Cyclic strain induces dual-mode endothelialmesenchymal transformation of the cardiac valve
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Endothelial-mesenchymal transformation (EMT) is a critical event
for the embryonic morphogenesis of cardiac valves. Inducers of
EMT during valvulogenesis include VEGF, TGF-β1, and wnt/β-catenin
(where wnt refers to the wingless-type mammary tumor virus integration site family of proteins), that are regulated in a spatiotemporal manner. EMT has also been observed in diseased, strain-overloaded valve leaflets, suggesting a regulatory role for mechanical
strain. Although the preponderance of studies have focused on the
role of soluble mitogens, we asked if the valve tissue microenvironment contributed to EMT. To recapitulate these microenvironments
in a controlled, in vitro environment, we engineered 2D valve endothelium from sheep valve endothelial cells, using microcontact
printing to mimic the regions of isotropy and anisotropy of the leaflet, and applied cyclic mechanical strain in an attempt to induce EMT.
We measured EMT in response to both low (10%) and high strain
(20%), where low-strain EMT occurred via increased TGF-β1 signaling and high strain via increased wnt/β-catenin signaling, suggesting dual strain-dependent routes to distinguish EMT in healthy
versus diseased valve tissue. The effect was also directionally dependent, where cyclic strain applied orthogonal to axis of the engineered valve endothelium alignment resulted in severe disruption
of cell microarchitecture and greater EMT. Once transformed, these
tissues exhibited increased contractility in the presence of endothelin-1 and larger basal mechanical tone in a unique assay developed
to measure the contractile tone of the engineered valve tissues. This
finding is important, because it implies that the functional properties
of the valve are sensitive to EMT. Our results suggest that cyclic mechanical strain regulates EMT in a strain magnitude and directionally
dependent manner.
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ardiac valves are sophisticated structures that function in a
complex mechanical environment, opening and closing more
than 3 billion times during the average human lifetime (1). Initially considered passive flaps of tissue, it is now acknowledged that
valves contain a highly heterogeneous population of endothelial
(VEC) and interstitial (VIC) cells. The VICs exist as synthetic,
myofibroblast, or smooth muscle-like phenotypes (2, 3) and alter
their tone in response to vasoactive mediators (4–7). The VECs
line the surface of the valve leaflet and are unique in their ability
to undergo endothelial-mesenchymal transformation (EMT), a
process that is crucial for valvulogenesis (8, 9). Recent clinical
evidence of EMT has been observed in pathologies such as ischemic cardiomyopathy and concomitant mitral regurgitation and
is correlated with increased leaflet mechanical strains (10, 11).
These pathological strains can be oriented obliquely to cell and tissue orientation (12, 13), suggesting the possible interaction between mechanical forces and tissue architecture in regulating EMT.
Prior work has focused on the regulation of EMT via soluble
factors. Modulation of VEGF and increases in wnt/β-catenin and
TGF-β1 expression, among other factors, direct EMT during valvulogenesis (8, 14) and in the mature valve (15, 16). Additionally,
www.pnas.org/cgi/doi/10.1073/pnas.1106954108

mechanical forces are known to modulate valve remodeling and
disease progression (17, 18). However, the influence of mechanical forces and its synergy with tissue architecture in influencing
cardiac valve EMT is unknown. During embryonic development,
valve morphogenesis has been correlated with an increase in fluid
shear stresses, mechanical strains, and altered geometry of the
developing heart (19–22). These observations potentially suggests
interaction between mechanical forces and the factors that regulate EMT. Additionally, it is also unknown if EMT results in a
functional change of the VEC to a contractile myofibroblast-like
VIC.
We hypothesized that cyclic strain may potentiate valve EMT
in a manner dependent on cell orientation and the direction of
applied strain. We developed an in vitro model that combines
cyclic stretching of engineered valve endothelium reconstituted
from primary sheep VECs for biochemical and expression studies. In addition, we present a functional assay for EMT using
valve thin films (vTFs), a biohybrid construct of the engineered
valve endothelium on an elastomer thin film that is deformed
during tissue contraction. We report strain-dependent dual-mode
EMT, with TGF-β1 signaling triggering EMT under low strain
(10%) and wnt/β-catenin signaling under high strain (20%). We
also report strain-dependent increased contractility of transformed VEC tissues when treated with endothelin-1, suggesting
transformation of the normally noncontractile VEC to a contractile VIC-like cell.
Results
In Vitro Model for Engineered Valve Endothelium. VECs typically

align perpendicular to flow (23, 24), resulting in an anisotropic
alignment on the inflow surface that is oriented circumferential
to the valve leaflet (23, 25). VECs in the outflow surface generally
exhibit no preferred orientation and are isotropic (23) due to
oscillatory blood flow patterns (26). Mechanical stresses are
oriented circumferentially in the healthy valve and are altered
from increased hemodynamic pressures or aberrant deformations
due to altered wall stresses during the contractile cycle during
ischemic cardiomyopathy. These altered stresses typically manifest as altered strains (1, 12, 13, 27). In an attempt to mimic this
cell microenvironment in a simplified model, we engineered 2D
lamellae of primary ovine VECs by seeding the cells on micropatterned (28) deformable elastomeric substrates. To produce
isotropic lamellae, we seeded the endothelial cells on a uniform
layer of fibronectin (Fig. 1A). When seeded, the cells spread
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Fig. 1. In vitro experimental model. Isotropic (A and
B) and anisotropic (C and D) valve endothelial lamellae
were engineered via micropatterning of fibronectin
and seeding VECs, as shown by phase contrast microscopy. (Scale bar: 100 μm.) Tissue lamellae were engineered on an elastomeric membrane and clamped
using aluminum brackets. The silicone membrane can
be assembled such that strain can be imposed parallel
(physiological) or orthogonal (pathological) to tissue
alignment (E). Tissue was cyclically stretched at 1 Hz
(F). Plot of one cycle of Lagrange strain that was representative of low (10%) or high (20%) cyclic strain magnitude (G). Schematic of all experimental conditions
are shown in Fig S1.

pleomorphically and formed cell–cell junctions with random
alignment (Fig. 1B and Fig. S1). To build an anisotropic monolayer, we seeded the endothelial cells on alternating lanes of
variable fibronectin density (5 and 50 μg∕mL) (Fig. 1C) where
the cells settled and self-organized into an aligned monolayer
(Fig. 1D and Fig. S1).
These engineered endothelium were assembled into a custombuilt, cyclic stretcher device in which the percent strain and direction of stretch relative to tissue architecture could be varied. In
our case, in addition to tissue architecture, there were three strain
conditions: control (unstretched), 10% (low) (Movie S1), or 20%
(high) (Movie S2) cyclic tensile strain at 1 Hz, either parallel or
orthogonal to the axis of cell alignment, simulating healthy or diseased conditions, respectively (12, 13) (Fig. 1 E–G and Fig. S1B).
In isotropic VEC tissues, actin fibers were randomly arrayed
throughout the cell bodies (Fig. 2A, i), whereas in anisotropic tissues, the actin cytoskeleton aligned with the long axis of the cells,
parallel to the underlying fibronectin pattern (Fig. 2A, ii), as indicated by phalloidin staining. When tissues were cyclically
strained (10%) for 24 h, originally VECs in isotropic tissues remodeled with respect to the direction of the applied strain, with
elongated cells and alignment of the actin cytoskeleton relative to
the direction of stretch (Fig. 2A, iii). When anisotropic endothelium was stretched parallel to the longitudinal axis of the tissues,
increased intercellular alignment of actin fibers was observed
(Fig. 2A, iv), Conversely, when cyclic stretch was applied orthogonal to the longitudinal axis of the anisotropic tissues, actin fiber
alignment was disrupted, with alternating regions of actin fibers
aligned with stretch, or the underlying fibronectin (Fig. 2A, v).

When the engineered tissues were cyclically stretched for the same
time period, but at 20% strain, actin fibers in the isotropic tissues
again aligned with the direction of stretch (Fig. 2A, vi). In anisotropic tissues, stretch parallel to the tissue orientation maintained
actin alignment (Fig. 2A, vii), but when anisotropic tissue was
stretched orthogonally, severe disruption of actin fibers was observed relative to those stretched at 10% (Fig. 2A, viii). We quantified the actin alignment (Fig. S2A) with an analysis technique
adapted from crystallography (29) to quantify the probability that
actin fibers would be coaligned, termed the orientational order
parameter (OOP) (30). The actin OOP was significantly greater
in anisotropic engineered endothelium stretched 10% parallel
to the longitudinal direction versus the actin OOP in the other
conditions (Fig. 2B). Nuclear morphology reflected local actin
alignment, rounder in isotropic tissues, and elongated in anisotropic tissues with the long axis of the nucleus parallel to the cell
shape and alignment. Nuclear eccentricity, which is a normalized
measure of nuclear elongation (Fig. 2C), and cell aspect ratio
(Fig. S2 B and C) largely mimicked actin orientation. Interestingly,
the observed alignment of VECs in our tissues with the axis of applied cyclic strain differs from the behavior of vascular endothelial
cells (31, 32) but is similar to that of cardiomyocytes (33, 34). These
results suggest the ability of cyclic strain to significantly promote or
disrupt overall tissue architecture and cell remodeling depending
on its magnitude and direction with respect to the initial orientation of the engineered valve endothelium.
Cyclic Strain-Induced EMT of VEC Tissue. The cyclic mechanical loading of the valves during the cardiac cycle has been shown to trig-

Fig. 2. Cyclic strain resulted in robust tissue alignment and increased actin OOP and nuclear eccentricity. Representative micrographs of actin and DAPI
immunostained valve tissue (A). (Scale bar: 20 μm.)
Actin orientation order parameter (B), and nuclear
eccentricity (C) were quantified for each of the tissue
treatments based on the immunostained tissue samples. All graphs, mean  SEM; n ¼ 8; *p < 0.05.
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Strain-Induced EMT Results in Altered Tissue Contractile Function. In
native valves, VICs can exist as contractile myofibroblasts (37, 38)
that respond to vasoactive mediators such as endothelin-1 (ET-1)
and serotonin (4, 5). We asked if we could measure the extent
of EMT via a functional transformation of the normally noncontractile VEC to a contractile VIC. We modified a muscle tissue
contractility assay developed in our laboratory (39, 40) to measure the contractility of transformed cardiac vale tissue, termed
a cardiac valve thin film. The vTFs are biohybrid constructs where
an engineered tissue adheres to ECM on a polydimethylsiloxane
(PDMS) thin film. The vTF bends during cellular contraction and
the radius of curvature is an indication of the contractile strength
of the tissue (Fig. 4A). We examined the response of the cyclically
strained anisotropic valve tissues (10% and 20%) to ET-1, potassium chloride (KCl), and the rho-kinase inhibitor HA-1077 versus
unstretched controls (Fig. 4B and Movie S3). High-strain tissues
(20%) generated significantly higher contractile stress in response to ET-1 compared to low-strain tissues (10%) and controls
(Fig. 4 C and D), suggesting transformation of a greater fraction
of VECs to the more contractile myofibroblast phenotype under
high-strain magnitude. We calculated tissue basal tone by stimulating tissue with an excess of HA-1077 (100 μM). Basal tone of
low-strain tissue was significantly higher than control, but significantly lower than high-strain tissue (Fig. 4E). Our data suggest
that tissues after EMT are likely comprised of transformed,
contractile myofibroblast-like cells as shown by greater contractile response and increased basal tone, also supported by strong
α-SMA expression reported in the previous section. The fact

Fig. 3. Cyclic strain resulted in EMT of valve endothelial tissue. Representative micrographs (A) VEC tissue stained for DAPI and α-SMA with α-SMA expression
indicative of EMT (blue, nuclei; white, α-SMA). (Scale bar: 50 μm.) Western blotting quantitatively demonstrate EMT via increased α-SMA expression (B) and
reduced CD31 expression (C) in samples that were cyclically strained. Quantitative flow cytometry (D) also demonstrated EMT via reduced VE-cadherin-positive
cells and increased α-SMA-positive cells. All bar graphs, mean  SEM; n ¼ 6; *p < 0.05.
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ger a number of cellular processes within the cardiovascular system (17, 35). We asked if cyclic strain potentiated EMT in our
engineered valve endothelium via increased expression of the
mesenchymal marker α-smooth muscle actin (α-SMA) and downregulation of endothelial markers VE-cadherin and CD31 (36).
Isotropic samples cultured at 0% strain (Fig. 3A, i) were immunonegative for α-SMA expression, indicating that this condition is
representative of the static cell culture of VECs. The anisotropic
tissues showed some indication of EMT with isolated cells occasionally stained positive for α-SMA within the tissue (Fig. 3A, ii).
In cyclically strained samples, we observed robust increases in
α-SMA expression (Fig. 3A, iii–viii). Expression of α-SMA was
statistically greater in samples strained to 10% and 20% compared
to 0% strain (Fig. 3B). At 10% strain, we observed significantly
increased α-SMA expression in anisotropic (parallel and orthogonal) samples compared to isotropic samples, whereas at 20%
strain, α-SMA expression was maximum in anisotropic-orthogonal
tissues, implying a strong link between cell architecture, imposed
mechanical strain, and cell phenotype. Western blotting showed
that CD31 expression (Fig. 3C) was reduced in tissues that underwent EMT, suggesting loss of endothelial phenotype. Quantitative
flow cytometry revealed a larger fraction of cells undergoing EMT
when cyclic strain was imposed orthogonal to initial tissue alignment (Fig. 3D). Our results suggest increased EMT potentiated
by cyclic strain. Additionally, the presence of α-SMA-positive stress
fibers (Fig. 3A) in the transformed cells suggests EMTas a possible
adaptive response to mechanical strain with increased contractile
myofibroblast expression that is characteristic of VICs (2).

Fig. 4. Valve thin film experiments demonstrating
altered tissue function due to cyclic strain-induced
EMT. Schematic representation of experimental
model (A). Anisotropic VEC issue was engineered on
an elastic membrane and stretched to induce EMT.
Tissue was released from membrane and attached
to polytetrafluoroethylene posts to quantify contractile stress response, based on alteration in radius of
curvature of tissue samples. Representative thresholded vTF images of 20% strain samples showing
initial configuration, contraction after ET-1, KCl,
and final relaxed configuration after HA-1077 (B).
(Scale bar: 1 mm.) Temporal change in tissue stress
demonstrated that induced contraction due to ET-1
and KCl, and tissue relaxation following HA-1077
was dependent on strain magnitude (C). Induced
contractile stress due to ET-1 relative to initial tone
in tissues stretched to 0%, 10%, and 20% strain demonstrated strain magnitude-dependent responses
(D). Total tissue basal tone relative to initial tone in
samples stretched to 0%, 10%, and 20% strain demonstrated strain magnitude-dependent responses
(E). All graphs, mean  SEM; n ¼ 8; *p < 0.05.

that high mechanical strain induced an overall greater contractile
phenotype suggests that EMT is an adaptive or injury-response
mechanism of the VECs to aberrant cyclic mechanical loading.
Strain-Induced EMT Occurs via Different Pathways Depending on
Strain Magnitude. We asked what signaling pathways were activated

to induce EMT during cyclic loading, and if there was evidence
of an adaptive response depending on strain magnitude. Previous
reports suggest that EMT during valve morphogenesis is characterized by reduction in VEGF signaling and elevated TGF-β and
wnt/β-catenin signaling (8, 41). We observed reduction in VEGF
mRNA in all tissues that underwent EMT (Fig. 5A), consistent
with these previous studies. TGF-β1 mRNA (Fig. 5B) and protein
(Fig. 5C) expression was significantly increased at 10% strain compared to 0% or 20% strain. We noted phosphorylated-smad-2
(p-smad-2) nuclear expression in 10% strained cells that had undergone EMT (positive α-SMA expression) (Fig. S3A), indicating
potential activation of the TGF-β signaling pathway. Treatment of
tissues with activin receptor-like kinase-4/5/7/smad-2 inhibitor,
SB-431542 (42), inhibited smad-2 phosphorylation at both 10%
and 20% strain (Fig. S3C) but inhibited EMT only at 10% strain
(Fig. 5D). This result suggests EMT potentiated by TGF-β1/
smad-2 signaling at 10% strain and a different mechanism at
20% strain. Immunostaining (Fig. 5E) confirmed the expression of
β-catenin localized to cell–cell boundaries in all tissues, and also
revealed cytosolic expression of β-catenin in anisotropic 20%
strained tissues (Fig. 5E, vi and vii). Western blotting (Fig. 5F) revealed significantly increased expression of β-catenin in anisotropic
20% strained tissues (parallel and orthogonal), whereas RT-PCR
demonstrated increased wnt-1 mRNA expression (Fig. 5G) in
these same tissues, suggesting EMT occurring via elevated wnt/
β-catenin signaling under high (20%) strain. Overall, our results
suggest that VECs undergo EMT under both low- and high-strain
conditions via different signaling pathways. The former may reflect
processes for normal homeostatic renewal of VICs, whereas the
latter may indicate an adaptive injury response potentiated by
aberrant cyclic mechanical loading.
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Discussion
Prior work has focused on the role of soluble mitogens in regulating cardiac valve EMT during development (8, 41, 43–45).
Here, we used engineered valve endothelium, with enforced structural characteristics mimicking different regions of the valve, to
shed light on a unique role for cyclic strain and tissue architecture
in potentiating valve EMT in the adult valve. The indication of
increased wnt/β-catenin signaling in the high-stressed VEC structures points to potential reorganization of cell–cell contacts due to
orthogonal strain. Additionally, elevated and orthogonally applied
cyclic strain on anisotropic tissues caused increased EMT with expression of the myofibroblast phenotype, potentiating increased
Rho-associated protein kinase-mediated contractility and basal
tissue tone. The strong correlation between strain magnitude and
tissue contractility leads us to speculate EMT to be an active, adaptive cellular response. The presence of these contractile cells might
also elicit functional changes, leading to a stiffer valve (4), resulting
in altered fluid flow patterns and further impaired valve and cardiac function (1, 46). Thus, our results suggest that cardiac valve
disease (47) is characterized by abnormal strains leading to cellular
reorganization, remodeling (17, 18), EMT, and altered tissue tone
and stiffness (48), with activation of signaling pathways observed
during valve development.
Cardiac valve EMT shares several common themes with
epithelial-mesenchymal transdifferentiation (EpiMT), with both
processes manifesting during development (8, 41, 49). Researchers have previously identified a role for cell shape in EpiMT (50)
and have identified regions of endogenous mechanical stresses as
focal points for EpiMT within tissues (51), with expression of
myofibroblast phenotype (52), similar to our observations in this
study. Recent work has suggested roles for EpiMT in a variety of
pathologies such as cancer metastasis (49) and renal fibrosis (53),
and our work suggests potential targets in the form of mechanical
strains or molecules such as TGF-β, wnt, and β-catenin for further
study.
Finally, our finding of dual-mode potentiation of EMT
suggests a more fundamental question: Can we consider EMT
as a “waypoint” in the valvular genotypic and phenotypic hyperspace, in order to reach a stable attractor state (balanced population of VECs, and VICs with mesenchymal phenotype) (54, 55)?
Balachandran et al.

Why do we observe EMT in low strain in our model even though
that is not commonly observed in healthy adult valves (11)? This
acute transformation of VECs suggests that newly engineered
VEC lamellae are closer in behavior to developing valves that are
primed to undergo exuberant EMTeven under normal, low-strain
conditions (56). It is also possible that the absence of VIC-like
cells, as in our initial VEC tissues, may predispose VECs to undergo EMT to achieve a balanced population of both cell types.
Our results suggest a role for EMT in the adult valve as a means
for maintaining valve cell phenotype.
Methods
A detailed description of the experimental methods and protocols is included
in the SI Text. Methods are briefly described below.
Tissue Engineered in Vitro Model of VEC Tissue. We engineered isotropic or
anisotropic lamellae of valvular endothelium on elastomeric membranes
via micropatterning of fibronectin (28) and seeding VECs to achieve a confluent monolayer (Fig. 1 A–D). VEC monolayers were subject to 0% (control),
10%, or 20% uniaxial cyclic strain at 1 Hz for 24 or 48 h using a custom-built
cyclic stretcher device (Movies S1 and S2). The latter two strain magnitudes
are representative of low- or high-strain regimes in mammalian cardiac
valves (27, 57). Cyclic strain was either applied parallel (termed “anisotropic”)
or orthogonal (termed “anisotropic-orthogonal”) to initial tissue alignment,
simulating healthy or diseased valves (12, 13). The experimental protocol for
cyclic strain is depicted schematically in Fig. S1.
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Biochemistry. Immunostaining, flow cytometry, Western blotting, and RT-PCR
were performed using standard techniques detailed in the SI Text. Primers
used for RT-PCR are outlined in Table S1.
Metrics for Cell Alignment. Actin OOP, nuclear eccentricity, and cell aspect ratio were based on computational analyses of immunostained images (30, 58).
The OOP was developed for the study of organization of liquid crystals (29)
and adapted for biological applications (59), and was computed from the
pixel-based orientation vectors of the actin images. The parameter ranges
from zero in isotropic systems to one in perfectly aligned systems. Nuclear
eccentricity is a normalized expression of nuclear shape, with a perfect circle
having a value of zero and a line having a value of one. Cell aspect ratio was
quantified via image thresholding cell borders and fitting an ellipse to the
outlined shape. Details are in the SI Text.
Valve Thin Film Contractile Stress Measurement. Valve thin films were assembled based on a modification of cardiomyocyte thin film technology developed in our laboratory (39, 40). Anisotropic VECs were cyclically strained
(0%, 10%, 20%) for 24 h in regular media followed with 24 h of serum starvation to induce a contractile phenotype (60). Free-floating vTFs, which were
composed of a layer of aligned valve cells (Fig. S4) on a ca. 10-μm layer of
PDMS, were released from the underlying elastomeric membrane and attached to polytetrafluoroethylene posts (Fig. 4A). The cell layer bends the
passive PDMS layer when its tone is altered, resulting in modified curvature
of the vTF (Fig. 4B), and tissue stress was calculated using methods developed
in our laboratory (39). Alteration in tissue function due to EMT was studied
via valve tissue response to serial stimulation with the endothelium-derived
PNAS Early Edition ∣

5 of 6

APPLIED BIOLOGICAL
SCIENCES

Fig. 5. Dual-mode EMT depending on cyclic strain
magnitude. RT-PCR revealed significantly lower VEGF
expression in groups that underwent EMT (A). TGFβ1 mRNA (B) and protein (C) expression was significantly higher at low strain (10%) compared to unstretched and high-strain (20%) tissues (n ¼ 4).
Culture with TGF-β1 antagonist SB-431542 inhibited
EMT at 10% strain but not at 20% strain (D). Representative micrographs demonstrating normal βcatenin expression (E) in 0% and 10% tissue but increased β-catenin staining within cellular cytoplasm
(yellow arrows) in tissue stretched orthogonally to
high- strain (blue, nuclei; white: β-catenin). (Scale
bar: 20 μm.) Western blotting (F) demonstrates significantly increased β-catenin expression for tissue
stretched to 20% strain compared to 0% or 10%
strain. The β-catenin expression was also significantly
increased in tissue stretched orthogonal to axis of
alignment (n ¼ 6). There was significantly increased
wnt (G) expression at 20% strain and when strain was
applied orthogonally to axis of tissue alignment
(n ¼ 4). All graphs, mean  SEM; *p < 0.05.

vasoconstrictor ET-1 (50 nM), KCl (100 mM), and the rho-kinase inhibitor HA1077 (100 μM). Optimum ET-1 concentration was based on dose curve experiments on VIC monolayers (Fig. S5), whereas an excess KCl concentration was
used to potentiate maximum cell depolarization (61) to allow measurement
of the peak contractility of the tissue monolayer (Fig. S5). Excess HA-1077 was
used to manifest maximum cell relaxation to enable measurement of tissue
basal tone (39).

2-yl-1H-imidazol-2-yl) benzamide (SB-431542), was added to the culture medium at a concentration of 10 μM (42). Effective inhibitory activity was determined via reduction in expression of phosphorylated-smad-2. Subsequent
EMT was analyzed via analysis of α-SMA expression by Western blotting.

TGF-β1 Inhibition Experiments. A pharmacological inhibitor for the activin receptor-like kinase-4/5/7/smad-2 inhibitor 4-(5-benzo(1,3)dioxol-5-yl-4-pyridin-
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