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The aortic valve (AV) experiences a complex mechanical environment, which includes tension,
flexure, pressure, and shear stress forces due to blood flow during each cardiac cycle. This
mechanical environment regulates AV tissue structure by constantly renewing and remodeling the
phenotype. In vitro, ex vivo and in vivo studies have shown that pathological states such as
hypertension and congenital defect like bicuspid AV (BAV) can potentially alter the AV’s
mechanical environment, triggering a cascade of remodeling, inflammation, and calcification
activities in AV tissue. Alteration in mechanical environment is first sensed by the endothelium,
which in turn induces changes in the extracellular matrix, and triggers cell differentiation and
activation. However, the molecular mechanism of this process is not understood very well.
Understanding these mechanisms is critical for advancing the development of effective medical
based therapies. Recently, there have been some interesting studies on characterizing the
hemodynamics associated with AV, especially in pathologies like BAV, using different
experimental and numerical methods. Here, we review the current knowledge of the local AV
mechanical environment and its effect on valve biology, focusing on in vitro and ex vivo
approaches.
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AORTIC VALVE (AV): STRUCTURE AND HEMODYNAMICS
The AV regulates the flow between left ventricle and aorta. It is comprised of three
semilunar cusps attached at commissures. Directly behind each cusp is an elliptical
depression called the Sinus of Valsalva. The semilunar cusps are attached to the fibrous
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annulus ring at the base. Each aortic leaflet cusp is comprised of three layers: fibrosa—
facing the aorta; ventricularis—facing the left ventricle; and spongiosa—the layer between
the fibrosa and ventricularis (Fig. 1). These three layers vary in their organization of
extracellular matrix(ECM) components (collagen and elastin), especially along the radial
direction. The fibrosa is predominantly made of type I fibrillar collagen that is arranged
circumferential direction in parallel bundles, surrounded by a matrix of elastins. The
ventricularis is mostly comprised of elastin fibers oriented along the radial direction, while
the spongiosa is primarily made up of glycosaminoglycans, which act as shock absorbers
and provide the deformability function of the valve leaflets.89
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The AV cusps are composed of two cell types—interstitial cells (ICs) which make up the
majority of the valve and endothelial cells (ECs) which line the AV along the fibrosa as well
as the ventricularis. 22 The ECs form single cell monolayers, express Von Willebrand factor,
produce vasoactive agents such as endothelin-1 and nitric oxide, and exhibit prostacyclin
activity. The ECs are oriented circumferentially and perpendicular to the direction of blood
flow. The ICs are a heterogenous (three phenotypes: myofibroblasts, fibroblasts, smooth
muscle cell like phenotype) and dynamic population of cells responsible for the constant
renewal of ECM. The ICs play a critical role in normal functioning of the valve and in the
initiation and progression of valve pathology. The phenotype of valve cells is influenced by
both the complex genetic programming30,93,94 as well as the local hemodynamic factors
such as leaflet stretch and surface shear stresses.56 Although valvular ECs share some
similarities with vascular ECs in terms of responses to mechanical stimuli, they are
genetically different120 and also have a higher propensity to undergo endothelial to
mesenchymal transition.15 Moreover, recent research also suggests that AV leaflet ECs on
either side of the leaflets show differential gene expression profiles, which could be
attributed to the conditioning due to different microenvironments on either side.15
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The AV opens during systole, which lasts for about 330 ms at a heart rate of 70 beats/min.14
Blood rapidly accelerates through the AV and reaches a peak velocity of approximately 1.2
m/s after the leaflets have fully opened. The flow begins to decelerate rapidly after peak
velocity is reached.88 The pressure gradient that is developed affects the low momentum
fluid near the wall of the aorta more than that at the center, causing reverse flow in the sinus
region.84 During systole the pressure difference required to drive the blood through the AV
is of the order of only a few millimeters of mercury; however, the pressure difference aortic
and ventricular side of the valve during diastole reaches 80–90 mmHg in normal individuals
at rest. The valve closes near the end of the deceleration phase of systole with very little
reverse flow through the valve. The annulus reaches its minimum size at the end of systole
and its maximum size at the end of diastole. During systole, vortices develop in all three
sinuses behind the leaflets of the AV. These vortices help to close the AV efficiently and
quickly. The closing volume, or backflow during closure, has been estimated to be less than
1% of the forward flow.13
Impact of AV Diseases
AV disease is a significant source of morbidity and mortality. Worldwide, AV disease is a
serious clinical condition, resulting in over 300,000 valve replacements per year, a number
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which is expected to triple by the year 2050.124 It is also a strong risk factor for other
cardiac-related deaths.70,76 In the developed world, 25% of patients 65 years old or older
have AV sclerosis, a characteristic of AV stenosis. AV calcification is the most common
cause of AV stenosis.63,85 Typically, AV diseases are characterized by inflammation,
fractured matrix fibers, thrombus formations, sclerotic, and calcific lesions107 and manifests
as stenosis, regurgitation or both.16 AV stenosis is caused by both age-related progressive
calcification and congenital malformations such as bicuspid AV (BAV). The decreased
valvular opening in stenosis causes an increase in pressure gradient across the valve, which
increases with severity of stenosis. Aortic regurgitation (AR) or insufficiency is a condition
where there is backflow of blood from the aorta into the ventricle. Around 50% of the cases
of aortic insufficiency are due to dilatation of the aortic root, which is idiopathic in most
instances. In about 15% of regurgitation cases, the cause is innate BAV, while another 15%
of the cases are due to retraction of the cusps as part of post-inflammatory processes of
endocarditis in rheumatic fever and various collagen vascular diseases.74
Bicuspid Aortic Valves
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BAV is a congenital condition occurring in 1–2% of all live births. BAVs are associated with
significant AS and AR requiring surgical intervention in most cases. Even though genetic
factors have been implicated as primary cause for BAVs, the role of hemodynamics in
accelerating complications has not been ruled out. BAVs are characterized by eccentric jet,
abnormal systolic flow, persistent folding of leaflet tissue, and extended areas of leaflet
contact.52,86,118 Turbulent flow structures are seen in the ascending aorta of BAV patients.
Hope et al. have observed helical flow in BAV patients with or without dilated aorta using
time-resolved phase-contrast magnetic resonance imaging. They indicate that the degree and
direction of flow jet eccentricity may determine the segmental aneurysm formation in BAV
patients. Altered hemodynamics in BAVs, in comparison with normal tricuspid AV (TAV),
has also been studied using numerical models. 54,118 Recently, Saikrishnan et al.90
characterized the hemodynamics associated with BAVs using surgically modified normal
porcine AV as BAV models. The valve models as such were investigated in terms of effective
orifice area, transvalvular pressure gradient, and peak flow rate. Particle image velocimetry
(PIV) was extensively used to study the fluid dynamics in the vicinity of BAV in terms of
vorticity, total kinetic energy (TKE), Reynolds shear stresses (RSS), and viscous shear
stresses (VSS). Figure 2 shows the comparison between velocity fields of a normal tricuspid
AV (TAV) and a BAV during peak systole, indicating a strong eccentric jet coming out of the
BAV and the associated vortex formation. In BAVs, presence of two sinuses (instead of three
in normal valves) drastically alters the vortex evolution (temporally and spatially), which
directly affects the shear stress experienced by the valve leaflets. In general, BAVs were
found to have higher TKE and RSS values compared to normal TAV indicating higher
fluctuations in fluid flow through these BAVs as shown in Fig. 3. These fluctuations may
evoke adverse mechanobiological reactions in BAVs.

MECHANICAL ENVIRONMENT AND MECHANOBIOLOGY OF AV
The structure and function of the AV is influenced by its surrounding hemodynamics and
mechanical microenvironment9 (Fig. 1). Valve mechanobiology studies have focused on
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elucidating how ECs and ICs sense and respond to hemodynamics-induced mechanical
stimuli such as stretch, shear, and transvalvular pressure. It has been well established that
AV degradation is not a passive process brought about by wear and tear due to aging. It is
rather an active process involving perturbation of valvular ECs and ICs by the local
mechanical forces.20,21 Ex vivo studies have shown that different mechanical forces act in
synergy to modulate and maintain a normal cellular phenotype. 119,122,123 Another important
aspect of AV cellular mechanobiology is the interactions between ECs and ICs. There are
relatively few co-culture studies performed on AV cells or tissues. Butcher and Nerem20
developed a 3D model of the AV leaflet comprising both ICs and ECs and determined the
cellular responses when exposed to different luminal flow patterns and suggested that ECs
are necessary to regulate the ICs phenotype and ECM synthesis. The significance of
interactions between ECM and valvular cells has been investigated as well. It has been found
that cellular and molecular events leading to AV disease are interdependent and entwined
with extra cellular-matrix maladaptation.23,30,71 Unfortunately AV disease is detected late in
the disease progression and is typically treated by AV replacement surgery. Thus, the gross
pathological changes and surgical treatments of sclerotic valves have received much
attention while the molecular mechanisms underlying AV disease are not well understood
yet. This situation warrants a detailed understanding of complex molecular pathways that
can lead to AV disease to be able to develop non-surgical treatment methods. Further,
identification of the biomarkers that can be detected in early AV disease is also vital to
successfully prevent and/or treat AV disease.
The following sections describe individual mechanical stimuli experienced by the native AV,
under normal and pathological conditions, with an emphasis on their relevance to AV
mechanobiology.
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Shear Stress
Physiologically, shear stress occurs on AV leaflet surface due to friction with flowing blood.
Shear stresses experienced by AV depend on flow conditions through the valve as well as
cyclic dynamic leaflet motion. Shear stresses directly affect the ECs lining each valve cusp,
which in turn transmit the signal to the underlying matrix and ICs. Different shear stress
patterns are known to elicit different EC responses, and disturbed flow has been shown to
promote cell proliferation, as well as morphology and gene expression dissimilar to laminar
flow in ECs.25,65 Further, shear stresses on the valve can also change with developing
pathology. Thus an accurate estimation of shear stresses experienced by the AV under both
physiological and pathological hemodynamics is critical for mechanobiology studies.
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Fluid mechanics of AV such as flow profiles, RSS, and turbulence characteristics have been
estimated using both experimental techniques (laser Doppler velocimetry, hot film
anemometry, PIV, MRI, Doppler ultrasound as well as computational modeling.54 Amongst
experimental techniques, laser Doppler velocimetry, hot film anemometry are point-by-point
high-resolution measurement techniques used to assess local hemodynamics, whereas PIV is
comparatively a lower resolution technique, but can be used to visualize global
hemodynamics such as turbulence, kinetic energy, and fluid flow characteristics. Using these
techniques, several research groups have reported shear stresses upstream,33 downstream72
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and near AV region in vitro under static and pulsatile flow conditions through either
prosthetic or native valves. Compared to the measurements on aorta near the valve region,
there are relatively few studies that reported the shear stresses on leaflet surface.
Computational models have been used to predict the average wall shear stresses across the
entire leaflet surface40 and also at varying degree of stenosis,99 however the geometry of the
aortic root used was simplified. Recently, Yap et al. measured shear stresses on both the
fibrosa (physiological and altered hemodynamics) and ventricularis (physiological
hemodynamics only) of the leaflet using two-component laser Doppler velocimetry. The
peak magnitudes of the shear stresses were found to be about 70 dynes/cm2 on ventricular
side,128 which occurs during systole and 23 dynes/cm2 on the fibrosa side127 during diastole.
On the ventricularis side, systolic shear stresses were much higher in, unidirectional with
little or no reverse flow, and similar to a half sine wave. This is contrary to the findings that
shear stresses experienced by the fibrosa are oscillatory in nature.24,41 Further, the same
study showed that the shear stresses experienced by the fibrosa are dictated by the
hemodynamics. As alterations in the hemodynamics such as high heart rate and low cardiac
output have been shown to affect several stages of cardiovascular disease continuum such as
endothelial dysfunction, plaque rupture, and myocardial infarction, 29,64 the shear stresses
under these altered conditions can be used in mechanobiology studies to gain more insights
into AV pathobiology. Conversely, ventricularis shear stress resembled half sinusoid during
systole and the direction of this shear reversed during late systole with a significant
magnitude, which could be attributed to the Womersley effect.
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Growing body of evidence suggest that the morphology of BAV can lead to adverse
hemodynamics both near the valve24,90,126 as well as in the ascending aorta,10,104 resulting
in turbulence and higher leaflet surface shear stresses. In these studies, shear stresses,
turbulence, and unsteadiness were found to be much higher in the normal, mildly, and
severely calcified BAV models relative to the normal TAV. The flow patterns associated with
fused leaflets of BAV were different in terms of wall shear stress pulsatility and magnitude
compared to that of its non-fused leaflet or TAV. The systolic shear stresses had a sinusoidal
variation and the diastolic shear stress resembled a decaying exponential curve. Both systolic
and diastolic shear stresses were higher on nonfused leaflet than the fused leaflet. These
variations have been shown in Fig. 3. Although genetic factors have been implicated in the
formation of BAVs,39,73 this altered microenvironment due to the BAV morphology itself
could be the reason behind accelerated progression of the disease condition.102
Shear Stress: Mechanobiology
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Shear stress regulates expression of proteins in ECs that control many opposing functions
such as vasodilation and vasoconstriction, thrombo-resistance and thrombogenesis, and
normal cell morphology and atherosclerosis. The morphological changes of ECs under shear
were induced by the assembly and re-orientation of the stress fibers, accompanied by
translocation and remodeling of cell substrate adhesion complexes, and transient formation
of punctate cell–cell adherent junctions, that may signal the nucleus to elicit a specific
cellular response. Several studies have characterized the role of shear stresses on vascular
biology and indicated that low and oscillatory shear stress is atheroprone; whereas, high
shear is atheroprotective. 18,53,56 It is also speculated that the reduced shear stresses on the
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non-coronary leaflet of the AV due to the lack of coronary flow is responsible for the
increased susceptibility to calcification of that leaflet37,77 (Table 1).
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Although AV stenosis may be akin to atherosclerosis, there exist distinct differences in the
phenotypes of both the cell types, warranting further studies on AV cells and its biology.
Further, compared to vasculature, there have been very few studies on the effects of shear
stress on AV. Two types of shear stress bioreactors—parallel plate system62 and cone and
plate viscometer,101 have been used thus far to investigate the role of shear stress in AV
biology and pathobiology, both in vitro and ex vivo. The parallel plate system is typically
used to apply a uniform laminar shear stress while the cone and plate device can be used to
impose uni-directional laminar shear or oscillatory and much more complex shear stress
variations. Recently Sun et al.103 refined the design of the original cone and plate device to
be able to expose either sides of AV to different shear stresses simultaneously, that closely
mimics the in vivo scenario. Earlier studies using these bioreactors mainly focused on the
role of shear stress in regulating valve matrix composition, remodeling, and phenotypic
changes. ECs sense the shear stresses and transmit the mechanical and biochemical signals
that regulate the phenotype and proliferation of ICs as well as control the ECM protein
expressions.20 Using parallel plate flow chamber, earlier studies clearly demonstrated that
changes in shear stress patterns (steady or pulsatile) are capable of affecting the ECM
protease and protein turnover balance in short durations. 81,119,122,123
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The magnitude and nature of shear stress experienced by either side of the valve differs
greatly and perhaps responsible for the differential gene transcription profiles observed in
healthy, porcine AVs.93 Gene profiling of porcine AV ECs showed that the expression of
protective markers such as osteoprotegerin (key regulator of inflammation), parathyroid
hormone (regulates Ca + 2 level and osteogenesis), c-type natriuretic peptide (cardiac and
smooth muscle cell growth regulator) and chordin (BMP antagonist) that regulate the ectopic
calcification were relatively low on fibrosa suggesting that fibrosa is more prone to disease
initiation compared to ventricularis. This difference is more pronounced in the calcified
valves, where the expression of the markers related to canonical BMP pathway such as
phosphorylated SMAD-1/5/8 were found to be higher on the fibrosa endothelium
corroborating the fact that fibrosa is more prone to disease initiation and progression.1,2
Side- and shear-specific expression on fibrosa side was also seen in response to altered shear
stresses, where inflammation markers such as VCAM-1, ICAM-1, TGFβ-1, and BMP-2,
four were significantly upregulated compared to ventricularis and were detected in the
endothelial and sub-endothelial regions (Fig. 4).50,51,100 Expression of these markers on
fibrosa endothelium in the presence of altered shear stresses indicates that the disease
initiation could be side-specific and shear-dependent and could be potentially mediated by
BMP-dependent pathway. Holliday et al.51 investigated the side-and shear-dependent
miRNA and mRNA expression in human AV ECs and identified some of the
mechanosensitive-miRNAs which were found to be important in remodeling, inflammation,
cell proliferation, and migration elsewhere (Fig. 5). Using the Ingenuity pathway analysis,
LPS/IL-1 mediated inhibition of RXR function (possibly a pro-atherogenic molecule78) and
sulfur metabolism (known in myocardium protection91) were suggested as shear-regulated
mechanisms that could possibly play a role in AV pathology, warranting further
investigation.
Ann Biomed Eng. Author manuscript; available in PMC 2017 June 06.
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In BAVs, surface shear stresses differ between the fused and non-fused leaflets. One of the
studies that looked at the biological implications of the altered shear stresses due to BAV
morphology was by Sun et al.102 Non-fused leaflet of BAV and TAV wall shear stresses
maintained homeostasis whereas the shear stress of fused leaflet of BAV activated the
fibrosa endothelium by up-regulating the expression of ECM proteases, inflammatory
markers as well as osteogenesis related proteins in short time frame as less as 48 h. These
findings demonstrate that altered shear stresses can significantly alter the valve cell
phenotype, inducing inflammation, osteogenic differentiation in a side specific manner and
thus eventually valve degeneration and calcification, apart from the underlying genetic
factors.
Pressure
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During the course of a single cardiac cycle, the pressure on the aortic cusps cyclically varies
changing the stress and the strain in the leaflet tissue. In healthy individuals, the AV offers
negligible resistance to the forward flow of blood (systole) and the pressure drop across the
valve is under a few22 mmHg. In mild stenosis cases, the mean systolic pressure drop is
around 20 mmHg during systole. In severe cases, the mean systolic pressure drop is higher
than 40 mmHg.46 During diastole, a closed AV endures a transvalvular pressure gradient of
approximately 80–100 mmHg acting normal to the leaflet area. With systemic hypertension,
the transvalvular gradient can reach as high as 180–200 mmHg122,123 during diastole. This
normal force is supported by the AV leaflets’ fibrosa layer and transmitted from the collagen
fibers to the preferentially aligned ICs.112
Pressure: Mechanobiology
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Hypertension plays an important role in the initial stages of aortic stenosis as it is found in
one-third of patients with symptomatic aortic stenosis.3 Elevated pressures experienced
during mild to severe hypertension increase the mechanical strain experienced by the leaflets
and may play a key role in activation of several complex biological networks that induce
endothelial dysfunction, altered remodeling, and inflammation.83 In the past, most of the
studies were performed with chondrocytes, human umbilical vein cells,49 osteoblasts,
vascular smooth muscle48 and AV ECs.114 Apoptosis, ECM composition and stiffness, cell
proliferation signaling and adhesion are influenced by pressure and the modulation levels of
these processes are mixed depending on the pressure level. However, it is unclear as to how
hypertensive pressure is involved in early AV disease pathophysiology (Table 2).
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In vitro studies have progressed from static pressure experiments122 to investigating the
effects of dynamic pressure on AV mechanobiology.67,95 One of the early studies that
examined the effects of pressure on AV leaflets demonstrated that increase in pressure
decreased the α-SMA expression.119 Isolated pathological stretch on the other hand
increased the α-SMA expression.6 The opposing effects of stretch and pressure on α-SMA
expression therefore suggest that the combined normal physiological hemodynamic forces
may act to maintain the quiescent phenotype and prevent expression of activated contractile
phenotype which was also shown using a novel ex vivo stretch and pressure bioreactor.106
Calponin and Caldesmon, associated with the actin bundling and polymerization, showed
similar trends to that of α-SMA, indicating that these markers play a role in maintaining the
Ann Biomed Eng. Author manuscript; available in PMC 2017 June 06.
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valve IC phenotype as shown in the Fig. 6. Vimentin, a protective cytoskeletal component
that provides stiffness, also decreased at combined pathological stretch and pressure,
indicating that its protective function may be compromised under pathological conditions.
Hypertensive pressure significantly reduced cathepsin L activity and down regulated
MMP-2/9 expression moderately, indicating the pressure-dependent regulation of these
proteases,81 and further, thickness of fibrosa and spongiosa increased relative to ventricularis
in case of pathological stretch and pressure conditions, 106 owing to altered ECM
remodeling. Warnock et al. investigated the immediate response of the elevated pressure on
valve ICs, and found significant up regulation of VCAM-1 (inflammatory marker) and down
regulation of osteopontin (endogenous downregulator of ectopic calcification). Further, gene
array results indicated that approximately 50% of the genes including matrix
metalloproteinase (MMP)-1, MMP-3, interleukin (IL)-6, and pentraxin-3 that are involved in
tumor necrosis factor (TNF)-alpha network were impacted by the hypertensive conditions.
In a separate study by the same group using AV ICs on collagen constructs, it was found that
cyclic strain up regulated the expression of VCAM-1, suggesting that cyclic strain might be
a more significant stimulus in evoking this response. These markers are known to be
involved in inflammation, tissue remodeling, and calcification, and indicate that the
pathological processes can be triggered due to hypertensive pressures. Thus these studies
indicate that hypertensive pressures alter the inflammatory and remodeling response
mediated by valvular ICs, and thus contribute to the AV disease progression.
Although the above studies have investigated the mechanobiological effects of pressure in
isolation, 66,67,95,117 it must be noted that pressure causes increased stretch on the leaflets
through tensile-compressive and bending forces. Hence, future studies must investigate these
two forces in combination, rather than in isolation.4,106
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Leaflet Strain
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The mechanics of valve tissue is complex with a highly non-linear stress–strain relationship.
A majority of these stresses and strains are induced by a complex interplay between blood
flow dynamics and vale cusp tissue. The changes in internal structure of the AV leaflet tissue
with strain majorly affect the stress distribution in the leaflet. During the course of each
cardiac cycle, the AV undergoes a combination of normal, bending, tensile, compressive,
and shear stresses. Shear and normal stresses (induced by pressure) have been discussed in
previous sections. Bending stress in AV is both tensile and compressive, with the inflow-side
experiencing tensile stress while the outflow-side experiences compressive stress. Indeed,
the curvature of the leaflet is integral in ensuring proper coaptation and long-term
functionality and viability of the valve cusp.109–111 Ragaert et al.82 have characterized the
flexural mechanical properties of porcine AV leaflets (coronary and non-coronary) using
indentation and static rupture tests, and quantified the maximum extension before breaking
(~3 mm), stiffness (~6 N/mm), and maximum load before rupture (~13 N). Layer specific
flexural properties have been extensively studied as well.34
The AV leaflets exhibit anisotropic strain because the collagen in the circumferential
direction provides greater tensile strength. Leaflet strain may be rapidly lost as the tissues
become less extensible with increasing age. This is primarily because continued collagen
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fibrillogenesis over the lifetime of an individual increases the diameter of some of the
constituent fibrils, requiring greater force to produce the same extension.108 This
progressively reduces the AV strain with age progression, with drastic reduction occurring
before the age of 25.26 Radial direction, which is mainly composed of elastic fibers, shows
higher strain. Missirlis and Chong,69 Brewer et al.,19 Thubrikar et al.112 reported in vivo AV
leaflet strains to be approximately 10 and 40% in the circumferential and radial directions,
respectively. This data is comparable across different species. Yap et al.125 measured the
strains on porcine AV cusps under different hypertensive pressure conditions in an ex vivo
flow loop system by tracking markers on leaflet surface using stereo photogrammetry. In
terms of strain profile, the diastolic strain of the leaflets followed the transvalvular pressure
gradient and the systolic strain followed the flow curve. These dynamic strain characteristics
were used as the reference value for various physiological and pathophysiological ex vivo
studies6 from the same investigators, as explained in the next section. Efforts are underway
by Kai et al.57 to measure strain in surgically stitched BAV models. Sacks and co-workers98
have characterized the biaxial mechanical behavior of fibrosa and ventricularis layers
separately and found out that these layers exhibit different nonlinear anisotropic (quasielastic) behavior. The fibrosa behaved similar to the intact native tissue, but less compliant,
under biaxial loading. They also inferred that the ventricularis dominates the mechanical
response of the intact tissue in the radial direction at higher stress levels. This biomechanics
study sheds light on the layer specific properties of the AV leaflets, which is very critical in
developing constitutive models of the AV for numerical studies.
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Numerical models are gaining prominence in recent times to characterize the stress
distribution on native AV leaflets and malformed (bicuspid) leaflets.31,42,54,118 The
maximum in-plane stresses in these BAVs increased by as high as 161% when the material
properties were changed by ±25% as compared to normal TAV stresses. Weinberg et al.118
developed a multiscale finite element model for comparing BAV and normal TAV and they
observed that cellular deformations between these two are not significantly different. It was
implied that the calcification found in BAVs may be triggered by factors other than simple
geometric parameters, suggesting that calcific aortic stenosis in BAVs may be caused by
genetic factors.
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The knowledge gained from strain quantification studies has been translated to cell level in
vitro studies to investigate differentiation of ICs to osteoblasts or myofibrolasts.32 Cell level
effects are investigated by isolating the cells36 and subjecting them to strain or by using
imaging techniques to investigate the cell behavior while the entire AV leaflet tissue is
stretched.66 Even though different strain levels have been used in various in vitro and ex
vivo studies to elucidate cell level effects, it has been established that non-physiological
strain leads to pathological conditions in AV leaflets in terms of inflammation, remodeling,
and calcification.
Strain: Mechanobiology

Ex vivo and in vitro stretch simulation studies on AV leaflets have been broadly of two
kinds: (1) Effect of cyclic strain on native leaflets in terms of remodeling, inflammation and
calcification markers and (2) cyclic strain effects on isolated AV cells loaded in scaffolds,
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and studying them from tissue engineering perspective. Native porcine AV leaflets when
subjected to varying stretch magnitudes, responded in a biphasic manner. The responses
were either biphasic in stretch magnitude in terms of metalloproteinase (MMP) activity and
tissue inhibitor of metalloproteinase (TIMP) expression, or reached a plateau, with no
significant difference between 15 and 20% stretch groups. The remodeling potential,
quantified in terms of MMP/TIMP ratio, it was observed that it peaked at 15% stretch group
in comparison with fresh and 10% stretch groups. The collagen content of the AV leaflets,
stretched to pathological levels for 48 h, was increased when compared to fresh and static
control leaflets (Fig. 7), while sGAG content was decreased in stretched leaflets compared to
fresh leaflets (Fig. 8).7 This increase in collagen content suggests that the leaflets adapt to
altered mechanical loading by either increasing synthesis, or decreasing degradation of
collagen. The reduced levels in sGAG content are attributed to the lack of compressive
stresses in this study (Table 3).
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In terms of ECM remodeling enzymes, it was observed that cathepsin L expression was
reduced by elevated cyclic stretch, while cathepsin S and K expression was increased (Fig.
9). In a recent study by Helske et al.47 it was revealed that cathepsin S, K, and V expression
and activity were the cathepsin sub-types that were upregulated in stenotic AVs. Elevated
cyclic stretch also increased the collagenase and gelatinase activity. Further, pathological
level of stretch has been shown to induce AV calcification in a BMP-dependent manner (Fig.
10). BMPs have been established as markers in early calcification progression in cultured
vascular and valvular cells.27,68,75,96,97 It was also observed that the BMP antagonist noggin
was able to downregulate the stretch induced osteogenic and calcification events (ALP
activity, Runx2 expression, and calcium levels in the leaflets). It has been indicated that an
atherogenic environment results in activation of the valve ICs leading to initial expression of
BMP-2 and BMP-4 leading to expression of the downstream transcription factor Runx2.8
The fibrosis effect of neurotransmitter serotonin (5-hydroxytryptamine, 5HT) on heart
valves has been well documented.38,45,55 Peña-Silva et al.80 reported that elevated serotonin
levels can result in increased oxidative stress in the valve cusp potentially leading to stenotic
valve disease. 5-HT-induced valve stiffening may occur throughout the valve cusp resulting
in reduced valve curvature and ability of the valve to coapt effectively.

Author Manuscript

Cell level cyclic strain studies have been garnering lot of interest from tissue engineering
and regenerative medicine community. These cell level models have progressed from 2D
strain application61,105 to 3D cultures.43,44 Valve fibroblasts in these 3D models have shown
cell differentiation and matrix synthesis. To understand the activation of fibroblasts, cell, and
tissue based models have been developed.79 Different substrates (fibrin, collagen based) for
tissue engineered heart valves were investigated17 and their mechanical behavior, fiber
orientation, and resultant ECM of the construct in response to mechanical conditioning have
been reported.28,87 Further an in vitro model was also developed to quantify the stress
generation, compaction, and retraction of tissue-engineered constructs seeded with human
vascular-derived cells.113 On the other hand, it was found that a synergistic combination of
biological (BMP4) and mechanical forces are required to induce the same level of SMA,
runx2, and OPN expressions in human valvular ICs populated scaffolds as that of isolated
cells. Butcher et al. demonstrated that cyclic strain induces time dependent (48 and 96 h)
valvular IC orientation and collagen alignment, which in turn influenced alpha SMA (gene
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ACTA2) levels. Recent gene expression studies by Warnock and co-workers95 indicated that
15% cyclic strain reduces expression of pro-inflammatory genes by ICs loaded in collagen
constructs. Any other strain value induced inflammatory response by the valvular ICs as
measured by inflammatory marker VCAM-1 and mechanosensitive gene OPN.95

EFFECTS OF COMBINED MECHANICAL STIMULI

Author Manuscript
Author Manuscript

Mechanobiology studies of AV in the presence of each of the isolated mechanical stimuli
(shear, stretch or pressure) while keeping the others constant aid in understanding how each
mechanical stimulus plays a role in regulating AV biology and pathophysiology. However,
the knowledge gained from the studies where AV is subjected to the combined mechanical
stimuli, i.e., mimicking its native in vivo state is as critical and helps us understand the
interplay of each stimuli in regulating the AV health. There have been recent initiatives to
study the mechanobiological effects of combined stimuli.4,11,12,58,106,116 One such attempt
was made by Konduri et al.58 using an ex vivo pulsatile organ culture system, subjecting a
native AV along with its root to its physiological hemodynamics. ECM composition (sGAG,
elastin, and collagen content), cell viability, proliferation as well as the α-SMA content was
preserved in cultured leaflets. However, under static conditions, a decrease in sGAG, elastin,
and α-SMA content with significant cell death (Fig. 11) compared to fresh and cultured AVs
was seen indicating that mechanical stimuli are indeed required to preserve native
composition and function of the AV leaflets. Warnock and co-workers95 studied the
inflammatory response of AV ICs when subjected to cyclic strain and pressure together, and
found the synergistic response to be different than the individual response in terms of
inflammatory markers such as VCAM and OPN mechanosensitive genes. Another group
developed a flexure, stretch, and flow bioreactor where each of these stimuli can be
independently controlled and can be used for studying the mechanobiological responses to
physiological and pathological stimuli.35 Apart from understanding the effect of complex
mechanical stimuli on AV biology, bioreactors like these could potentially be used to
mechanically condition the tissue-engineered AVs to develop the natural ECM92 and also
assess the resultant deformations experienced by the valves using the real time non-invasive
measurement techniques.59,60

DISCUSSION

Author Manuscript

Calcification of the AVs was once thought to be a degenerative process and passive
deposition of hydroxyapatite crystals. It has been established that AV disease progression is
a very dynamic and complex process, involving interplay of altered mechanical environment
and molecular mechanisms. New approaches and models have helped to characterize the
mechanical environment of the AV better. This review highlighted recent progress in
understanding the complex mechanical environment of AV and its mechanobiological
implications that play major role in maintaining AV health. A three-pronged approach of in
vitro (cell level), ex vivo (tissue level), and in vivo (animal models and patient trials) have
been adapted by several groups to investigate the molecular pathways and key genes
involved in AV disease at multiple scales, right from the gene level to molecular level
studies. These investigations clearly indicate that mechanical stimuli, even when slightly
altered, can alone trigger AV disease progression apart from the genetics and other
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biochemical factors. However, most of these mechanobiology studies employed simplified
stimuli. Future studies should focus on investigating the mechanobiological implications of
the complex physiological and realistic mechanical environment in order to gain a
comprehensive understanding of the cellular and pathophysiologic processes involved in AV
inflammation and calcification. This knowledge will also aid in development of more
competitive tissue engineered valves as well as in devising potential therapeutics and early
diagnostics against the AV disease.
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FIGURE 1.

Illustration showing the different mechanical stimuli experienced by the AV endothelial and
interstitial cells during a cardiac cycle: (a) Systolic mechanical forces and (b) diastolic
mechanical forces.8
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FIGURE 2.

Velocity field of a normal tricuspid AV (bottom row) and a BAV (top row) model, showing
the eccentric systolic jet in BAV. Red arrow indicated the direction of flow90 (RSS—
Reynolds shear stress, VSS—viscous shear stress, TKE—total kinetic energy).
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FIGURE 3.
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(a) Shear stress variation on AV leaflet surface on aortic side during systole and diastole. (b)
Shear stress fluctuations in comparison with normal tricuspid valve and a BAV. Note the
higher fluctuations in shear stress values as reflected in the “standard deviation” values for
BAV.127
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FIGURE 4.
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Semi-quantitative analysis of immunohistochemical staining of cell-adhesion molecules,
BMP-4, and TGF-β1 after exposing porcine AV leaflets to normal and altered shear stress
for 48 h in DMEM medium. A—aortic surface, V—ventricular surface, * p < 0.05 vs.
fresh.100
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FIGURE 5.

Predicted targets of shear responsive miRNAs in AV showing cellular functions important in
aortic valve disease using Ingenuity Pathway Analysis and AmiGO. OS—oscillatory shear,
LS—laminar shear, FO—fHAVECs under OS, VL—vHAVECs under LS, VO—vHAVECs
under OS.51
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FIGURE 6.
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Immunoblot bands for (a) α-SMA and (b) Caldesmon with β-actin as loading controls.
Expression of the various proteins normalized to β-actin and then the 10% stretch case (*
p<0.05, # p<0.10).66
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FIGURE 7.

Collagenase activity progressively increased in porcine AV leaflets with increasing cyclic
stretch. Activity was significantly higher at 15 and 20% cyclic stretch compared to fresh
controls, static controls and 10% stretch. There was no significant difference in collagenase
activity between fresh, static and 10% stretch groups (n refers to number of experimental
samples).7
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FIGURE 8.

Changes in the content of sulfated glycosaminoglycan of porcine AV leaflets subjected to
the following treatments: fresh control, static incubation, 10% cyclic stretch, 15% cyclic
stretch after 48 h. sGAG significantly decreased with increase in cyclic stretch levels (n
refers to number of experimental samples).6
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FIGURE 9.

Semi-quantification of cathepsin immunohistochemical staining of porcine AV leaflets
subjected to cyclic stretch. Cathepsin L appears to be dominant one in the fresh valve, while
15% stretch significantly increased expression of cathepsins S and K. Cathepsin S and K
expression was significantly (p <0.05) lower at 20% stretch compared to 15% stretch (n
refers to number of experimental samples).7
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FIGURE 10.

BMP-2 and BMP-4 expression in porcine AV leaflets was significantly (p<0.05) increased
by 15% stretch compared with 10% stretch (n refers to number of experimental samples).38
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FIGURE 11.
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Apoptotic cell population in porcine AV leaflets showed no significant difference between
the fresh and leaflets cultured in organ culture system, while there was significant increase in
static controls compared to cultured leaflets.58
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Mechanobiological effects of shear stress.
Markers

With increase in shear stress

References

ECM proteins

Collagen ↑, sGAG ↓, MMP-2, 9 ↑, TIMP-2 ↑, cathepsin-L ↓ on ventricularis

81, 121

Inflammation

ICAM-1 and VCAM-1 ↑ on fibrosa

50, 100, 102

Osteogenesis

BMP-2, 4 ↑, TGF-β ↑ on fibrosa, higher in BAVs

50, 100, 102

miRNA

LPS/IL-1 mediated inhibition of RXR function

51

Author Manuscript
Author Manuscript
Author Manuscript
Ann Biomed Eng. Author manuscript; available in PMC 2017 June 06.

Arjunon et al.

Page 31

TABLE 2

Author Manuscript

Mechanobiological effects of pressure.
Markers

With increase in pressure

References

ECM proteins

Collagen ↑, sGAG ↑, MMP-2, 9 ↓, MMP-1, 3 ↑, osteopontin ↓

117, 123, 115

Phenotype

SMA ↓

122

Inflammation

VCAM-1 ↑, pentraxin-3 ↑, TNF-α ↑, IL-6 ↑

117, 115
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Mechanobiological effects of strain.
Markers

With increase in strain

References

ECM proteins

Preserved elastin, MMP-1, 2, 9 ↑, TIMP-1 ↓, sGAG ↓, collagen ↑, cathepsin-L ↓, cathepsin-S, K ↑

6–8

Phenotype

α-SMA ↑

7, 8

Inflammation

ICAM-1 and VCAM-1 ↑

95

Osteogenesis

BMP-2, 4 ↑, TGF-β ↑

8, 27, 67

Effect of 5-HT

Collagen ↑

5, 38, 55
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