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Cooperative Effects of Matrix Stiffness and Fluid Shear Stress on
Endothelial Cell Behavior
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ABSTRACT Arterial hemodynamic shear stress and blood vessel stiffening both significantly influence the arterial endothelial
cell (EC) phenotype and atherosclerosis progression, and both have been shown to signal through cell-matrix adhesions. How-
ever, the cooperative effects of fluid shear stress and matrix stiffness on ECs remain unknown. To investigate these cooperative
effects, we cultured bovine aortic ECs on hydrogels matching the elasticity of the intima of compliant, young, or stiff, aging
arteries. The cells were then exposed to laminar fluid shear stress of 12 dyn/cm2. Cells grown on more compliant matrices dis-
played increased elongation and tighter EC-cell junctions. Notably, cells cultured on more compliant substrates also showed
decreased RhoA activation under laminar shear stress. Additionally, endothelial nitric oxide synthase and extracellular
signal-regulated kinase phosphorylation in response to fluid shear stress occurred more rapidly in ECs cultured on more
compliant substrates, and nitric oxide production was enhanced. Together, our results demonstrate that a signaling cross
talk between stiffness and fluid shear stress exists within the vascular microenvironment, and, importantly, matrices mimicking
young and healthy blood vessels can promote and augment the atheroprotective signals induced by fluid shear stress. These
data suggest that targeting intimal stiffening and/or the EC response to intima stiffening clinically may improve vascular health.
INTRODUCTION
Mechanotransduction within the cardiovascular system is
well studied but still not fully understood. It is well estab-
lished that hemodynamic shear stress regulates atheroscle-
rosis progression and the arterial endothelial cell (EC)
phenotype (1,2). However, the shear stress studies conduct-
ed to date have largely been performed on ECs cultured on
plastic or glass (3–5), which have significantly different
compositions and mechanical properties compared with
human vascular tissue (6). Evidence is now emerging that
changes in vessel stiffness that occur with age, metabolic
disorders, and atherosclerosis can promote an atheroscle-
rotic phenotype in the cells within the vessel wall (6–9).
Increased matrix stiffness from 2.5 to 10 kPa (mimicking
age-related stiffening of the EC matrix) induces increased
endothelium permeability and leukocyte transmigration,
both of which are hallmarks of atherosclerosis progression
(6). Although both fluid shear stress and matrix stiffness
are implicated in atherosclerosis progression and signal
through many of the same intracellular pathways (10,11),
it is not yet known whether these mechanical cues can act
synergistically to affect EC health.

Laminar arterial-level shear stress (10–30 dyn/cm2) is
associatedwith an atheroprotectiveECphenotype and causes
ECs to align and elongate in the flow direction (1), which is
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hypothesized to minimize EC resistance to fluid shear stress
(12). In contrast, ECs exposed to low and oscillatory shear
stress (<4 dyn/cm2), which is prevalent at atherosclerosis-
prone arterial bifurcations, remain in a cobblestone-like
formation (5). Fluid shear stress also affects multiple intra-
cellular signaling pathways that can be atheroprotective.
Notably, many of these pathways signal through focal adhe-
sion kinase (FAK) (10), which has also been shown to be acti-
vated in response to increased matrix stiffness (13). Among
the signaling molecules mediated by FAK, extracellular
signal-regulated kinase (Erk1/2) (10), and endothelial nitric
oxide synthase (eNOS) (14) play key roles in vascular
homeostasis. Erk1/2 is known to regulate EC proliferation,
and eNOS is responsible for producing the vasodilator nitric
oxide (NO) (3,4,15), which has multiple atheroprotective
effects. Laminar fluid shear stress is also known to activate
both Erk1/2 and eNOS in ECs cultured on plastic or glass
(3,16–18). Additionally, both ERK and eNOS have been
shown to respond to mechanical stretch (19,20), suggesting
that they are sensitive to mechanical cues from the extracel-
lular matrix. ERK can mediate EC health by downregulating
Rho-associated protein kinase (ROCK) (21), whereas eNOS
phosphorylation has been shown to respond to ROCK activ-
ity (22), suggesting that matrix stiffness, which is known to
affect the Rho-ROCK pathway, may influence shear-induced
ERK and eNOS activity.

Here, we investigate the cooperative effects of matrix
stiffness and fluid shear stress on EC health, with a specific
focus on barrier integrity and NO production. Our data
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indicate that compliant substrates mimicking the stiffness of
young, healthy arteries enhance fluid shear-mediated EC
alignment, barrier integrity, and eNOS and ERK signaling.
MATERIALS AND METHODS

Hydrogel preparation and cell culture

Polyacrylamide (PA) gels were prepared as described previously (6,23) and

functionalized with 0.1 mg/mL rat tail collagen type I (BD Biosciences).

Bovine aortic ECs (BAECs) between passages 6 and 12 were seeded on

the PA gels of 2.5 or 10 kPa, or onto collagen-coated glass. The hydrogel

substrates were chosen to mimic the mechanical properties of the subendo-

thelial matrix in young and aged blood vessels (6,24). Samples were main-

tained with M199 media (Invitrogen) supplemented with 10% FetalClone

III (HyClone) and 1% each of minimum essential media (MEM) amino

acids (Invitrogen), MEM vitamins (Medtech), and penicillin-streptomycin

(Invitrogen). Samples were used at a minimum of 1 day postconfluence.
Administration of fluid shear stress

Three Brookfield DV-IIþ Pro viscometers with the manufacturer’s supplied

CPE-40 cone (0.8�, 48 mm diameter) were validated as laminar shear stress

models (Figs. S1 and S2 in the Supporting Material) as shown by previous

studies (25,26). PA gels with confluent BAECs were fixed to the viscometer

plate using a hydrophobic pen, vacuum grease, and silicone oil (Fig. S1). L-

15 media (Invitrogen) with 1% penicillin-streptomycin and 10% FetalClone

III was used for the shear stress experiments, with the addition of dextran

(#95771; Sigma-Aldrich) at 29 mg/mL to increase media viscosity to 4

cP. Fluid shear stress of 125 2 dyn/cm2 was administered, using the equa-

tion below, for different time periods and media was replaced as necessary

to compensate for evaporation during 24 h experiments.

Shear Stress ¼ t ¼ ðmuÞ=a ¼ m � ShearRate;

where a is the cone angle, m is the viscosity, and ; u is the angular velocity

(25,26).

The viscometer temperaturewasmaintained at 37�C5 2�Cusing a circu-

lating water bath and hot plate. Static control groups with the same L-15

media were maintained at 37�C in an incubator with ambient CO2 levels.
Cell morphology

Brightfield images were taken using a Zeiss Axiovert 40 C with a Zeiss

AxioCam b/w 412-311 camera (Oberkochen, Germany) before shear stress

exposure as well as after treatment. Samples underwent either static culture

or shear of 12 dyn/cm2 in L-15 media for 24 h. After treatment, cells were

fixed in 3.7% formaldehyde (Alfa Aesar, Ward Hill, MA), washed in 1%

Triton X-100 (Mallinckrodt Baker, Phillipsburg, NJ), and blocked with 4%

bovine serum albumin (Sigma-Aldrich). Actin was stained with Alexa Fluor

568 phalloidin (Invitrogen), and nuclei were stained with 40,6-diamidino-2-

phenylindole (DAPI; Sigma-Aldrich). Fluorescence images were captured

on a Zeiss Axio Observer.Z1m microscope with a Hamamatsu ORCA-ER

camera (Bridgewater, NJ). ImageJ was used to determine the cell perimeter

and major/minor axis ratio (elongation). The images were also analyzed for

other morphology parameters, such as cell alignment with the fluid flow

direction (Fig. S3), using OrientationJ as described previously (27).
Junction width measurements

Samples underwent either static culture or shear of 12 dyn/cm2 in L-15

media for 24 h. The samples were immunostained with goat polyclonal
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VE-cadherin primary antibody (C-19; Santa Cruz Biotechnology, Santa

Cruz, CA) and Alexa Fluor 568 donkey anti-goat secondary antibody (In-

vitrogen). Images were captured on a Zeiss Axio Observer.Z1mmicroscope

with a Hamamatsu ORCA-ER camera. Junction width measurements were

analyzed with ImageJ and a custom-written MATLAB (The MathWorks,

Natick, MA) code as described previously (6). Briefly, using ImageJ, a

line was drawn perpendicular to a randomly selected junction and the

fluorescent intensity profiles were recorded. A one- or two-Gaussian curve

was fit to the intensity profiles in MATLAB and junction widths were

defined as the width of the Gaussian fit 20% above the background pixel

intensity (28).
Erk1/2 and eNOS phosphorylation

Samples underwent shear of 12 dyn/cm2 in L-15 media for 0, 2, 5, and

20 min. The BAECs were washed once with ice-cold phosphate-buffered

saline (PBS), lysed with ice-cold modified radioimmunoprecipitation assay

(RIPA) buffer (150 mM sodium chloride, 50 mM Tris-hydrochloride, 0.5%

sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1% Nonidet P40,

25 mM sodium fluoride, 1 mM sodium orthovanadate, 1:100 dilution of

protease inhibitor cocktail; Sigma-Aldrich). Cell lysate was cleared by

centrifugation at 14,000 � g and the supernatant was separated by SDS-

PAGE with 10 mg protein loading per lane. After the protein was transferred

onto PVDF (Millipore, Billerica, MA), blots were probed using antibodies

against phosphorylated endothelial NOS at Ser-1179 (p-eNOS, #9571; Cell

Signaling Technology, Beverly, MA), total eNOS (#9572; Cell Signaling

Technology), phosphorylated Erk1/2 at Thr-202/Tyr-204 (pErk, #9106;

Cell Signaling Technology), and total Erk1/2 (#9102; Cell Signaling Tech-

nology) at the manufacturer’s specified dilutions. Anti-rabbit or anti-mouse

horseradish-peroxidase-conjugated secondary antibodies were obtained

from Cell Signaling Technology. After incubation in SuperSignal West

Pico chemiluminescent substrate (Thermo Scientific, Rockford, IL), blots

were exposed and imaged using a FujiFilm ImageQuant LAS-4000. Protein

densitometry was performed using ImageJ software.
Rho activation

For Rho activation, the same procedure described for Erk1/2 and eNOS

phosphorylation was used. Cell lysates were collected after 0, 10, or

60 min of 12 dyn/cm2 shear. Intracellular BAEC RhoA activity was quan-

tified using a RhoA G-LISA kit (Cytoskeleton, Denver, CO) according to

the manufacturer’s protocol.
NO quantification

DAF-FM diacetate (4-amino-5-methylamino-20,70-difluorofluorescein di-

acetate; Molecular Probes, Eugene, OR) was used to detect intracellular

NO. DAF-FM diacetate is nonfluorescent until it crosses the cell mem-

brane and becomes DAF-FM, and then interacts with NO to become a

fluorescent benzotriazole (29,30). Cells were treated with 12 dyn/cm2 of

shear stress or static culture for 3 h prior to 10 mM of DAF-FM diacetate

incubation. The dye was incubated for 30 min in 37�C and 5% CO2, and

then the samples were rinsed with PBS and incubated in M199 media for

15 min. Samples were imaged on a Zeiss LSM700 inverted laser scanning

confocal microscope with a 10� objective (Carl Zeiss, Oberkochen,

Germany). For all samples, a 488 nm laser was used to image 40.2 mm-

deep sections for each sample. Twenty fields of view were taken per sam-

ple, and brightfield microscopy was used to ensure that the approximate

cell count in each field of view was the same. Unstained cells were imaged

to determine background fluorescence, which was subtracted from the

fluorescent intensity values. Experiments were normalized over the range

of fluorescent intensity values from the sheared glass sample in each

experimental group, and data are presented where the control glass value

was set to 0.5.
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Statistical analysis

All analyses were performed using GraphPad Prism 5 (GraphPad Software,

La Jolla, CA) or Excel 2010 (Microsoft, Redmond,WA). Student’s t-tests or

parametric one-way or two-way ANOVAwith post hoc Tukey’s honest sig-

nificance test were performed where appropriate, and p-values < 0.05 were

considered statistically significant.
RESULTS

Matrix compliance enhances EC alignment in
response to fluid shear stress

To investigate the role of matrix stiffness in fluid shear
stress-induced EC realignment, PA substrates mimicking
young and aged arteries were seeded with ECs and placed
in a cone-and-plate viscometer. After 24 h of shear at 12
dynes/cm2, ECs align and elongate in the direction of
fluid shear stress (Fig. 1, A and B), as expected based on pre-
vious work (1,31,32). Phase contrast images and fluorescent
images of cells stained for actin and the nucleus indicate that
cells align in the direction of fluid flow under all stiffness
conditions after 24 h of shear. Interestingly, however, ECs
on more compliant substrates under shear stress exhibit
larger perimeters (Fig. 1 C) and greater elongation (Fig. 1
D) than cells on stiffer substrates. Other cell morphology
parameters, such as total cell area and the extent of cell
alignment relative to flow direction, are independent of sub-
strate stiffness after 24 h of flow (Fig. S3).
Increased matrix stiffness inhibits fluid shear
stress-induced barrier integrity

Fluid shear stress causes EC realignment, during which cell-
cell junctions reform and barrier integrity is ultimately
enhanced (33,34). Our previous data suggest that matrix
FIGURE 1 Matrix stiffness influences EC

morphology under fluid shear stress. (A) Phase

contrast images of ECs before and after shear stress

exposure for 24 h at 12 dyn/cm2. (B) Representa-

tive fluorescent images of actin fiber (green) and

DAPI (blue) staining, showing reorganization of

the actin network parallel to the flow direction.

Arrows indicate approximate flow direction (see

Supporting Material), and black/red scale bars are

100 mm. (C and D) Quantification of EC perimeter

and elongation. Data are mean5 SE (n¼ 180–350

cells for sheared cells, 30–40 cells for static

controls, three independent experiments). **p <

0.01 vs. 2.5 kPa sheared samples. #p < 0.01 vs.

10 kPa sheared samples, Tukey’s test. To see this

figure in color, go online.
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stiffness disrupts barrier integrity by increasing traction
stresses (6). Since fluid shear stress and matrix stiffness are
both known to affect barrier integrity, we investigated their
combined effects on EC-EC junctions. ECs were plated on
hydrogels mimicking the stiffness of old and young arteries
and subjected to 24 h of fluid shear stress. The samples
were then immunostained for VE-cadherin, a cell-cell adhe-
sion molecule responsible for maintaining EC junctions and
mediating barrier function (35). ECs on the compliant
2.5 kPa substrate in static conditions display tighter cell-
cell junctions compared with cells on 10 kPa substrates,
similar to what we observed in our previous work (6). After
24 h of fluid shear stress, the junctions are tighter compared
with static controls, and the tightest cell-cell junctions
occur on compliant substrates (Fig. 2,A andB). This decrease
in junctional gaps suggests that EC barrier function is
enhanced by more compliant substrates under fluid shear
stress. Interestingly, a comparison of ECmorphology param-
eters, such as cell elongation (major/minor axis ratio) and cell
perimeter, with junction width values indicates that EC elon-
gation correlates with EC junction stabilization (Fig. 2 C).
Also, on compliant substrates, junction integrity stabilizes
after significant elongation has occurred, whereas this
phenomenon is abrogated on stiffer substrates. As expected,
FIGURE 2 (A) Fluorescence images of VE-cadherin (red) of ECs on gels after

(B) VE-cadherin junction width measurements of BAECs on gels (n > 150 junc

#p < 0.01, Tukey’s test, compared with static condition; **p < 0.01, Tukey’

elongation (major/minor ratio), and cell perimeter. To see this figure in color, g

Biophysical Journal 108(3) 471–478
a relationship also exists between EC elongation and perim-
eter on both 2.5 kPa and 10 kPa substrates after fluid shear
stress exposure (Fig. 2 C), although there are no notable cor-
relations between EC junction width, area, perimeter, and
elongation for static cultures (data not shown).

To further explore the mechanism by which EC-cell junc-
tions are stabilized by compliant matrices and fluid shear
stress, we focused on Rho-mediated signaling. The Rho/
ROCK pathway has emerged as a mediator of EC barrier
integrity and is strongly dependent on matrix stiffness
(33,36). Activation of RhoA is required for actin reorganiza-
tion and EC alignment under laminar fluid shear stress (37).
Our data indicate that significant RhoA activation is present
after 10 or 60 min of fluid shear stress for ECs cultured on
stiff 10 kPa and glass substrates (Fig. 3), as previously
shown for ECs cultured on glass (38). Notably, RhoA
activation is significantly attenuated on the compliant
2.5 kPa hydrogels after 60 min of fluid shear stress.
Matrix stiffness mediates flow-induced ERK1/2
and eNOS activity

Fluid shear stress affects not only EC alignment and integ-
rity but also a number of signaling pathways that regulate
shear stress exposure (12 dyn/cm2, 24 h) or static culture. Scale bar, 10 mm.

tion measurements, three independent experiments). Data are mean 5 SE.

s test, compared between stiffnesses. (C) Comparison of junction width,

o online.



FIGURE 3 RhoA activation of ECs after 10 or 60 min of shear (12 dyn/

cm2) or static culture. EC RhoA activation is greater on stiffer matrices at

60 min. Data are mean 5 SE, five replicates. *p < 0.05, Tukey’s test,

compared with 10 kPa and glass samples.

FIGURE 4 Matrix stiffness influences EC signaling induced by fluid

shear stress. (A) Representative western blots for eNOS and ERK phosphor-

ylation on matrices of varying stiffnesses after 12 dyn/cm2 shear stress

exposure for 0, 2, 5, and 20 min. a-Tubulin was used as the loading control.

(B and C) Corresponding quantification of the phosphorylation level over

time for both (B) eNOS Ser-1179 and (C) ERK Thr-202/Tyr-204 in

response to fluid shear stress exposure (mean 5 SE, n ¼ 4 for ERK, 5

for eNOS). *p < 0.05 vs. 10 kPa and glass (Tukey’s test).
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cell health. Several of these signaling molecules, including
ERK1/2 and eNOS, are known to act through pathways
that are also affected by matrix stiffness (21,22). We hypoth-
esized that changes in matrix stiffness may alter signal
transduction triggered by atheroprotective flow. Using glass
substrates, others have shown that laminar flow in the phys-
iological regime of 5–15 dyn/cm2 increases both ERK1/2
and eNOS phosphorylation followed by a gradual decrease
(3,4,39). Our data indicate that phosphorylation of both
eNOS and Erk1/2 peaks within minutes of flow on all three
stiffnesses (Fig. 4), as shown previously for ECs cultured on
plastic or glass (3,4). The EC signaling response on 10 kPa
gels closely mimics the response on glass (Fig. 4). Notably,
however, ERK and eNOS phosphorylation peaks at 2 min
on the 2.5 kPa hydrogels, whereas the phosphorylation
peaks at 5 min on the 10 kPa hydrogels or glass (Fig. 4).
These early ERK and eNOS phosphorylation peaks suggest
that EC signaling is more sensitive to fluid shear stress on
more compliant substrates.

To further explore whether these early signaling events
result in physiological changes in the ECs, we measured
NO production in response to shear stress as a function of
matrix stiffness. Our data indicate that after 3 h of fluid
shear stress, NO production is elevated in response to fluid
shear and this response is enhanced on more compliant
matrices (Fig. 5). These data suggest that compliant
matrices augment the atheroprotective effects of fluid shear
stress on ECs by increasing NO production.
DISCUSSION

Together, our results demonstrate a strong interplay between
laminar fluid shear stress and matrix stiffness that affects EC
health and function, and may contribute to atheroprone and
atheroprotective EC phenotypes.
ECs become more elongated on compliant substrates af-
ter shear stress exposure. Although the process of EC
elongation and alignment to fluid shear stress is not fully
understood, Rho GTPase activity and cell traction stresses
are known to modulate cell elongation and alignment (37).
An initial increase in RhoA is needed for ECs under fluid
shear to form stress fibers and for cells to orient in the
flow direction. A decline in RhoA is then required for
the cells to spread and elongate directionally (40). It
was previously shown that decreased matrix stiffness re-
sults in decreased RhoA activity (6), and we demonstrate
that this trend also occurs under fluid shear stress. Our
Biophysical Journal 108(3) 471–478



FIGURE 5 Matrix stiffness influences NO production induced by fluid

shear stress. (A) Representative fluorescent images of ECs on 2.5 kPa

gels or on collagen-coated glass stained with DAF-FM diacetate after

12 dyn/cm2 shear stress exposure for 3 h or static conditions. Scale bar,

100 mm. (B) Fluorescence quantification of samples normalized to glass

shear from each experiment (mean 5 SE, n ¼ 3 control samples and

n ¼ 5 sheared samples, 20 fields of view per sample). #p < 0.005 and

**p < 0.02 (Student’s t-test). To see this figure in color, go online.
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data support this model for the role of Rho in EC realign-
ment to flow, where ECs elongate on compliant substrates
and exhibit reduced RhoA activity. Since RhoA is known
to mediate EC cell morphology (11,38,40), the lower
RhoA values on the 2.5 kPa matrix may allow for
increased EC elongation.

Our recent work indicates that ECs form tighter cell-cell
junctions on more compliant matrices, strengthening the
junctions and inducing an atheroprotective phenotype (6).
The data presented here indicate that laminar shear stress
exposure tightens EC junctions, and that this effect is
augmented on more compliant substrates. Recent evidence
suggests that cells tend to move in the direction of principal
stresses (normal to the cell-cell junction) to avoid shearing
along each other (41). We speculate that the compliant
2.5 kPa substrates used in our system may provide the
optimal amount of Rho activation to allow cells to elongate
without providing such strong cell-cell adhesion that the
Biophysical Journal 108(3) 471–478
cells are inhibited from moving adjacent to each other
during the alignment process.

Previous studies have shown that ERK and eNOS phos-
phorylation is affected by fluid shear stress (3,16–18). Our
ERK/eNOS data suggest that atheroprotective signaling
events triggered by fluid shear stress occur earlier on more
compliant matrices mimicking the mechanical properties
of young and healthy blood vessels. Although the mecha-
nism for this earlier activation remains unclear, we speculate
that differences in EC cytoskeletal architecture between
stiffnesses may be responsible. Shear-mediated ERK and
eNOS activation has been shown to occur via cell-cell junc-
tion and focal adhesion signaling and remodeling (42,43).
Since cells cultured on stiffer matrices typically exhibit
more stabilized focal adhesions and cytoskeletal architec-
tures (44) and wider gaps at cell-cell junctions (Fig. 2),
ECs may require longer times to remodel these mechano-
sensory complexes to initiate signaling that leads to ERK
and eNOS activation. This may account for the delayed
ERK and eNOS activation that we observe on stiff matrices
relative to compliant matrices, which exhibit more dynamic
and diffuse focal adhesions and cytoskeletal architectures
(44). It is important to note that we collected our data using
steady flow. It is likely that physiological, pulsatile flowmay
augment this response even further.
CONCLUSIONS

Although the atheroprotective role of fluid shear stress is well
documented, we demonstrate that matrix compliance also
has an atheroprotective role that synergizes with fluid shear
stress. When cultured on more compliant matrices under
laminar fluid shear stress, ECs exhibit increased elongation,
tighter cell-cell junctions, decreased Rho activation, and
increased NO production. Our results reveal a critical role
of matrix mechanics in mediating the EC response to fluid
shear stress, and underscore the need to create more physio-
logically relevant models to study cell mechanotransduction.
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