was responsible for overall scientific writing
oversight. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by Advancing a Healthier Wisconsin (#5520519, JL), NIH/National Heart
Lung and Blood Institute (R01HL142685 (JL) R01HL142504 (MSS), (R01HL073021 (MSS), R01HL128847 (CKB),
Moss Foundation (MSS).

Acknowledgments: The authors thank Mandy Root-Thompson of MedDraw Studio for illustrations.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tao, G.; Kotick, J.D.; Lincoln, J. Heart valve development, maintenance, and disease: The role of endothelial
cells. Curr. Top. Dev. Biol. 2012, 100, 203–232.

2. Hinton, R.B.; Lincoln, J.; Deutsch, G.H.; Osinska, H.; Manning, P.B.; Benson, D.W.; Yutzey, K.E. Extracellular
Matrix Remodeling and Organization in Developing and Diseased Aortic Valves. Circ. Res. 2006, 98, 1431–1438.
[CrossRef]

3. Merryman, W.D.; Youn, I.; Lukoff, H.D.; Krueger, P.M.; Guilak, F.; Hopkins, R.A.; Sacks, M.S. Correlation
between heart valve interstitial cell stiffness and transvalvular pressure: Implications for collagen biosynthesis.
Am. J. Physiol. Circ. Physiol. 2006, 290, H224–H231. [CrossRef]

4. Hinton, R.B.; Yutzey, K.E. Heart Valve Structure and Function in Development and Disease.
Annu. Rev. Physiol. 2011, 73, 29–46. [CrossRef]

5. Aikawa, E. Calcific Aortic Valve Disease; IntechOpen: London, UK, 2013.
6. Buchanan, R.M.; Sacks, M.S. Interlayer micromechanics of the aortic heart valve leaflet.

Biomech. Model. Mechanobiol. 2013, 13, 813–826. [CrossRef] [PubMed]
7. Rego, B.V.; Sacks, M.S. A functionally graded material model for the transmural stress distribution of the

aortic valve leaflet. J. Biomech. 2017, 54, 88–95. [CrossRef]
8. Horne, T.E.; VandeKopple, M.; Sauls, K.; Koenig, S.N.; Anstine, L.J.; Garg, V.; Norris, R.A.; Lincoln, J.

Dynamic Heterogeneity of the Heart Valve Interstitial Cell Population in Mitral Valve Health and Disease.
J. Cardiovasc. Dev. Dis. 2015, 2, 214–232. [CrossRef]

http://dx.doi.org/10.1161/01.RES.0000224114.65109.4e
http://dx.doi.org/10.1152/ajpheart.00521.2005
http://dx.doi.org/10.1146/annurev-physiol-012110-142145
http://dx.doi.org/10.1007/s10237-013-0536-6
http://www.ncbi.nlm.nih.gov/pubmed/24292631
http://dx.doi.org/10.1016/j.jbiomech.2017.01.039
http://dx.doi.org/10.3390/jcdd2030214


J. Cardiovasc. Dev. Dis. 2020, 7, 57 16 of 22

9. Rabkin, E.; Aikawa, M.; Stone, J.R.; Fukumoto, Y.; Libby, P.; Schoen, F.J. Activated Interstitial Myofibroblasts
Express Catabolic Enzymes and Mediate Matrix Remodeling in Myxomatous Heart Valves. Circulation
2001, 104, 2525–2532. [CrossRef]

10. Rabkin-Aikawa, E.; Farber, M.; Aikawa, M.; Schoen, F.J. Dynamic and reversible changes of interstitial cell
phenotype during remodeling of cardiac valves. J. Heart Valve Dis. 2004, 13, 841–847. [PubMed]

11. Helske-Suihko, S.; Kupari, M.; Lindstedt, K.A.; Kovanen, P.T. Aortic valve stenosis: An active
atheroinflammatory process. Curr. Opin. Lipidol. 2007, 18, 483–491. [CrossRef]

12. Anstine, L.J.; Bobba, C.; Ghadiali, S.N.; Lincoln, J. Growth and maturation of heart valves leads to changes in
endothelial cell distribution, impaired function, decreased metabolism and reduced cell proliferation. J. Mol.
Cell. Cardiol. 2016, 100, 72–82. [CrossRef] [PubMed]

13. Bosse, K.; Hans, C.P.; Zhao, N.; Koenig, S.N.; Huang, N.; Guggilam, A.; Lahaye, S.; Tao, G.; Lucchesi, P.A.;
Lincoln, J.; et al. Endothelial nitric oxide signaling regulates Notch1 in aortic valve disease. J. Mol. Cell. Cardiol.
2013, 60, 27–35. [CrossRef] [PubMed]

14. Huk, D.J.; Austin, B.F.; Horne, T.E.; Hinton, R.B.; Ray, W.C.; Heistad, D.D.; Lincoln, J. Valve Endothelial
Cell-Derived Tgfbeta1 Signaling Promotes Nuclear Localization of Sox9 in Interstitial Cells Associated With
Attenuated Calcification. Arterioscler. Thromb. Vasc. Biol. 2016, 36, 328–338. [CrossRef]

15. Ricard-Blum, S. The Collagen Family. Cold Spring Harb. Perspect. Biol. 2011, 3, a004978. [CrossRef]
16. Peacock, J.D.; Lu, Y.; Koch, M.; Kadler, K.E.; Lincoln, J. Temporal and spatial expression of collagens

during murine atrioventricular heart valve development and maintenance. Dev. Dyn. 2008, 237, 3051–3058.
[CrossRef] [PubMed]

17. Swiderski, R.E.; Daniels, K.J.; Jensen, K.L.; Solursh, M. Type II collagen is transiently expressed during avian
cardiac valve morphogenesis. Dev. Dyn. 1994, 200, 294–304. [CrossRef]

18. Liu, Y.; Watanabe, H.; Nifuji, A.; Yamada, Y.; Olson, E.N.; Noda, M. Overexpression of a single
helix-loop-helix-type transcription factor, scleraxis, enhances aggrecan gene expression in osteoblastic
osteosarcoma ROS17/2.8 cells. J. Biol. Chem. 1997, 272, 29880–29885. [CrossRef]

19. Wenstrup, R.J.; Florer, J.B.; Brunskill, E.W.; Bell, S.M.; Chervoneva, I.; Birk, D.E. Type V Collagen Controls the
Initiation of Collagen Fibril Assembly. J. Biol. Chem. 2004, 279, 53331–53337. [CrossRef]

20. Lincoln, J.; Florer, J.B.; Deutsch, G.H.; Wenstrup, R.J.; Yutzey, K.E. ColVa1 and ColXIa1 are required for
myocardial morphogenesis and heart valve development. Dev. Dyn. 2006, 235, 3295–3305. [CrossRef]

21. Klewer, S.E.; Krob, S.L.; Kolker, S.J.; Kitten, G.T. Expression of type VI collagen in the developing mouse
heart. Dev. Dyn. 1998, 211, 248–255. [CrossRef]

22. Cole, W.G.; Chan, D.; Hickey, A.J.; Wilcken, D.E. Collagen composition of normal and myxomatous human
mitral heart valves. Biochem. J. 1984, 219, 451–460. [CrossRef] [PubMed]

23. Kunzelman, K.S.; Cochran, R.P.; Murphree, S.S.; Ring, W.S.; Verrier, E.D.; Eberhart, R.C. Differential collagen
distribution in the mitral valve and its influence on biomechanical behaviour. J. Heart Valve Dis. 1993, 2, 236–244.
[PubMed]

24. Balguid, A.A.; Rubbens, M.P.; Driessen-Mol, A.A.; Bank, R.A.; Bogers, A.J.J.C.; Van Kats, J.P.; De Mol, B.A.J.M.;
Baaijens, F.P.T.; Bouten, C.V.C. The Role of Collagen Cross-Links in Biomechanical Behavior of Human
Aortic Heart Valve Leaflets—Relevance for Tissue Engineering. Tissue Eng. 2007, 13, 1501–1511. [CrossRef]
[PubMed]

25. Pierlot, C.M.; Lee, J.M.; Amini, R.; Sacks, M.S.; Wells, S.M. Pregnancy-Induced Remodeling of Collagen
Architecture and Content in the Mitral Valve. Ann. Biomed. Eng. 2014, 42, 2058–2071. [CrossRef] [PubMed]

26. Pierlot, C.M.; Moeller, A.D.; Lee, J.M.; Wells, S.M. Pregnancy-induced remodeling of heart valves. Am. J.
Physiol. Circ. Physiol. 2015, 309, H1565–H1578. [CrossRef] [PubMed]

27. Bonnans, C.; Chou, J.; Werb, Z. Remodelling the extracellular matrix in development and disease. Nat. Rev.
Mol. Cell Biol. 2014, 15, 786–801. [CrossRef]

28. Liao, J.; Yang, L.; Grashow, J.; Sacks, M.S. The Relation Between Collagen Fibril Kinematics and Mechanical
Properties in the Mitral Valve Anterior Leaflet. J. Biomech. Eng. 2006, 129, 78–87. [CrossRef]

29. Zhang, W.; Ayoub, S.; Liao, J.; Sacks, M.S. A meso-scale layer-specific structural constitutive model of the
mitral heart valve leaflets. Acta Biomater. 2016, 32, 238–255. [CrossRef]

30. Ayoub, S.; Tsai, K.C.; Khalighi, A.H.; Sacks, M.S. The Three-Dimensional Microenvironment of the Mitral
Valve: Insights into the Effects of Physiological Loads. Cell. Mol. Bioeng. 2018, 11, 291–306. [CrossRef]

http://dx.doi.org/10.1161/hc4601.099489
http://www.ncbi.nlm.nih.gov/pubmed/15473488
http://dx.doi.org/10.1097/MOL.0b013e3282a66099
http://dx.doi.org/10.1016/j.yjmcc.2016.10.006
http://www.ncbi.nlm.nih.gov/pubmed/27756541
http://dx.doi.org/10.1016/j.yjmcc.2013.04.001
http://www.ncbi.nlm.nih.gov/pubmed/23583836
http://dx.doi.org/10.1161/ATVBAHA.115.306091
http://dx.doi.org/10.1101/cshperspect.a004978
http://dx.doi.org/10.1002/dvdy.21719
http://www.ncbi.nlm.nih.gov/pubmed/18816857
http://dx.doi.org/10.1002/aja.1002000404
http://dx.doi.org/10.1074/jbc.272.47.29880
http://dx.doi.org/10.1074/jbc.M409622200
http://dx.doi.org/10.1002/dvdy.20980
http://dx.doi.org/10.1002/(SICI)1097-0177(199803)211:3&lt;248::AID-AJA6&gt;3.0.CO;2-H
http://dx.doi.org/10.1042/bj2190451
http://www.ncbi.nlm.nih.gov/pubmed/6430269
http://www.ncbi.nlm.nih.gov/pubmed/8261162
http://dx.doi.org/10.1089/ten.2006.0279
http://www.ncbi.nlm.nih.gov/pubmed/17518750
http://dx.doi.org/10.1007/s10439-014-1077-6
http://www.ncbi.nlm.nih.gov/pubmed/25103603
http://dx.doi.org/10.1152/ajpheart.00816.2014
http://www.ncbi.nlm.nih.gov/pubmed/26371175
http://dx.doi.org/10.1038/nrm3904
http://dx.doi.org/10.1115/1.2401186
http://dx.doi.org/10.1016/j.actbio.2015.12.001
http://dx.doi.org/10.1007/s12195-018-0529-8


J. Cardiovasc. Dev. Dis. 2020, 7, 57 17 of 22

31. Billiar, K.L.; Sacks, M.S. A method to quantify the fiber kinematics of planar tissues under biaxial stretch.
J. Biomech. 1997, 30, 753–756. [CrossRef]

32. Billiar, K.L.; Sacks, M.S. Biaxial Mechanical Properties of the Natural and Glutaraldehyde Treated Aortic
Valve Cusp—Part I: Experimental Results. J. Biomech. Eng. 2000, 122, 23–30. [CrossRef] [PubMed]

33. Billiar, K.L.; Sacks, M.S. Biaxial Mechanical Properties of the Native and Glutaraldehyde-Treated Aortic
Valve Cusp: Part II—A Structural Constitutive Model. J. Biomech. Eng. 2000, 122, 327–335. [CrossRef]

34. Goth, W.; Potter, S.; Allen, A.C.B.; Zoldan, J.; Sacks, M.S.; Tunnell, J.W. Non-Destructive Reflectance Mapping
of Collagen Fiber Alignment in Heart Valve Leaflets. Ann. Biomed. Eng. 2019, 47, 1250–1264. [CrossRef]
[PubMed]

35. Esko, J.D.; Kimata, K.; Lindahl, U. Proteoglycans and Sulfated Glycosaminoglycans. In Essentials of Glycobiology;
Varki, A., Cummings, R.D., Esko, J.D., Eds.; Cold Spring Harbor: New York, NY, USA, 2009.

36. Murata, K. Acidic glycosaminoglycans in human heart valves. J. Mol. Cell. Cardiol. 1981, 13, 281–292.
[CrossRef]

37. Stephens, E.H.; Kearney, D.L.; Grande-Allen, K.J. Insight into pathologic abnormalities in congenital
semilunar valve disease based on advances in understanding normal valve microstructure and extracellular
matrix. Cardiovasc. Pathol. 2012, 21, 46–58. [CrossRef] [PubMed]

38. Gupta, V.; Barzilla, J.E.; Mendez, J.S.; Stephens, E.H.; Lee, E.L.; Collard, C.D.; Laucirica, R.; Weigel, P.H.;
Grande-Allen, K.J. Abundance and location of proteoglycans and hyaluronan within normal and myxomatous
mitral valves. Cardiovasc. Pathol. 2009, 18, 191–197. [CrossRef]

39. Kinsella, M.G.; Bressler, S.L.; Wight, T.N. The regulated synthesis of versican, decorin, and biglycan: Extracellular
matrix proteoglycans that influence cellular phenotype. Crit. Rev. Eukaryot. Gene Expr. 2004, 14, 203–234.
[CrossRef]

40. Grande-Allen, K.J.; Osman, N.; Ballinger, M.L.; Dadlani, H.; Marasco, S.; Little, P.J. Glycosaminoglycan synthesis
and structure as targets for the prevention of calcific aortic valve disease. Cardiovasc. Res. 2007, 76, 19–28.
[CrossRef]

41. Rothenburger, M.; Völker, W.; Vischer, P.; Glasmacher, B.; Scheld, H.H.; Deiwick, M. Ultrastructure of
Proteoglycans in Tissue-Engineered Cardiovascular Structures. Tissue Eng. 2002, 8, 1049–1056. [CrossRef]

42. Latif, N.; Sarathchandra, P.; Taylor, P.M.; Antoniw, J.; Yacoub, M.H. Localization and pattern of expression of
extracellular matrix components in human heart valves. J. Heart Valve Dis. 2005, 14, 218–227.

43. Stephens, E.H.; Chu, C.-K.; Grande-Allen, K.J. Valve proteoglycan content and glycosaminoglycan
fine structure are unique to microstructure, mechanical load and age: Relevance to an age-specific
tissue-engineered heart valve. Acta Biomater. 2008, 4, 1148–1160. [CrossRef]

44. Stephens, E.H.; Saltarrelli, J.G.; Baggett, L.S.; Nandi, I.; Kuo, J.J.; Davis, A.R.; Olmsted-Davis, E.A.;
Reardon, M.J.; Morrisett, J.D.; Grande-Allen, K.J. Differential proteoglycan and hyaluronan distribution in
calcified aortic valves. Cardiovasc. Pathol. 2011, 20, 334–342. [CrossRef] [PubMed]

45. Danielson, K.G.; Baribault, H.; Holmes, D.F.; Graham, H.; Kadler, K.E.; Iozzo, R.V. Targeted Disruption of
Decorin Leads to Abnormal Collagen Fibril Morphology and Skin Fragility. J. Cell Biol. 1997, 136, 729–743.
[CrossRef] [PubMed]

46. Grande-Allen, K.J.; Calabro, A.; Gupta, V.; Wight, T.N.; Hascall, V.C.; Vesely, I. Glycosaminoglycans and
proteoglycans in normal mitral valve leaflets and chordae: Association with regions of tensile and compressive
loading. Glycobiology 2004, 14, 621–633. [CrossRef] [PubMed]

47. Dupuis, L.E.; Osinska, H.; Weinstein, M.B.; Hinton, R.B.; Kern, C.B. Insufficient versican cleavage and Smad2
phosphorylation results in bicuspid aortic and pulmonary valves. J. Mol. Cell. Cardiol. 2013, 60, 50–59.
[CrossRef]

48. Fox, P.R. Pathology of myxomatous mitral valve disease in the dog. J. Veter- Cardiol. 2012, 14, 103–126.
[CrossRef]

49. Stephens, E.H.; De Jonge, N.; McNeill, M.P.; Durst, C.A.; Grande-Allen, K.J. Age-Related Changes in Material
Behavior of Porcine Mitral and Aortic Valves and Correlation to Matrix Composition. Tissue Eng. Part A
2010, 16, 867–878. [CrossRef]

50. Yue, B. Biology of the extracellular matrix: An overview. J. Glaucoma 2014, 23 (Suppl. 1), S20–S23. [CrossRef]
51. Patel, A.; Fine, B.; Sandig, M.; Mequanint, K. Elastin biosynthesis: The missing link in tissue-engineered

blood vessels. Cardiovasc. Res. 2006, 71, 40–49. [CrossRef]

http://dx.doi.org/10.1016/S0021-9290(97)00019-5
http://dx.doi.org/10.1115/1.429624
http://www.ncbi.nlm.nih.gov/pubmed/10790826
http://dx.doi.org/10.1115/1.1287158
http://dx.doi.org/10.1007/s10439-019-02233-0
http://www.ncbi.nlm.nih.gov/pubmed/30783832
http://dx.doi.org/10.1016/0022-2828(81)90316-3
http://dx.doi.org/10.1016/j.carpath.2011.01.002
http://www.ncbi.nlm.nih.gov/pubmed/21349746
http://dx.doi.org/10.1016/j.carpath.2008.05.001
http://dx.doi.org/10.1615/CritRevEukaryotGeneExpr.v14.i3.40
http://dx.doi.org/10.1016/j.cardiores.2007.05.014
http://dx.doi.org/10.1089/107632702320934146
http://dx.doi.org/10.1016/j.actbio.2008.03.014
http://dx.doi.org/10.1016/j.carpath.2010.10.002
http://www.ncbi.nlm.nih.gov/pubmed/21185747
http://dx.doi.org/10.1083/jcb.136.3.729
http://www.ncbi.nlm.nih.gov/pubmed/9024701
http://dx.doi.org/10.1093/glycob/cwh076
http://www.ncbi.nlm.nih.gov/pubmed/15044391
http://dx.doi.org/10.1016/j.yjmcc.2013.03.010
http://dx.doi.org/10.1016/j.jvc.2012.02.001
http://dx.doi.org/10.1089/ten.tea.2009.0288
http://dx.doi.org/10.1097/IJG.0000000000000108
http://dx.doi.org/10.1016/j.cardiores.2006.02.021


J. Cardiovasc. Dev. Dis. 2020, 7, 57 18 of 22

52. Ayoub, S.; Ferrari, G.; Gorman, R.C.; Gorman, J.H.; Schoen, F.J.; Sacks, M.S. Heart Valve Biomechanics and
Underlying Mechanobiology. Compr. Physiol. 2016, 6, 1743–1780. [CrossRef]

53. Combs, M.D.; Yutzey, K.E. Heart valve development: Regulatory networks in development and disease.
Circ. Res. 2009, 105, 408–421. [CrossRef] [PubMed]

54. Nagase, H.; Visse, R.; Murphy, G. Structure and function of matrix metalloproteinases and TIMPs.
Cardiovasc. Res. 2006, 69, 562–573. [CrossRef] [PubMed]

55. Fondard, O.; Detaint, D.; Iung, B.; Choqueux, C.; Adle-Biassette, H.; Jarraya, M.; Hvass, U.; Couetil, J.-P.;
Henin, D.; Michel, J.-B.; et al. Extracellular matrix remodelling in human aortic valve disease: The role of
matrix metalloproteinases and their tissue inhibitors. Eur. Heart J. 2005, 26, 1333–1341. [CrossRef]

56. Perrotta, I.; Sciangula, A.; Aquila, S.; Mazzulla, S. Matrix Metalloproteinase-9 Expression in Calcified Human
Aortic Valves: A Histopathologic, Immunohistochemical, and Ultrastructural Study. Appl. Immunohistochem.
Mol. Morphol. 2016, 24, 128–137. [CrossRef] [PubMed]

57. Kaden, J.J.; Dempfle, C.-E.; Grobholz, R.; Fischer, C.S.; Vocke, D.C.; Kılıç, R.; Sarıkoç, A.; Piñol, R.; Hagl, S.;
Lang, S.; et al. Inflammatory regulation of extracellular matrix remodeling in calcific aortic valve stenosis.
Cardiovasc. Pathol. 2005, 14, 80–87. [CrossRef]

58. Platt, M.O.; Xing, Y.; Jo, H.; Yoganathan, A.P. Cyclic pressure and shear stress regulate matrix
metalloproteinases and cathepsin activity in porcine aortic valves. J. Heart Valve Dis. 2006, 15, 622–629.

59. Bigg, P.W.; Baldo, G.; Sleeper, M.M.; O’Donnell, P.A.; Bai, H.; Rokkam, V.R.; Liu, Y.; Wu, S.; Giugliani, R.;
Casal, M.L.; et al. Pathogenesis of mitral valve disease in mucopolysaccharidosis VII dogs. Mol. Genet. Metab.
2013, 110, 319–328. [CrossRef]

60. Mahimkar, R.; Nguyen, A.; Mann, M.; Yeh, C.-C.; Zhu, B.-Q.; Karliner, J.S.; Lovett, D.H. Cardiac transgenic
matrix metalloproteinase-2 expression induces myxomatous valve degeneration: A potential model of mitral
valve prolapse disease. Cardiovasc. Pathol. 2009, 18, 253–261. [CrossRef]

61. Spadaccio, C.; Mozetic, P.; Nappi, F.; Nenna, A.; Sutherland, F.; Trombetta, M.; Chello, M.; Rainer, A. Cells and
extracellular matrix interplay in cardiac valve disease: Because age matters. Basic Res. Cardiol. 2016, 111, 16.
[CrossRef]

62. Wang, H.; Leinwand, L.A.; Anseth, K.S. Cardiac valve cells and their microenvironment—insights from
in vitro studies. Nat. Rev. Cardiol. 2014, 11, 715–727. [CrossRef]

63. Lincoln, J.; Lange, A.W.; Yutzey, K.E. Hearts and bones: Shared regulatory mechanisms in heart valve,
cartilage, tendon, and bone development. Dev. Biol. 2006, 294, 292–302. [CrossRef] [PubMed]

64. Liu, A.C.; Joag, V.R.; Gotlieb, A.I. The Emerging Role of Valve Interstitial Cell Phenotypes in Regulating
Heart Valve Pathobiology. Am. J. Pathol. 2007, 171, 1407–1418. [CrossRef] [PubMed]

65. Dutta, P.; Lincoln, J. Calcific Aortic Valve Disease: A Developmental Biology Perspective. Curr. Cardiol. Rep.
2018, 20, 21. [CrossRef] [PubMed]

66. Walker, G.A.; Masters, K.S.; Shah, D.N.; Anseth, K.S.; Leinwand, L.A. Valvular myofibroblast activation by
transforming growth factor-beta: Implications for pathological extracellular matrix remodeling in heart
valve disease. Circ. Res. 2004, 95, 253–260. [CrossRef]

67. Dye, B.K.; Butler, C.; Lincoln, J. Smooth Muscle α-Actin Expression in Mitral Valve Interstitial Cells is
Important for Mediating Extracellular Matrix Remodeling. J. Cardiovasc. Dev. Dis. 2020, 7, 32. [CrossRef]

68. Lincoln, J.; Alfieri, C.M.; Yutzey, K.E. Development of heart valve leaflets and supporting apparatus in
chicken and mouse embryos. Dev. Dyn. 2004, 230, 239–250. [CrossRef]

69. Espira, L.; Lamoureux, L.; Jones, S.C.; Gerard, R.D.; Dixon, I.M.; Czubryt, M.P. The basic helix–loop–helix
transcription factor scleraxis regulates fibroblast collagen synthesis. J. Mol. Cell. Cardiol. 2009, 47, 188–195.
[CrossRef]

70. Lincoln, J.; Alfieri, C.M.; Yutzey, K.E. BMP and FGF regulatory pathways control cell lineage diversification
of heart valve precursor cells. Dev. Biol. 2006, 292, 290–302. [CrossRef]

71. Levay, A.; Peacock, J.D.; Lu, Y.; Koch, M.; Hinton, R.B.; Kadler, K.E.; Lincoln, J. Scleraxis Is Required for Cell
Lineage Differentiation and Extracellular Matrix Remodeling During Murine Heart Valve Formation In Vivo.
Circ. Res. 2008, 103, 948–956. [CrossRef]

72. Barnette, D.N.; Hulin, A.; Ishtiaq Ahmed, A.S.; Colige, A.C.; Azhar, M.; Lincoln, J. Tgfbeta-Smad and MAPK
signaling mediate scleraxis and proteoglycan expression in heart valves. J. Mol. Cell. Cardiol. 2013, 65, 137–146.
[CrossRef]

http://dx.doi.org/10.1002/cphy.c150048
http://dx.doi.org/10.1161/CIRCRESAHA.109.201566
http://www.ncbi.nlm.nih.gov/pubmed/19713546
http://dx.doi.org/10.1016/j.cardiores.2005.12.002
http://www.ncbi.nlm.nih.gov/pubmed/16405877
http://dx.doi.org/10.1093/eurheartj/ehi248
http://dx.doi.org/10.1097/PAI.0000000000000144
http://www.ncbi.nlm.nih.gov/pubmed/25390353
http://dx.doi.org/10.1016/j.carpath.2005.01.002
http://dx.doi.org/10.1016/j.ymgme.2013.06.013
http://dx.doi.org/10.1016/j.carpath.2008.08.001
http://dx.doi.org/10.1007/s00395-016-0534-9
http://dx.doi.org/10.1038/nrcardio.2014.162
http://dx.doi.org/10.1016/j.ydbio.2006.03.027
http://www.ncbi.nlm.nih.gov/pubmed/16643886
http://dx.doi.org/10.2353/ajpath.2007.070251
http://www.ncbi.nlm.nih.gov/pubmed/17823281
http://dx.doi.org/10.1007/s11886-018-0968-9
http://www.ncbi.nlm.nih.gov/pubmed/29520694
http://dx.doi.org/10.1161/01.RES.0000136520.07995.aa
http://dx.doi.org/10.3390/jcdd7030032
http://dx.doi.org/10.1002/dvdy.20051
http://dx.doi.org/10.1016/j.yjmcc.2009.03.024
http://dx.doi.org/10.1016/j.ydbio.2005.12.042
http://dx.doi.org/10.1161/CIRCRESAHA.108.177238
http://dx.doi.org/10.1016/j.yjmcc.2013.10.007


J. Cardiovasc. Dev. Dis. 2020, 7, 57 19 of 22

73. Amini, R.; Eckert, C.E.; Koomalsingh, K.; McGarvey, J.; Minakawa, M.; Gorman, J.H.; Gorman, R.C.;
Sacks, M.S. On the In Vivo Deformation of the Mitral Valve Anterior Leaflet: Effects of Annular Geometry
and Referential Configuration. Ann. Biomed. Eng. 2012, 40, 1455–1467. [CrossRef] [PubMed]

74. Eckert, C.E.; Zubiate, B.; Vergnat, M.; Gorman, J.H.; Gorman, R.C.; Sacks, M.S. In Vivo Dynamic Deformation
of the Mitral Valve Annulus. Ann. Biomed. Eng. 2009, 37, 1757–1771. [CrossRef] [PubMed]

75. Rajput, F.A.; Zeltser, R. Aortic Valve Replacement; StatPearls: Treasure Island, FL, USA, 2020.
76. Aggarwal, A.; Pouch, A.M.; Lai, E.; Lesicko, J.; Yushkevich, P.A.; Iii, J.H.G.; Gorman, R.C.; Sacks, M.S. In-vivo

heterogeneous functional and residual strains in human aortic valve leaflets. J. Biomech. 2016, 49, 2481–2490.
[CrossRef] [PubMed]

77. Brazile, B.; Wang, B.; Wang, G.; Bertucci, R.; Prabhu, R.; Patnaik, S.S.; Butler, J.R.; Claude, A.;
Brinkman-Ferguson, E.; Williams, L.N.; et al. On the Bending Properties of Porcine Mitral, Tricuspid,
Aortic, and Pulmonary Valve Leaflets. J. Autom. Inf. Sci. 2015, 25, 41–53. [CrossRef] [PubMed]

78. VeDepo, M.; Buse, E.E.; Quinn, R.W.; Williams, T.D.; Detamore, M.S.; Hopkins, R.A.; Converse, G.L.
Species-specific effects of aortic valve decellularization. Acta Biomater. 2017, 50, 249–258. [CrossRef]

79. Lee, C.-H.; Carruthers, C.A.; Ayoub, S.; Gorman, R.C.; Gorman, J.H.; Sacks, M.S. Quantification and simulation
of layer-specific mitral valve interstitial cells deformation under physiological loading. J. Theor. Biol.
2015, 373, 26–39. [CrossRef]

80. Blaser, M.C.; Aikawa, E. Roles and Regulation of Extracellular Vesicles in Cardiovascular Mineral Metabolism.
Front. Cardiovasc. Med. 2018, 5, 187. [CrossRef]

81. Pierlot, C.M.; Moeller, A.D.; Lee, J.M.; Wells, S.M. Biaxial Creep Resistance and Structural Remodeling of the
Aortic and Mitral Valves in Pregnancy. Ann. Biomed. Eng. 2015, 43, 1772–1785. [CrossRef]

82. Rego, B.V.; Wells, S.M.; Lee, C.-H.; Sacks, M.S. Mitral valve leaflet remodelling during pregnancy: Insights into
cell-mediated recovery of tissue homeostasis. J. R. Soc. Interface 2016, 13, 20160709. [CrossRef]

83. Khang, A.; Buchanan, R.M.; Ayoub, S.; Rego, B.V.; Lee, C.-H.; Ferrari, G.; Anseth, K.S.;
Sacks, M.S. Mechanobiology of the heart valve interstitial cell: Simulation, experiment, and discovery.
Mechanobiol. Health Dis. 2018, 249–283. [CrossRef]

84. Bowler, M.A.; Bersi, M.R.; Ryzhova, L.M.; Jerrell, R.J.; Parekh, A.; Merryman, W.D. Cadherin-11 as a regulator
of valve myofibroblast mechanobiology. Am. J. Physiol. Circ. Physiol. 2018, 315, H1614–H1626. [CrossRef]
[PubMed]

85. Merryman, W.D.; Huang, H.-Y.S.; Schoen, F.J.; Sacks, M.S. The effects of cellular contraction on aortic valve
leaflet flexural stiffness. J. Biomech. 2006, 39, 88–96. [CrossRef] [PubMed]

86. Wang, W.; Vootukuri, S.; Meyer, A.; Ahamed, J.; Coller, B.S. Association between shear stress and
platelet-derived transforming growth factor-beta1 release and activation in animal models of aortic valve
stenosis. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 1924–1932. [CrossRef] [PubMed]

87. Sakamoto, Y.; Buchanan, R.M.; Sanchez-Adams, J.; Guilak, F.; Sacks, M.S. On the Functional Role of Valve
Interstitial Cell Stress Fibers: A Continuum Modeling Approach. J. Biomech. Eng. 2017, 139, 021007–02100713.
[CrossRef] [PubMed]

88. Rodriguez, A.G.; Schroeder, M.E.; Walker, C.J.; Anseth, K.S. FGF-2 inhibits contractile properties of valvular
interstitial cell myofibroblasts encapsulated in 3D MMP-degradable hydrogels. APL Bioeng. 2018, 2, 046104.
[CrossRef] [PubMed]

89. Khang, A.; Gonzalez Rodriguez, A.; Schroeder, M.E.; Sansom, J.; Lejeune, E.; Anseth, K.S.; Sacks, M.S.
Quantifying heart valve interstitial cell contractile state using highly tunable poly(ethylene glycol) hydrogels.
Acta Biomater. 2019, 96, 354–367. [CrossRef]

90. Mabry, K.M.; Lawrence, R.L.; Anseth, K.S. Dynamic stiffening of poly(ethylene glycol)-based hydrogels to
direct valvular interstitial cell phenotype in a three-dimensional environment. Biomaterials 2015, 49, 47–56.
[CrossRef]

91. Masoumi, N.; Howell, M.C.; Johnson, K.L.; Niesslein, M.J.; Gerber, G.; Engelmayr, G.C. Design and
testing of a cyclic stretch and flexure bioreactor for evaluating engineered heart valve tissues based on
poly(glycerol sebacate) scaffolds. Proc. Inst. Mech. Eng. Part H 2014, 228, 576–586. [CrossRef]

92. Eslami, M.; Javadi, G.R.; Agdami, N.; Shokrgozar, M.A. Expression of COLLAGEN 1 and ELASTIN Genes in
Mitral Valvular Interstitial Cells within Microfiber Reinforced Hydrogel. Cell J. 2015, 17, 478–488.

93. Duan, B.; Kapetanovic, E.; Hockaday, L.A.; Cheung, D.Y. Three-dimensional printed trileaflet valve conduits
using biological hydrogels and human valve interstitial cells. Acta Biomater. 2014, 10, 1836–1846. [CrossRef]

http://dx.doi.org/10.1007/s10439-012-0524-5
http://www.ncbi.nlm.nih.gov/pubmed/22327292
http://dx.doi.org/10.1007/s10439-009-9749-3
http://www.ncbi.nlm.nih.gov/pubmed/19585241
http://dx.doi.org/10.1016/j.jbiomech.2016.04.038
http://www.ncbi.nlm.nih.gov/pubmed/27207385
http://dx.doi.org/10.1615/JLongTermEffMedImplants.2015011741
http://www.ncbi.nlm.nih.gov/pubmed/25955006
http://dx.doi.org/10.1016/j.actbio.2017.01.008
http://dx.doi.org/10.1016/j.jtbi.2015.03.004
http://dx.doi.org/10.3389/fcvm.2018.00187
http://dx.doi.org/10.1007/s10439-014-1230-2
http://dx.doi.org/10.1098/rsif.2016.0709
http://dx.doi.org/10.1016/b978-0-12-812952-4.00008-8
http://dx.doi.org/10.1152/ajpheart.00277.2018
http://www.ncbi.nlm.nih.gov/pubmed/30359089
http://dx.doi.org/10.1016/j.jbiomech.2004.11.008
http://www.ncbi.nlm.nih.gov/pubmed/16271591
http://dx.doi.org/10.1161/ATVBAHA.114.303852
http://www.ncbi.nlm.nih.gov/pubmed/24903096
http://dx.doi.org/10.1115/1.4035557
http://www.ncbi.nlm.nih.gov/pubmed/28024085
http://dx.doi.org/10.1063/1.5042430
http://www.ncbi.nlm.nih.gov/pubmed/31069326
http://dx.doi.org/10.1016/j.actbio.2019.07.010
http://dx.doi.org/10.1016/j.biomaterials.2015.01.047
http://dx.doi.org/10.1177/0954411914534837
http://dx.doi.org/10.1016/j.actbio.2013.12.005


J. Cardiovasc. Dev. Dis. 2020, 7, 57 20 of 22

94. Miller, J.D.; Weiss, R.M.; Heistad, D.D. Calcific Aortic Valve Stenosis: Methods, Models, and Mechanisms.
Circ. Res. 2011, 108, 1392–1412. [CrossRef] [PubMed]

95. Ayoub, S.; Lee, C.-H.; Driesbaugh, K.H.; Anselmo, W.; Hughes, C.T.; Ferrari, G.; Gorman, R.C.; Gorman, J.H.;
Sacks, M.S. Regulation of valve interstitial cell homeostasis by mechanical deformation: Implications for
heart valve disease and surgical repair. J. R. Soc. Interface 2017, 14, 20170580. [CrossRef] [PubMed]

96. Hynes, R.O. The extracellular matrix: Not just pretty fibrils. Science 2009, 326, 1216–1219. [CrossRef]
[PubMed]

97. Chen, J.H.; Simmons, C.A. Cell-matrix interactions in the pathobiology of calcific aortic valve disease:
Critical roles for matricellular, matricrine, and matrix mechanics cues. Circ. Res. 2011, 108, 1510–1524.
[CrossRef] [PubMed]

98. Kim, S.-H.; Turnbull, J.; Guimond, S. Extracellular matrix and cell signalling: The dynamic cooperation of
integrin, proteoglycan and growth factor receptor. J. Endocrinol. 2011, 209, 139–151. [CrossRef]

99. Colognato, H.; Yurchenco, P.D. Form and function: The laminin family of heterotrimers. Dev. Dyn.
2000, 218, 213–234. [CrossRef]

100. Ruoslahti, E. Fibronectin and its receptors. Annu. Rev. Biochem. 1988, 57, 375–413. [CrossRef]
101. Latif, N.; Sarathchandra, P.; Taylor, P.M.; Antoniw, J.; Yacoub, M.H. Molecules Mediating Cell–ECM and

Cell–Cell Communication in Human Heart Valves. Cell Biophys. 2005, 43, 275–288. [CrossRef]
102. Yan, J.; Stringer, S.E.; Hamilton, A.; Charlton-Menys, V.; Gotting, C.; Muller, B.; Aeschilimann, D.; Yvonne, M.

Decorin GAG synthesis and TGF-beta signaling mediate Ox-LDL-induced mineralization of human vascular
smooth muscle cells. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 608–615. [CrossRef]

103. Matsuo, I.; Kimura-Yoshida, C. Extracellular modulation of Fibroblast Growth Factor signaling through
heparan sulfate proteoglycans in mammalian development. Curr. Opin. Genet. Dev. 2013, 23, 399–407.
[CrossRef]

104. Lu, P.; Takai, K.; Weaver, V.M.; Werb, Z. Extracellular Matrix Degradation and Remodeling in Development
and Disease. Cold Spring Harb. Perspect. Biol. 2011, 3, a005058. [CrossRef]

105. Zhang, F.; Zhang, Z.; Lin, X.; Beenken, A.; Eliseenkova, A.V.; Mohammadi, M.; Linhardt, R.J. Compositional
Analysis of Heparin/Heparan Sulfate Interacting with Fibroblast Growth Factor·Fibroblast Growth Factor
Receptor Complexes. Biochemistry 2009, 48, 8379–8386. [CrossRef]

106. Wells, R.G. The role of matrix stiffness in regulating cell behavior. Hepatology 2008, 47, 1394–1400. [CrossRef]
107. Benton, J.A.; Kern, H.B.; Anseth, K.S. Substrate properties influence calcification in valvular interstitial cell

culture. J. Heart Valve Dis. 2008, 17, 689–699.
108. Duan, B.; Yin, Z.; Kang, L.H.; Magin, R.L.; Cheung, D.Y. Active tissue stiffness modulation controls valve

interstitial cell phenotype and osteogenic potential in 3D culture. Acta Biomater. 2016, 36, 42–54. [CrossRef]
109. Pho, M.; Lee, W.; Watt, D.R.; Laschinger, C.; Simmons, C.A.; McCulloch, C.A. Cofilin is a marker of

myofibroblast differentiation in cells from porcine aortic cardiac valves. Am. J. Physiol. Circ. Physiol.
2008, 294, H1767–H1778. [CrossRef]

110. Yip, C.Y.Y.; Chen, J.-H.; Zhao, R.; Simmons, C.A. Calcification by Valve Interstitial Cells Is Regulated by the
Stiffness of the Extracellular Matrix. Arterioscler. Thromb. Vasc. Biol. 2009, 29, 936–942. [CrossRef]

111. Stephens, E.H.; Durst, C.A.; West, J.L.; Grande-Allen, K.J. Mitral valvular interstitial cell responses to
substrate stiffness depend on age and anatomic region. Acta Biomater. 2011, 7, 75–82. [CrossRef]

112. Butcher, J.T.; Simmons, C.A.; Warnock, J.N. Mechanobiology of the aortic heart valve. J. Heart Valve Dis.
2008, 17, 62–73.

113. Metzler, S.A.; Pregonero, C.A.; Butcher, J.T.; Burgess, S.C.; Warnock, J.N. Cyclic strain regulates pro-inflammatory
protein expression in porcine aortic valve endothelial cells. J. Heart Valve Dis. 2008, 17, 571-7.

114. Smith, K.E.; Metzler, S.A.; Warnock, J.N. Cyclic strain inhibits acute pro-inflammatory gene expression in
aortic valve interstitial cells. Biomech. Model. Mechanobiol. 2009, 9, 117–125. [CrossRef] [PubMed]

115. Balachandran, K.; Sucosky, P.; Jo, H.; Yoganathan, A.P. Elevated Cyclic Stretch Induces Aortic Valve
Calcification in a Bone Morphogenic Protein-Dependent Manner. Am. J. Pathol. 2010, 177, 49–57. [CrossRef]

116. Sacks, M.S.; Merryman, W.D.; Schmidt, D.E. On the biomechanics of heart valve function. J. Biomech.
2009, 42, 1804–1824. [CrossRef] [PubMed]

117. Cheek, J.D.; Wirrig, E.E.; Alfieri, C.M.; James, J.F.; Yutzey, K.E. Differential activation of valvulogenic,
chondrogenic, and osteogenic pathways in mouse models of myxomatous and calcific aortic valve disease.
J. Mol. Cell. Cardiol. 2012, 52, 689–700. [CrossRef] [PubMed]

http://dx.doi.org/10.1161/CIRCRESAHA.110.234138
http://www.ncbi.nlm.nih.gov/pubmed/21617136
http://dx.doi.org/10.1098/rsif.2017.0580
http://www.ncbi.nlm.nih.gov/pubmed/29046338
http://dx.doi.org/10.1126/science.1176009
http://www.ncbi.nlm.nih.gov/pubmed/19965464
http://dx.doi.org/10.1161/CIRCRESAHA.110.234237
http://www.ncbi.nlm.nih.gov/pubmed/21659654
http://dx.doi.org/10.1530/JOE-10-0377
http://dx.doi.org/10.1002/(SICI)1097-0177(200006)218:2&lt;213::AID-DVDY1&gt;3.0.CO;2-R
http://dx.doi.org/10.1146/annurev.bi.57.070188.002111
http://dx.doi.org/10.1385/CBB:43:2:275
http://dx.doi.org/10.1161/ATVBAHA.110.220749
http://dx.doi.org/10.1016/j.gde.2013.02.004
http://dx.doi.org/10.1101/cshperspect.a005058
http://dx.doi.org/10.1021/bi9006379
http://dx.doi.org/10.1002/hep.22193
http://dx.doi.org/10.1016/j.actbio.2016.03.007
http://dx.doi.org/10.1152/ajpheart.01305.2007
http://dx.doi.org/10.1161/ATVBAHA.108.182394
http://dx.doi.org/10.1016/j.actbio.2010.07.001
http://dx.doi.org/10.1007/s10237-009-0165-2
http://www.ncbi.nlm.nih.gov/pubmed/19636599
http://dx.doi.org/10.2353/ajpath.2010.090631
http://dx.doi.org/10.1016/j.jbiomech.2009.05.015
http://www.ncbi.nlm.nih.gov/pubmed/19540499
http://dx.doi.org/10.1016/j.yjmcc.2011.12.013
http://www.ncbi.nlm.nih.gov/pubmed/22248532


J. Cardiovasc. Dev. Dis. 2020, 7, 57 21 of 22

118. Wirrig, E.E.; Hinton, R.B.; Yutzey, K.E. Differential expression of cartilage and bone-related proteins in
pediatric and adult diseased aortic valves. J. Mol. Cell. Cardiol. 2011, 50, 561–569. [CrossRef] [PubMed]

119. Gupta, P.; Oncology, F.T.A.F.C.T.I.; Mulkey, F.; Hasserjian, R.P.; Sanford, B.L.; Vij, R.; Hurd, D.D.; Odenike, O.M.;
Bloomfield, C.D.; Owzar, K.; et al. A phase II study of the oral VEGF receptor tyrosine kinase inhibitor
vatalanib (PTK787/ZK222584) in myelodysplastic syndrome: Cancer and Leukemia Group B study 10105
(Alliance). Investig. New Drugs 2013, 31, 1311–1320. [CrossRef] [PubMed]

120. Kim, A.J.; Alfieri, C.M.; Yutzey, K.E. Endothelial Cell Lineage Analysis Does Not Provide Evidence for EMT
in Adult Valve Homeostasis and Disease. Anat. Rec. 2019, 302, 125–135. [CrossRef]

121. Lu, C.-C.; Liu, M.-M.; Clinton, M.; Culshaw, G.; Argyle, D.J.; Corcoran, B.M. Developmental pathways and
endothelial to mesenchymal transition in canine myxomatous mitral valve disease. Vet. J. 2015, 206, 377–384.
[CrossRef]

122. Hjortnaes, J.; Camci-Unal, G.; Hutcheson, J.D.; Jung, S.M.; Schoen, F.J.; Kluin, J.; Aikawa, E.;
Khademhosseini, A. Directing Valvular Interstitial Cell Myofibroblast-Like Differentiation in a Hybrid
Hydrogel Platform. Adv. Health Mater. 2015, 4, 121–130. [CrossRef]

123. Dietz, H.C.; Cutting, C.R.; Pyeritz, R.E.; Maslen, C.L.; Sakai, L.Y.; Corson, G.M.; Puffenberger, E.G.;
Hamosh, A.; Nanthakumar, E.J.; Curristin, S.M.; et al. Marfan syndrome caused by a recurrent de novo
missense mutation in the fibrillin gene. Nat. Cell Biol. 1991, 352, 337–339. [CrossRef]

124. Colombi, M.; Dordoni, C.; Chiarelli, N.; Ritelli, M. Differential diagnosis and diagnostic flow chart of joint
hypermobility syndrome/ehlers-danlos syndrome hypermobility type compared to other heritable connective
tissue disorders. Am. J. Med Genet. Part C Semin. Med Genet. 2015, 169, 6–22. [CrossRef] [PubMed]

125. Jiménez-Altayó, F.; Ortiz-Romero, P.; Puertas-Umbert, L.; Dantas, A.P.; Pérez, B.; Vila, E.; D’Ocon, P.;
Campuzano, V. Stenosis coexists with compromised alpha1-adrenergic contractions in the ascending aorta of
a mouse model of Williams-Beuren syndrome. Sci. Rep. 2020, 10, 889.

126. Thacoor, A. Mitral valve prolapse and Marfan syndrome. Congenit. Hear. Dis. 2017, 12, 430–434. [CrossRef]
[PubMed]

127. Ng, C.M.; Cheng, A.; Myers, L.A.; Martinez-Murillo, F.; Jie, C.; Bedja, D.; Gabrielson, K.L.; Hausladen, J.M.W.;
Mecham, R.P.; Judge, D.P.; et al. TGF-beta-dependent pathogenesis of mitral valve prolapse in a mouse
model of Marfan syndrome. J. Clin. Investig. 2004, 114, 1586–1592. [CrossRef]

128. Dietz, H. Marfan Syndrome; Adam, M.P., Ed.; GeneReviews: Seattle, WA, USA, 1993.
129. Wozniak-Mielczarek, L.; Sabiniewicz, R.; Drezek-Nojowicz, M.; Nowak, R.; Gilis-Malinowska, N.;

Mielczarek, M.; Łabuc, A.; Waldoch, A.; Wierzba, J. Differences in Cardiovascular Manifestation of Marfan
Syndrome Between Children and Adults. Pediatr. Cardiol. 2018, 40, 393–403. [CrossRef]

130. Kim, A.J.; Xu, N.; Umeyama, K.; Hulin, A.; Ponny, S.R.; Vagnozzi, R.J.; Green, E.A.; Hanson, P.; McManus, B.M.;
Nagashima, H.; et al. Deficiency of Circulating Monocytes Ameliorates the Progression of Myxomatous
Valve Degeneration in Marfan Syndrome. Circulation 2020, 141, 132–146. [CrossRef]

131. Détaint, D.; Faivre, L.; Collod-Beroud, G.; Child, A.H.; Loeys, B.L.; Binquet, C.; Gautier, E.; Arbustini, E.;
Mayer, K.; Arslan-Kirchner, M.; et al. Cardiovascular manifestations in men and women carrying a FBN1
mutation. Eur. Heart J. 2010, 31, 2223–2229. [CrossRef]

132. Malfait, F. Vascular aspects of the Ehlers-Danlos Syndromes. Matrix Biol. 2018, 71–72, 380–395. [CrossRef]
133. De Paepe, A.; Malfait, F. The Ehlers-Danlos syndrome, a disorder with many faces. Clin. Genet. 2012, 82, 1–11.

[CrossRef]
134. Byers, P.H.; Belmont, J.; Black, J.; De Backer, J.; Frank, M.; Jeunemaitre, X.; Johnson, D.; Pepin, M.; Robert, L.;

Sanders, L.; et al. Diagnosis, natural history, and management in vascular Ehlers-Danlos syndrome. Am. J.
Med. Genet. Part C Semin. Med. Genet. 2017, 175, 40–47. [CrossRef]

135. Wenstrup, R.J.; Florer, J.B.; Davidson, J.M.; Phillips, C.L.; Pffeifer, B.J.; Menezes, D.W.; Chervoneva, I.;
Birk, D.E. Murine model of the Ehlers-Danlos syndrome. col5a1 haploinsufficiency disrupts collagen fibril
assembly at multiple stages. J. Biol. Chem. 2006, 281, 12888–12895. [CrossRef]

136. Palomo, T.; Vilaca, T.; Lazaretti-Castro, M. Osteogenesis imperfecta: Diagnosis and treatment. Curr. Opin.
Endocrinol. Diabetes Obes. 2017, 24, 381–388. [CrossRef]

137. Valadares, E.R.; Carneiro, T.B.; Santos, P.M.; Oliveira, A.C.; Zabel, B. What is new in genetics and osteogenesis
imperfecta classification? J. Pediatr. (Rio J.) 2014, 90, 536–541. [CrossRef] [PubMed]

138. Van Dijk, F.; Sillence, D. Osteogenesis imperfecta: Clinical diagnosis, nomenclature and severity assessment.
Am. J. Med. Genet. Part A 2014, 164, 1470–1481. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.yjmcc.2010.12.005
http://www.ncbi.nlm.nih.gov/pubmed/21163264
http://dx.doi.org/10.1007/s10637-013-9978-z
http://www.ncbi.nlm.nih.gov/pubmed/23700288
http://dx.doi.org/10.1002/ar.23916
http://dx.doi.org/10.1016/j.tvjl.2015.08.011
http://dx.doi.org/10.1002/adhm.201400029
http://dx.doi.org/10.1038/352337a0
http://dx.doi.org/10.1002/ajmg.c.31429
http://www.ncbi.nlm.nih.gov/pubmed/25821090
http://dx.doi.org/10.1111/chd.12467
http://www.ncbi.nlm.nih.gov/pubmed/28580713
http://dx.doi.org/10.1172/JCI200422715
http://dx.doi.org/10.1007/s00246-018-2025-2
http://dx.doi.org/10.1161/CIRCULATIONAHA.119.042391
http://dx.doi.org/10.1093/eurheartj/ehq258
http://dx.doi.org/10.1016/j.matbio.2018.04.013
http://dx.doi.org/10.1111/j.1399-0004.2012.01858.x
http://dx.doi.org/10.1002/ajmg.c.31553
http://dx.doi.org/10.1074/jbc.M511528200
http://dx.doi.org/10.1097/MED.0000000000000367
http://dx.doi.org/10.1016/j.jped.2014.05.003
http://www.ncbi.nlm.nih.gov/pubmed/25046257
http://dx.doi.org/10.1002/ajmg.a.36545
http://www.ncbi.nlm.nih.gov/pubmed/24715559


J. Cardiovasc. Dev. Dis. 2020, 7, 57 22 of 22

139. Chipman, S.D.; Sweet, H.O.; McBride, D.J.; Davisson, M.T.; Marks, S.C.; Shuldiner, A.R.; Wenstrup, R.J.;
Rowe, D.W.; Shapiro, J.R. Defective pro alpha 2(I) collagen synthesis in a recessive mutation in mice: A model
of human osteogenesis imperfecta. Proc. Natl. Acad. Sci. USA 1993, 90, 1701–1705. [CrossRef] [PubMed]

140. Lamanna, A.; Fayers, T.; Clarke, S.; Parsonage, W.A. Valvular and Aortic Diseases in Osteogenesis Imperfecta.
Heart Lung Circ. 2013, 22, 801–810. [CrossRef] [PubMed]

141. Malfait, F.; Symoens, S.; Coucke, P.; Nunes, L.; De Almeida, S.; De Paepe, A. Total absence of the 2(I) chain of
collagen type I causes a rare form of Ehlers-Danlos syndrome with hypermobility and propensity to cardiac
valvular problems. J. Med. Genet. 2005, 43, e36. [CrossRef]

142. Bonita, R.E.; Cohen, I.S.; Berko, B.A. Valvular Heart Disease in Osteogenesis Imperfecta: Presentation of a
Case and Review of the Literature. Echocardiography 2010, 27, 69–73. [CrossRef] [PubMed]

143. Gallo, E.M.; Loch, D.C.; Habashi, J.P.; Calderon, J.F.; Chen, Y.; Bedja, D.; Van Erp, C.; Gerber, E.E.; Parker, S.J.;
Sauls, K.; et al. Angiotensin II-dependent TGF-beta signaling contributes to Loeys-Dietz syndrome vascular
pathogenesis. J. Clin. Investig. 2014, 124, 448–460. [CrossRef] [PubMed]

144. Takeda, N.; Hara, H.; Fujiwara, T.; Kanaya, T.; Maemura, S.; Komuro, I. TGF-beta Signaling-Related Genes
and Thoracic Aortic Aneurysms and Dissections. Int. J. Mol. Sci. 2018, 19, 2125. [CrossRef] [PubMed]

145. Van der Pluijm, I.; Burger, J.; Van Heijningen, P.M.; Ijpma, A.; Van Vliet, N.; Milanese, C.; Schoonderwoerd, K.;
Sluiter, W.; Ringuette, L.-J.; Dekkers, D.H.W.; et al. Decreased mitochondrial respiration in aneurysmal aortas
of Fibulin-4 mutant mice is linked to PGC1A regulation. Cardiovasc. Res. 2018, 114, 1776–1793. [CrossRef]
[PubMed]

146. Hanada, K.; Vermeij, M.; Garinis, G.A.; De Waard, M.C.; Kunen, M.G.S.; Myers, L.; Maas, A.; Duncker, D.J.;
Meijers, C.; Dietz, H.C.; et al. Perturbations of Vascular Homeostasis and Aortic Valve Abnormalities in
Fibulin-4 Deficient Mice. Circ. Res. 2007, 100, 738–746. [CrossRef] [PubMed]

147. Munjal, C.; Jegga, A.; Opoka, A.M.; Stoilov, I.; Norris, R.A.; Thomas, C.J.; Smith, J.M.; Mecham, R.P.;
Bressan, G.M.; Hinton, R.B. Inhibition of MAPK-Erk pathway in vivo attenuates aortic valve disease
processes in Emilin1-deficient mouse model. Physiol. Rep. 2017, 5, e13152. [CrossRef] [PubMed]

148. Capuano, A.; Bucciotti, F.; Farwell, K.D.; Davis, B.T.; Mroske, C.; Hulick, P.J.; Weissman, S.M.; Gao, Q.;
Spessotto, P.; Colombatti, A.; et al. Diagnostic Exome Sequencing Identifies a Novel Gene, EMILIN1,
Associated with Autosomal-Dominant Hereditary Connective Tissue Disease. Hum. Mutat. 2016, 37, 84–97.
[CrossRef] [PubMed]

149. Blum, K.M.; Drews, J.D.; Breuer, C.K. Tissue-Engineered Heart Valves: A Call for Mechanistic Studies.
Tissue Eng. Part B Rev. 2018, 24, 240–253. [CrossRef] [PubMed]

150. Schoen, F.J.; Gotlieb, A.I. Heart valve health, disease, replacement, and repair: A 25-year cardiovascular
pathology perspective. Cardiovasc. Pathol. 2016, 25, 341–352. [CrossRef] [PubMed]

151. Fioretta, E.; Von Boehmer, L.; Motta, S.; Lintas, V.; Hoerstrup, S.; Emmert, M.Y. Cardiovascular tissue
engineering: From basic science to clinical application. Exp. Gerontol. 2019, 117, 1–12. [CrossRef]

152. Zhang, B.L.; Bianco, R.W.; Schoen, F.J. Preclinical Assessment of Cardiac Valve Substitutes: Current Status
and Considerations for Engineered Tissue Heart Valves. Front. Cardiovasc. Med. 2019, 6, 72. [CrossRef]

153. Chester, A.H.; Grande-Allen, K.J. Which Biological Properties of Heart Valves Are Relevant to Tissue
Engineering? Front. Cardiovasc. Med. 2020, 7, 63. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1073/pnas.90.5.1701
http://www.ncbi.nlm.nih.gov/pubmed/8446583
http://dx.doi.org/10.1016/j.hlc.2013.05.640
http://www.ncbi.nlm.nih.gov/pubmed/23791715
http://dx.doi.org/10.1136/jmg.2005.038224
http://dx.doi.org/10.1111/j.1540-8175.2009.00973.x
http://www.ncbi.nlm.nih.gov/pubmed/19725849
http://dx.doi.org/10.1172/JCI69666
http://www.ncbi.nlm.nih.gov/pubmed/24355923
http://dx.doi.org/10.3390/ijms19072125
http://www.ncbi.nlm.nih.gov/pubmed/30037098
http://dx.doi.org/10.1093/cvr/cvy150
http://www.ncbi.nlm.nih.gov/pubmed/29931197
http://dx.doi.org/10.1161/01.RES.0000260181.19449.95
http://www.ncbi.nlm.nih.gov/pubmed/17293478
http://dx.doi.org/10.14814/phy2.13152
http://www.ncbi.nlm.nih.gov/pubmed/28270590
http://dx.doi.org/10.1002/humu.22920
http://www.ncbi.nlm.nih.gov/pubmed/26462740
http://dx.doi.org/10.1089/ten.teb.2017.0425
http://www.ncbi.nlm.nih.gov/pubmed/29327671
http://dx.doi.org/10.1016/j.carpath.2016.05.002
http://www.ncbi.nlm.nih.gov/pubmed/27242130
http://dx.doi.org/10.1016/j.exger.2018.03.022
http://dx.doi.org/10.3389/fcvm.2019.00072
http://dx.doi.org/10.3389/fcvm.2020.00063
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Extracellular Matrix Components 
	Collagens in Heart Valves 
	Proteoglycans in Heart Valves 
	Elastin in Heart Valves 
	Minor ECM Components of the Heart Valve 

	Signaling Pathways and ECM in Heart Valves 
	Heart Valve ECM Function 
	Heart Valve Biomechanics 
	VIC-Mediated Maintenance of ECM in Heart Valves 
	ECM Components as Signaling Mediators in Heart Valves 

	ECM and Heart Valve Disease 
	Histological Characteristics of Diseased, or Dyfunctional Heart Valves 
	Cellular Changes in Diseased, or Dysfunctional Heart Valves 
	Connective Tissue Disorders and Heart Valve Disease 

	ECM and Therapeutics 
	Conclusions 
	References

