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Abstract

Introduction—The goal of this study was to investigate how
concurrent shear stress and tensile strain affect endothelial
cell biomechanical responses.
Methods—Human coronary artery endothelial cells were
exposed to concurrent pulsatile shear stress and cyclic tensile
strain in a programmable shearing and stretching device.
Three shear stress–tensile strain conditions were used: (1)
pulsatile shear stress at 1 Pa and cyclic tensile strain at 7%,
simulating normal stress/strain conditions in a healthy
coronary artery; (2) shear stress at 3.7 Pa and tensile strain
at 3%, simulating pathological stress/strain conditions near a
stenosis; (3) shear stress at 0.7 Pa and tensile strain at 5%,
simulating pathological stress/strain conditions in a recircu-
lation zone. Cell morphology was quantified using
immunofluorescence microscopy. Cell surface PECAM-1
phosphorylation, ICAM-1 expression, ERK1/2 and NF-jB
activation were measured using ELISA or Western blot.
Results—Simultaneous stimulation from pulsatile shear
stress and cyclic tensile strain induced a significant increase
in cell area, compared to that induced by shear stress or
tensile strain alone. The combined stimulation caused signif-
icant increases in PECAM-1 phosphorylation. The combined
stimulation also significantly enhanced EC surface ICAM-1
expression (compared to that under shear stress alone) and
transcriptional factor NF-jB activation (compared to that
under control conditions).
Conclusion—Pulsatile shear stress and cyclic tensile strain
could induce increased but not synergistic effect on endothe-
lial cell morphology or activation. The combined mechanical
stimulation can be relayed from cell membrane to nucleus.
Therefore, to better understand how mechanical conditions
affect endothelial cell mechanotransduction and cardiovas-
cular disease development, both shear stress and tensile strain
need to be considered.

Keywords—Shear stress, Tensile strain, Endothelial cells,

Mechanotransduction, Shearing–stretching device.

INTRODUCTION

Every year about 720,000 people suffer from heart
attacks, and nearly 380,000 people die from coronary
artery disease.27 Atherosclerosis, a major cause for
coronary artery disease, is a process that gradually
hardens and narrows the arteries. The presence of the
atherosclerotic plaque can change the mechanical
environment, especially local shear stress and tensile
strain, within the coronary arteries greatly.

It is well established that blood flow-induced shear
stress plays important roles in hemostasis. In most
blood vessels, blood flow is laminar, which helps to
maintain the anti-inflammatory and anti-thrombotic
properties of the endothelium.86 Altered shear stress,
caused by changes in blood vessel geometry (such as
bifurcation), large blood vessel motion (such as the
bending motion of the coronary arteries), or disease
conditions (such as atherosclerosis), can affect the
normal functions of vascular wall endothelial cells
(EC) greatly. Physiological flow and shear stress make
EC align their cytoskeleton proteins with the blood
flow direction to reduce the effective resistance of the
flow.15 Pathological flow and shear stress can cause EC
activation.31 Activated EC can change their phenotype
from anti-thrombotic to pro-thrombotic, promoting
platelet adhesion. Many have reported that low
pathological shear stress can cause EC inflammation,
followed by reduced nitric oxide production, increased
LDL oxidation and apoptosis.8,20,33

Blood pressure exerted on the blood vessel wall can
cause blood vessels to stretch. Physiological stretch has
been reported to be athero-protective,58 while excessive
stretch can increase EC permeability5 and superoxide
production,83 causing inflammation.Address correspondence to Wei Yin, Stony Brook University,
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EC are sensitive to their mechanical environment,
and multiple mechano-sensors are involved in shear
stress– and/or tensile stretch-induced EC biomechani-
cal responses, such as integrins, PECAM-1, VE-cad-
herin, and VEGF receptor 2.75 Even though there are
common mechano-sensors that can be activated by
both shear stress and tensile stretch, it is generally
accepted that these two forms of mechanical stimula-
tions cause EC biomechanical responses through dif-
ferent pathways. Among many mechano-transduction
pathways, shear stress is known to act through PE-
CAM-1 phosphorylation, while tensile strain is
thought to induce direct changes in actin polymeriza-
tion in cytoskeleton and extracellular matrix.49 The
activation of EC junctional mechano-transducers (such
as PECAM-1, VE-cadherin, VEGF receptors) is
known to activate Src, Rho, and PI3K, which can
mediate cytoskeletal remodeling and basal integrin
activation, and eventually result in endothelial align-
ment change (to flow direction) and nuclear adapta-
tion.17,50 Changes in transcriptional factors (such as
NF-jB, which plays important roles in inflammatory
regulation) affect EC phenotype (pro-atherogenic or
anti-atherogenic). Pedrigi et al. reported that normal-
level (8%) multidirectional tensile stretch can signifi-
cantly reduce NF-jB activation in EC, compared to
pathological low stretch (2%) or no stretch.58 It has
been shown that low stretch (1%) can lead to increased
oxygen species production in porcine carotid artery,73

while large strain (> 9%) can enhance ICAM-1 (in-
tercellular adhesion molecule-1) expression,10 causing
apoptosis41,61 and many inflammatory responses.21 On
the other hand, many studies have shown that fluid
shear stress can transiently activate NF-jB26; and
pathological low shear stress can cause significant in-
crease in EC NF-jB activation for a longer duration.54

It’s evident that both fluid shear stress and tensile
strain can affect vascular EC mechano-transduction,
leading to various pathophysiological responses.
Moore et al. used calf pulmonary artery endothelial
cells to study how shear stress and tensile hoop strain
affected cell morphology (aspect ratio and alignment).
They found that shear stress at 8 ± 4 dyne/cm2 sig-
nificantly increased endothelial cell aspect ratio and
alignment (to the flow/shear stress direction), which
were further increased when a 10% tensile hoop strain
was applied at the same time.55 Breen et al. reported
that shear stress at 25 dyne/cm2 could cause ICAM-1
upregulation on human umbilical vein endothelial cells
(HUVEC), which was downregulated by the addition
of cyclic tensile hoop strain between 4 and 12%.6

Tarbell’s group reported that stenosis in a blood vessel
can alter the stress phase angle (i.e., temporal phase
angle) between vascular wall fluid shear stress and
circumferential strain. They observed that a large

negative stress phase angle (such as that in the coro-
nary artery, which is about -180�) could induce
proatherogenic gene expression and attenuate NO
production, compared to synchronous shear stress and
tensile strain.1,2,14 Zhao et al. developed an apparatus
to apply concurrent shear stress and hoop stretch to
bovine aortic endothelial cells, and reported that shear
stress (2–6 dynes/cm2) and hoop stretch (2–5%) could
synergistically induce morphological changes (cy-
toskeleton) in endothelial cells, and endothelial cell
sensitivity to shear stress was modulated by circum-
ferential strain.87

Results obtained from the above-mentioned shear
stress–tensile strain studies were not consistent. Over-
all, how concurrent shear stress and tensile strain affect
EC mechanotransduction was under investigated. We
recently developed a programmable shearing–stretch-
ing device that can apply pulsatile shear stress and
cyclic tensile strain concurrently to cultured EC
monolayer.51 We hypothesized that pulsatile shear
stress and cyclic tensile strain had a synergistic effect
on endothelial cell activation, and the combined
mechanical signal could be relayed from cell membrane
to nucleus, and cause transcriptional changes. Using
the programmable shearing–stretching device, how
shear stress and tensile strain collectively affect EC
morphology, ICAM-1 expression (EC activation),
PECAM-1 phosphorylation (mechano-transduction),
ERK1/2 (MAPK pathway activation) and NF-jB
activation (transcriptional changes), was investigated,
to test our hypothesis.

MATERIALS AND METHODS

Endothelial Cell Culture

Human coronary artery endothelial cells (HCAEC)
were purchased from ScienCell Research Laboratory
(Carlsbad, CA). EC were maintained in endothelial cell
culture medium supplemented with 5% fetal bovine
serum, endothelial cell growth factors, and penicillin/
streptomycin.53 All cell culture media and reagents
were purchased from ScienCell Research Laboratory
and used as recommended by the vendor. Cells were
grown to confluence in 6-well Flexcell plates pre-
coated with fibronectin (2 lg/mL, Sigma Aldrich, St.
Louis, MO). The Flexcell plates were purchased from
Flexcell International Corporation (Burlington, NC)
and the well bottom material was silicone elastomer.
EC were used between passages 2 and 7. EC were
seeded at the same seeding density of 1000 cells/mm2

(about 600,000 cells per well) and used immediately
when the cells reached confluence in a monolayer (The
average density of untreated confluent EC in Flexcell
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wells was 2685 ± 180 cells/mm2, mean ± standard
deviation, n = 17).

The Shearing–Stretching Device, Pulsatile Shear Stress,
and Cyclic Tensile Strain

A custom-designed shearing–stretching device was
used to apply concurrent fluid shear stress and tensile
strain to EC monolayer (Fig. 1). This device was
developed based on a cone-and-plate shearing device
and a vacuum-driven membrane stretching system.
The design and operation of the device was reported
previously.51 It can generate dynamic fluid shear stress
and tensile strain simultaneously in a 6-well Flexcell
plate. As illustrated in Fig. 1, circular-shaped sup-
porting plates were placed underneath the flexible
membrane. The area of the membrane that was in
contact with the supporting plate is referred to as the
‘‘in-plane area.’’ Fibronectin was coated in the ‘‘in-
plane area’’ of the membrane for endothelial cells to
grow. When vacuum pressure was applied, the mem-
brane was pulled and stretched, causing tensile strain
in the endothelial cells grown on the in-plane area of
the membrane. It was demonstrated in our previous
report that the device can produce uniform biaxial
strain.51 Shear flow/stress was generated by a rotating
cone sitting above the cell monolayer in the well. Both
the cone speed and vacuum pressure (magnitude, fre-
quency, duration, etc.) were controlled by a computer.
The fluid shear stress and tensile strain waveforms used
in the present study were obtained from a fluid struc-
ture interaction model (FSI) of a human left coronary
artery.52 Incorporating patient specific geometry,
transient blood flow, cyclic bending motion of the ar-
tery, and myocardial contraction, this numerical model

effectively estimated dynamic fluid shear stress and
tensile strain on the vascular wall of a left coronary
artery during one cardiac cycle, under physiological
and pathological conditions. Tensile strains calculated
using this numerical model included the axial tensile
strain (induced by the bending motion of left coronary
artery as the heart contracts and relaxes) and the cir-
cumferential tensile strain (due to changes in blood
pressure). During diastole, the magnitudes of axial
strain and circumferential strain were similar; while
during systole, the magnitudes of axial strain and cir-
cumferential strain could be quite different (the dif-
ference could be as large as 4–5 folds). Since our
shearing–stretching device can only generate equal-
axial tensile strain, it could not be used to replicate the
real strain conditions (axial strain and circumferential
strain) within the left coronary artery. Instead, in the
present study, only coronary artery circumferential
tensile strain was applied to the cultured endothelial
cells. As depicted in Fig. 2, three shear stress–tensile
strain (circumferential strain) waveforms were gener-
ated using the shearing–stretching device to simulate
different physiological and pathological shear stress/
tensile strain conditions: (1) pulsatile shear stress
varying between 0 and 1 Pa16,53,66,69 and cyclic tensile
strain varying between 0 and 7%, simulating normal
shear stress/tensile strain conditions in a healthy
coronary artery; (2) pulsatile shear stress varying
between 0 and 3.7 Pa42,66 and cyclic tensile strain
between 0 and 3%, simulating pathological shear
stress/tensile strain conditions occurring at the stenosis
throat (70%) in a diseased coronary artery; (3) pul-
satile shear stress varying between 0 and 0.7 Pa66 and
cyclic tensile strain varying between 0 and 5%, simu-
lating pathological shear stress/tensile strain condi-
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FIGURE 1. The schematic drawing of the shearing and stretching device. Endothelial cells grow to confluence in the in-plane area
of the flexible membrane. Vacuum pressure causes the flexible membrane to stretch, generating tensile strain in the endothelial
cells. A cone is placed in the well above the membrane. The rotational motion of the cone generates shear stress on the endothelial
cell monolayer.
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tions in the recirculation zones developed downstream
of a stenosis. One cardiac cycle lasted for 0.9 s. Two
shear stress peaks occurred in one cardiac cycle. The
first peak was due to the increased blood flow rate
during diastole, and the second peak was due to
myocardial contraction during systole.52,77 The fre-
quency of the cyclic tensile strain was 1.1 Hz (i.e., one
tensile strain peak per cardiac cycle).

EC were exposed to concurrent shear stress and/or
tensile strain for 1 h53,85 at 37�C. Cells that were not
treated (resting cells) were used as the experimental

control. Before and after mechanical treatment
(shearing, stretching or both), EC within the Flexcell
plates were examined under a microscope to ensure
that only confluent cells were used, and that mechan-
ical stimulation did not cause any cell loss, i.e., the
total number of cells (in a confluent monolayer) re-
mained the same for the follow-up measurements.

EC Morphology

Following shear stress and/or tensile strain treat-
ment, EC were washed with warm phosphate buffered
saline (i.e., aspirate, wash, and repeat for three times)
and fixed with 0.5% glutaraldehyde (Sigma Aldrich,
15 min at 37 �C). Cell cytoskeleton F-actin filaments
were detected by Alexa Fluor 488-conjugated phal-
loidin using immunofluorescence microscopy (Nikon
Ti inverted microscope). Cell area and cell aspect ratio
(the ratio between the cell long axis and the short axis)
were quantified using the Image J software. Using the
polygon selection tool, a cell was selected. The pro-
gram automatically measured the area (in pixels) sur-
rounded by the polygon, as well as the lengths of the
major axis and the minor axis. This information was
then used to calculate the cell area (converted from
pixels to lm2) and the aspect ratio of the cell (major
axis/minor axis). Multiple single cells were selected
randomly for each image, and the measured results
from multiple cells were averaged for that particular
image. To avoid bias, image analysis was conducted by
multiple individuals independently.

EC Surface ICAM-1 Expression

Following fluid shear stress and/or tensile strain
treatment, HCAEC were washed and fixed. Cell surface
ICAM-1 expression was measured using a solid phase
ELISA approach. A murine monoclonal anti-human
ICAM-1 antibody (Abcam, Cambridge, MA) was used
to detect endothelial cell surface ICAM-1 expression.
Primary antibody binding was detected using an alka-
line phosphatase-conjugated goat anti-mouse sec-
ondary antibody (Sigma-Aldrich, St. Louis, MO) and a
P-nitrophenyl phosphate substrate. Absorbance was
read at 405 nm using a SpectraMax i3microplate reader
(Molecular Devices LLC, Sunnyvale, CA).

EC Surface PECAM-1 Phosphorylation

In a similar manner, following shear stress/tensile
strain treatment, EC were washed and fixed. Cell sur-
face PECAM-1 activation (i.e., phosphorylation) was
measured using solid phase ELISA. The primary
antibody used was a polyclonal rabbit anti human
phosphorylated (at tyrosine713) PECAM-1 antibody
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FIGURE 2. Pulsatile fluid shear stress and cyclic tensile
strain waveforms generated using the shearing–stretching
device. (a) Normal condition: pulsatile shear stress varied
between 0 and 1 Pa and cyclic tensile strain varied between 0
and 7%; (b) Pathological condition occurring at a 70%-
stenosis throat: pulsatile shear stress varied between 0 and
3.7 Pa and cyclic tensile strain varied between 0 and 3%; (c)
Pathological condition occurring in the recirculation zone
downstream of a stenosis: pulsatile shear stress varied
between 0 and 0.7 Pa and cyclic tensile strain varied
between 0 and 5%. Two shear stress peaks occurred in one
cardiac cycle (0.9 s). The first peak was due to the increased
blood flow rate during diastole, and the second peak was due
to myocardial contraction during systole. The frequency of
the cyclic tensile strain was 1.1 Hz.
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(Abcam). Primary antibody binding was detected using
an alkaline phosphatase-conjugated goat anti-rabbit
secondary antibody (Sigma-Aldrich, St. Louis, MO)
and a P-nitrophenyl phosphate substrate. Absorbance
was read at 405 nm using a microplate reader.

ERK 1/2 (Extracellular Signal-Regulated Kinases 1/2)
Expression

After fluid shear stress and/or tensile strain treat-
ment, EC were washed and removed from the culture
plate using Trypsin/EDTA (Sigma Aldrich). Each well
was checked under a microscope to ensure that all cells
were collected. Collected cell solution was centrifuged
at 1000 9 g for 5 min. Cell pellet was then re-sus-
pended in lysis buffer containing Triton X-100, pro-
tease and phosphatase inhibitors (Life Technologies,
Carlsbad, CA), and incubated at 4 �C for 1 h. Total
protein concentration of the lysate was quantified
using a standard BCA (bicinchoninic acid) assay
(Thermo Scientific, Waltham, MA). EC ERK 1/2
activation was measured by Western blot, using a
monoclonal rabbit anti human phosphor-p44/
42(ERK1/2) antibody (Cell Signaling Technology Inc.,
Danvers, Massachusetts). Primary antibody binding
was detected using an EU-conjugated goat anti-rabbit
secondary antibody (Molecular Devices). b-actin was
used as the loading control. Expressed protein bands
were visualized and quantified using the Spec-
traMax�i3 ScanLaterTM Western blot detection sys-
tem/software (Molecular Devices). For statistical
analysis, the raw band intensity data obtained from the
scanner was normalized to that of untreated control
cells.

NF-jB Activation

To determine if transcriptional changes would occur
in shear stress- and/or tensile strain-treated EC, NF-
jB activation was measured using a NF-jB pathway
activation ELISA kit (eBioscience). It measured IjB
proteins (phosphor-IjBa, IKKa and NFjBa) present
in the cell lysate, using a sandwich approach. When
NF-jB is inactive, IjB proteins bind to NF-jB tran-
scription factor complex; upon extracellular stimula-
tion such as shear stress and tensile strain, IjB
phosphorylates and dissociates from the complex,
resulting in NF-jB activation and translocation to the
nucleus.

Statistical Analysis

Statistical analysis was conducted using Microsoft
Excel and SAS (9.3) Statistical Software. Two-way
ANOVA was used to detect significant differences

(p < 0.05) between treatment groups. Least square
means post hoc test was conducted for further com-
parison when significant difference was detected.

RESULTS

Shear stress and tensile strain conditions used to
treat EC were validated experimentally (using tracers)
before any experiments were conducted.51 Following
shear stress and/or tensile strain treatment, EC were
examined under a microscope to ensure that EC re-
mained attached to the bottom of the Flexcell plate as
a confluent monolayer.

EC Morphology

Following shear stress/tensile strain treatment, EC
cytoskeleton F-actin filaments were detected by Alexa
Fluor 488-conjugated phalloidin using immunofluo-
rescence microscopy. Figure 3 depicts representative
EC images under various shear stress and tensile strain
conditions. Untreated EC (control, panel d) appeared
relatively small and randomly oriented, without dis-
tinct cell boundaries. EC that were exposed to patho-
logical low (panel i, 0.7 Pa) or high (panel f, 3.7 Pa)
shear stress, alone or combined with pathological (i.e.,
reduced) tensile strain (panel g, with 3% strain and
panel j, with 5% strain), looked enlarged and elon-
gated, with highlighted cell boundaries. Changes in EC
area and aspect ratio (ratio between long axis and
short axis) induced by shear stress and/or tensile strain
were quantified using the Image J software. As de-
picted in Fig. 4a, untreated cells (control) had an
average size of 1979 ± 113 lm2 (mean ± standard
error, n = 197). Compared to untreated cells, elevated
shear stress alone (3.7 Pa, stenosis condition) signifi-
cantly increased cell area to 2633 ± 110 lm2

(p < 0.0001, n = 221). Concurrent shear stress and
tensile strain also increased cell area compared to
untreated control cells (normal: 2418 ± 125 lm2,
n = 84, p = 0.0185; stenosis: 3430 ± 176 lm2,
n = 128, p < 0.0001; recirculation: 2559 ± 169 lm2,
n = 49, p = 0.0628). Tensile stretch alone did not
cause any significant changes in cell area when com-
pared to untreated control cells. Changes in cell aspect
ratio are depicted in Fig. 4b. Compared to untreated
control cells (1.89 ± 0.03, n = 261, mean ± standard
error), shear stress alone under all conditions caused
significant increase in cell aspect ratio (normal:
2.23 ± 0.08, n = 97, p < 0.0001; stenosis: 2.07 ±

0.05, n = 221, p = 0.0016; recirculation: 2.06 ± 0.06,
n = 120, p = 0.009). Tensile strain alone did not
cause any significant changes in cell aspect ratio com-
pared to untreated cells. Under concurrent shear stress
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and tensile strain, cell aspect ratio remained unchanged
(normal condition) or decreased, especially under
recirculation condition (1.56 ± 0.04, n = 55,
p = 0.0004). Significant P values for individual com-
parisons (within each treatment group) are marked in
Fig. 4. P values obtained from two-way ANOVA are
listed in Tables 1 and 2. These results indicated that
mechanical loading conditions (i.e., normal, stenosis,
or recirculation, p < 0.0001 for cell area and
p = 0.0426 for cell aspect ratio), type of mechanical
stimulation (i.e., fluid shear stress, tensile stretch, or
combined, p < 0.0001 for cell area and p < 0.0001 for
cell aspect ratio), and the interaction between the two
(p < 0.0001 for cell area and p = 0.0405 for cell as-
pect ratio), all had significant effects on EC area and
aspect ratio. The concurrent stimulation from shear
stress and tensile strain was significantly different from
each single stimulation alone. However, changes in cell
morphology (cell area and cell aspect ratio) induced by

the concurrent stimulation was less than the sum of
that induced by each individual stimulation.

EC Surface ICAM-1 Expression

EC surface ICAM-1 expression following shear
stress and/or tensile strain treatment was measured
using solid phase ELISA. As depicted in Fig. 5,
mechanical loading conditions (normal, stenosis or
recirculation, p < 0.0001), type of mechanical stimu-
lation (shear stress, tensile stretch, or combined,
p = 0.0144) and the interaction between the two
(p < 0.0001) had significant effects on EC surface
ICAM-1 expression. Compared to normal shear stress
(1 Pa, 0.40 ± 0.05, n = 6, mean ± standard error),
both stenosis shear stress (3.7 Pa, 0.54 ± 0.02, n = 5,
p = 0.0373) and recirculation shear stress (0.7 Pa,
0.58 ± 0.06, n = 6, p = 0.0047) significantly
increased EC surface ICAM-1 expression. Compared
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FIGURE 3. Representative images of EC following shear stress and tensile strain treatment. Untreated EC (panel d) were used as
the experimental control. Scale bars represent 50 lm. (a) EC under normal tensile strain (7%); (b) EC under normal shear stress
(1 Pa); (c) EC under normal/physiological tensile strain (7%) and shear stress (1 Pa); (d) untreated EC; (e) EC under pathological
low tensile strain (3%); (f) EC under elevated shear stress (3.7 Pa); (g) EC under low tensile strain (3%) and elevated shear stress
(3.7 Pa; stenosis condition); (h) EC under slightly reduced tensile strain (5%); (i) EC under pathological low shear stress (0.7 Pa); (j)
EC under low tensile strain (5%) and low shear stress (0.7 Pa; recirculation condition). Cell cytoskeleton F-actin filaments were
detected by Alexa Fluor 488-conjugated phalloidin.
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to normal tensile strain (7%, 0.29 ± 0.01, n = 7), both
stenosis strain (3%, 0.72 ± 0.03, n = 6, p < 0.0001)
and recirculation strain (5%, 0.59 ± 0.03, n = 6,
p < 0.0001) caused significant increase in EC surface
ICAM-1 expression. When shear stress and tensile
strain were applied to EC simultaneously, stenosis
condition (0.78 ± 0.03, n = 5, p < 0.0001) and
recirculation condition (0.64 ± 0.03, n = 5,
p < 0.0001) both caused significant increases in EC
surface ICAM-1 expression compared to that under
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TABLE 2. Two-way ANOVA was used for statistical analysis of cell aspect ratio data (ratio between long axis and short axis).

Normal vs. stenosis Normal vs. recirculation Stenosis vs. recirculation

p = 0.0253 p < 0.0001 p = 0.0253

Shear vs.

stretch

Shear vs. shear +

stretch

Shear vs. con-

trol

Shear vs. shear +

stretch

Shear vs. con-

trol

Shear + stretch vs. con-

trol

p < 0.0001 p < 0.0001 p < 0.0001 p = 0.0095 p = 0.5927 p = 0.0070

Significant p values (< 0.05) are bolded.

FIGURE 5. EC surface ICAM-1 expression following shear
stress and/or tensile strain treatment. Data is presented as
mean 1 standard error (n = 5–7). Significant differences
within each treatment group (p < 0.05, by two-way ANOVA)
are marked.

FIGURE 4. EC area (A) and aspect ratio (B) following shear
stress and/or tensile strain treatment. Data is presented as
mean 1 standard error (n = 49–221). Significant differences
(p < 0.05, by two-way ANOVA) within each stress/strain
treatment group are marked.

TABLE 1. Two-way ANOVA was used for statistical analysis of cell area data.

Normal vs. stenosis Normal vs. recirculation Stenosis vs. recirculation

p < 0.0001 p = 0.2347 p < 0.0001

Shear vs.

stretch

Shear vs. shear +

stretch

Shear vs. con-

trol

Shear vs. shear +

stretch

Shear vs. con-

trol

Shear + stretch vs. con-

trol

p < 0.0031 p < 0.0001 p = 0.2748 p < 0.0001 p = 0.0228 p < 0.0001

Significant p values (< 0.05) are bolded.
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normal condition (0.36 ± 0.04, n = 6). Overall, al-
tered shear stress (increased for stenosis condition and
decreased for recirculation condition) and/or tensile
strain (reduced for both stenosis and recirculation
conditions) significantly enhanced EC surface ICAM-1
expression, suggesting cell activation. P values
obtained from two-way ANOVA are listed in Table 3.
The concurrent stimulation from shear stress and
tensile strain caused significant changes in EC surface
ICAM-1 expression compared to shear stress alone
(p = 0.0275), but not to tensile strain alone
(p = 0.0956). Changes in cell surface ICAM-1
expression induced by the concurrent stimulation was
less than the sum of that induced by each individual
stimulation.

EC Surface PECAM-1 Phosphorylation

EC surface PECAM-1 phosphorylation (at tyr-
osine713) was measured using a solid phase ELISA
approach, and the results are depicted in Fig. 6. As
indicated by two-way ANOVA, mechanical loading
conditions (normal, stenosis or recirculation,
p < 0.0001), type of mechanical stimulation (shear
stress, tensile stretch, or combined, p < 0.0001), and
the interaction between the two (p < 0.0001) had
significant effects on EC surface PECAM-1 phospho-
rylation. Shear stress alone (physiological or patho-
logical) did not induce any significant change in
PECAM-1 activation (phosphorylation) compared to
untreated control cells. However, under stenosis con-
ditions, tensile stretch alone (0.77 ± 0.05, n = 6,
mean ± standard error) reduced PECAM-1 phospho-
rylation significantly compared to that under normal
tensile stretch (1.60 ± 0.19, n = 6, p < 0.0001) or
recirculation tensile stretch (1.63 ± 0.24, n = 6,
p < 0.0001). When shear stress and tensile strain were
applied to EC concurrently, stenosis condition
(0.80 ± 0.03, n = 6) also caused significant decrease in
PECAM-1 phosphorylation (normal, 2.10 ± 0.12,
n = 6, p < 0.0001; recirculation, 1.80 ± 0.34, n = 4,
p < 0.0001). While under normal or recirculation
conditions, tensile strain, alone or together with shear

stress, significantly enhanced EC surface PECAM-1
phosphorylation, compared to untreated EC
(1.13 ± 0.05, p = 0.0006 for normal stretch vs. con-
trol, p < 0.0001 for combined normal shear and
stretch vs. control; p = 0.0003 for recirculation stretch
vs. control, p < 0.0001 for combined recirculation
shear and stretch vs. control). P values obtained from
two-way ANOVA are shown in Table 4. Concurrent
shear stress and tensile strain caused significant chan-
ges in EC PECAM-1 phosphorylation compared to
shear stress (p = 0.0005) or tensile strain (p = 0.0246)
alone. However, changes in EC PECAM-1 phospho-
rylation induced by the concurrent stimulation was less
than the sum of that induced by each individual
stimulation.

ERK1/2 Activation

For Western blot, following shear stress/tensile
strain treatment, cell lysate was prepared using lysis
buffer as described previously, and total protein con-
centration was measured using a standard BCA assay
(Supplement Fig. 1). Phosphorylated ERK1/2 expres-
sion was measured using Western blot (Fig. 7). De-
tected band intensity (representative bands are shown
in Supplement Fig. 1) was normalized to that of un-
treated EC. Due to large variances, no significant
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TABLE 3. Two-way ANOVA was used for statistical analysis of EC surface ICAM-1 expression data.

Normal vs. stenosis Normal vs. recirculation Stenosis vs. recirculation

p < 0.0001 p < 0.0001 p = 0.0725

Shear vs.

stretch

Shear vs. shear +

stretch

Shear vs. con-

trol

Shear vs. shear +

stretch

Shear vs. con-

trol

Shear + stretch vs. con-

trol

p = 0.5320 p = 0.0275 p < 0.4072 p = 0.0956 p = 0.1027 p = 0.0006

Significant p values (< 0.05) are bolded.

FIGURE 6. EC surface PECAM-1 phosphorylation following
shear stress and/or tensile strain treatment. Data is presented
as mean 1 standard error (n = 4–7). Significant differences
within each treatment (p < 0.05, by two-way ANOVA) are
marked.
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changes were detected in phosphorylated ERK1/2
expression in EC following shear stress and/or tensile
strain treatment, by two-way ANOVA.

NF-jB Activation

NF-jB activation was measured using a NF-jB
pathway activation ELISA kit. As shown in Fig. 8,
different treatment conditions caused significant
changes in NF-jB activation (p = 0.0323 by two-way
ANOVA). But individually, neither mechanical load-
ing conditions (normal, stenosis or recirculation,
p = 0.0551) nor the type of mechanical stimulation
(shear, stretch or both, p = 0.1736) had significant
effects. Reduced tensile strain alone under recircula-
tion conditions (1.37 ± 0.15, n = 3, mean ± standard
error) caused a significant increase in NF-jB activation
(p = 0.0325), compared to normal conditions
(0.86 ± 0.12, n = 6). When pathological (stenosis and
recirculation) shear stress and tensile strain were
applied to EC simultaneously, NF-jB activation was
significantly enhanced (1.67 ± 0.10, n = 4,
p = 0.0026 and 1.40 ± 0.08, n = 5, p = 0.0426
respectively) from that under normal conditions
(0.97 ± 0.08, n = 5). When compared to untreated
EC (1.13 ± 0.12, n = 11), concurrent shear stress and
tensile strain under stenosis conditions caused a sig-

nificant increase in NF-jB activation (p = 0.0069). P
values obtained from two-way ANOVA are shown in
Table 5. Concurrent shear stress and tensile strain
caused significant changes in NF-jB activation com-
pared to untreated cells (p = 0.0427), which was not
seen under shear stress or tensile strain alone. How-
ever, EC NF-jB activation induced by the concurrent
stimulation was less than the sum of that induced by
each individual stimulation.

DISCUSSION

EC can respond to altered mechanical conditions by
morphology change. The morphology data obtained
from this study (Fig. 4 and Tables 1, 2) demonstrated
that under all mechanical loading conditions (normal,
stenosis and recirculation), cell area increased signifi-
cantly in response to concurrent shear stress and tensile
strain, compared to each single stimulation. However,
such changes in cell area were not synergistic. EC can
elongate in response to fluid shear stress to decrease
resistance to flow.15 In the present study, untreated EC
(resting EC without shear stress or tensile strain
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FIGURE 7. EC phosphorylated ERK1/2 expression following
shear stress and/or tensile strain treatment. Data is presented
as mean 1 standard error (n = 4–7). All data was normalized
to the matching control.

FIGURE 8. Transcription factor NF-jB activation following
shear stress and/or tensile strain treatment. Data is presented
as mean 1 standard error (n = 3–11). All O.D. values were
normalized by the total protein concentration. Significant
differences (p < 0.05, by two-way ANOVA) within each
treatment group are marked.

TABLE 4. Two-way ANOVA was used for statistical analysis of EC surface PECAM-1 phosphorylation data.

Normal vs. stenosis Normal vs. recirculation Stenosis vs. recirculation

p < 0.0001 p = 0.2187 p < 0.0001

Shear vs.

stretch

Shear vs. shear +

stretch

Shear vs. con-

trol

Shear vs. shear +

stretch

Shear vs. con-

trol

Shear + stretch vs. con-

trol

p = 0.1608 p = 0.0005 p = 0.4087 p = 0.0248 p = 0.0095 p = 0.0001

Significant p values (< 0.05) are bolded.
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treatment) were used as the experimental control. The
mean aspect ratio of control cells was 1.89 ± 0.0.03,
about 10–20% less than that under shear stress
(physiological and pathological, in Fig. 4b), matching
observations from our previous study (28) and by
others.40,44,60 Tensile stretch also caused noticeable
changes in cell aspect ratio compared to control cells
(Table 1). This trend matches that reported by Russo
et al.65 In their study, rabbit aorta endothelial cells
were exposed to 5% or 15% tensile strain in a Flexcell
tension system; cell length significantly increased under
5% stretch (4 h), and further increased when tensile
strain increased to 15%. However, the concurrent
stimulation from shear stress and tensile strain did not
have a synergistic effect on EC aspect ratio. EC did not
become longer when shear stress and tensile strain were
applied simultaneously, especially under reduced shear
and strain (i.e., recirculation condition).64 These results
demonstrated that both shear stress and tensile strain
are very important in affecting EC morphology. Even
though they are not synergistic, various combinations
of shear stress and tensile strain at physiological and
pathological levels can significantly alter the size and
shape of EC, which are likely to cause changes in EC
mechanotransduction and subsequent physiological
responses.

Besides morphology change, changes in proteins
associated with EC biomechanics12,39,53 and MAPK
pathway23,36 (mitogen activated protein kinase) acti-
vation were observed in many studies following EC
mechanical stimulation, especially by shear stress.
PECAM-1 is one of the well-studied mechanotrans-
ducers on EC surface. It is highly localized at EC
junctions and plays important roles in endothelial
mechanotransduction and many inflammatory
responses.81 PECAM-1 phosphorylates upon
mechanical stimulation.11 As shown in Fig. 6, normal
tensile strain (7%) induced a 41.5% increase in EC
surface PECAM-1 phosphorylation (compared to un-
treated EC), which further increased by another 30%
when normal pulsatile shear stress was applied simul-
taneously. However, this trend was not observed under
other conditions. Recirculation tensile strain (5%)

caused 42% increase in PECAM-1 phosphorylation,
which was not further enhanced when recirculation
shear stress (0.7 Pa) was applied simultaneously. Un-
der stenosis conditions, neither shear stress (3.7 Pa)
nor tensile strain (3%) increased EC surface PECAM-
1 phosphorylation (stenosis tensile strain, alone or with
stenosis shear stress, significantly reduced PECAM-1
phosphorylation). These results differed from our
previous observation that in a cone and plate shearing
device, low pulsatile shear stress (0.3 Pa, 1.1 Hz) in-
duced a significant increase in EC PECAM-1 phos-
phorylation.53 This inconsistency could have resulted
from the different shear stress conditions used in the
two studies. In the present study, low shear stress used
to simulate recirculation conditions had a magnitude
of 0.7 Pa and frequency of 2 Hz.52 Figure 6 also sug-
gests that tensile strain near physiological level (7%)
had a more dominant effect on EC surface PECAM-1
phosphorylation, compared to shear stress. This could
be explained by the fact that stretch applied to EC is
transmitted through cell junctions.48,76 PECAM-1
localized at cell junctions is thus directly pulled by
forces resulted from tensile stretch. Furthermore, re-
duced tensile strain at 3%, applied alone or together
with pathological high shear stress (3.7 Pa), caused
significant decreases in PECAM-1 phosphorylation.
This may indicate that pathological low tensile strain
could decrease the sensitivity of PECAM-1 as a
mechanotransducer to elevated pathological shear
stress.

PECAM phosphorylation can lead to MAPK
pathway activation,19,72 which can regulate many cel-
lular processes such as growth, proliferation, differ-
entiation, motility, survival, apoptosis, stress response
and inflammation.59 The members of the MAPK
family, i.e., extracellular signal-regulated kinase
(ERK1/2), N-terminal Jun kinase (JNK1/2) and p38
MAPK, are often involved in shear- and cyclic stretch-
induced EC inflammation.34,43,46,47,82 As depicted in
Fig. 7, EC that were subject to shear stress and/or
tensile strain did not have any significant changes in
phosphor-ERK1/2 expression compared to control
cells. This might be due to the transient nature of ERK
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TABLE 5. Two-way ANOVA was used for statistical analysis of EC NF-jB activation data.

Normal vs. stenosis Normal vs. recirculation Stenosis vs. recirculation

p < 0.0285 p = 0.0038 p = 0.3916

Shear vs.

stretch

Shear vs. shear +

stretch

Shear vs. con-

trol

Shear vs. shear +

stretch

Shear vs. con-

trol

Shear + stretch vs. con-

trol

p = 0.3512 p = 0.3065 p = 0.3668 p = 0.0618 p = 0.8219 p = 0.0427

Significant p values (< 0.05) are bolded.
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1/2 phosphorylation.35,45,74 It has been reported that
under larger cyclic stretch (20–30%), ERK activation
peaks between 10 and 15 min13,79; and under shear
stress, it takes about 30 min.3 In the present study,
ERK1/2 activation was measured 1 h following shear
stress/tensile strain treatment, at which point, we sus-
pect EC might have adapted to the mechanical loading
conditions. In other words, we might have missed the
transient change in ERK1/2 activation by conducting
the measurements at 1 h. In order to capture the
transient changes in ERK1/2 activation, measured
time-response will be needed.

Nevertheless, significant changes were detected in
downstream transcription factor NF-jB activation. As
demonstrated in Fig. 8, the concurrent application of
pathological shear stress and tensile strain caused sig-
nificant increases in NF-jB activation (compared to
normal conditions). This is in agreement with the
in vivo study reported by Hejira et al. that NF-jB
signal transduction pathway in coronary artery
endothelial cells was activated in regions predisposed
to atherosclerotic lesion formation.24 These results also
highlight the importance of considering both shear
stress and tensile strain regarding NF-jB activation.
One discrepancy we noticed was that pathological
shear stress (stenosis or recirculation) alone did not
cause any significant changes in NF-jB activation
compared to normal shear stress. This is different from
literature that shear stress can cause marked changes in
NF-jB activation.28,38,57 This could be due to the rel-
atively short duration of mechanical stimulation in the
present study (1 h vs. 8, 12 or 24 h in other studies). In
our future studies, we will need to increase the duration
of mechanical stimulation to address this limitation.

NF-jB activation can induce cytokine and adhesion
molecule expression, including ICAM-1.63 As shown in
Fig. 5, pathological shear stress and tensile strain,
alone or combined, significantly increased EC surface
ICAM-1 expression compared to normal stress/strain
conditions, in agreement with that has been
reported.7,10,22,71,78 Many studies have suggested that
enhanced PECAM-1 phosphorylation can increase
ICAM-1 expression.25,75 However, in the present
study, no direct correlation between PECAM-1 phos-
phorylation and ICAM-1 expression was observed.
Under normal shear stress and tensile strain, PECAM-
1 phosphorylation increased but ICAM-1 expression
did not; under stenosis shear and strain, however,
PECAM-1 phosphorylation was low while ICAM-1
expression increased significantly. Trend observed with
NF-jB activation did not match that of either PE-
CAM-1 or ICAM-1, indicating that NF-jB activation
and EC activation (enhanced ICAM-1 expression) are
not likely resulted from PECAM-1 phosphorylation.

Other mechanotransducers are likely involved in EC
response to shear stress and/or cyclic strain signals.72

It is also interesting to notice that in most of the
measurements conducted in this study (EC morphol-
ogy, PECAM-1 phosphorylation, NF-jB activation
and ICAM-1 expression), two-way ANOVA suggested
both the type of mechanical stimulation (shear stress,
tensile strain, or combined) and the measure of the
mechanical stimulation (1 Pa and 7% for normal
condition, 3.7 Pa and 3% for stenosis condition, and
0.7 Pa and 5% for recirculation condition) had sig-
nificant effects. Reduced tensile strain, low shear stress
or elevated shear stress can all trigger changes in EC
morphology, mechanotransduction and inflammatory
protein expression. Shear stress and tensile strain are
equally important in the above-mentioned responses.
However, their effects are not synergistic, different
from what we have hypothesized.

This study has a few limitations. Under physiolog-
ical conditions, most blood vessels are only exposed to
circumferential (uniaxial) strain. Coronary arteries
undergo large bending motion due to contraction/re-
laxation of the heart. Therefore, coronary arteries are
exposed to not only circumferential strain but also
axial strain. As reported previously,52 the magnitudes
of coronary artery axial strain and circumferential
strain could be quite different, especially during sys-
tole. The shearing–stretching device used in this study
can only generate uniform biaxial strain, which was
not sufficient to accurately replicate the strain condi-
tions (axial and circumferential) within the left coro-
nary artery. Due to the limitation in our shearing–
stretching device, only circumferential tensile strain
was applied to EC in the present study.

Endothelial cells were treated with shear stress and/
or tensile strain for 1 h, which may not be the best
treatment duration to catch all the changes that can
occur. There is no agreement on how long endothelial
cells should be treated with shear stress or tensile strain
to cause detectable biomechanical responses. A study
by Yamamoto and Ando reported that endothelial cell
membrane can respond to shear stress and tensile
stretch within minutes.84 Chatterjee et al. reported that
when bovine endothelial cells were exposed to laminar
flow, cell boundaries altered within 5 min.9 Seko et al.
reported that pulsatile stretch at 15% could cause
MAPK pathway protein activation within 5 min in
cultured rat cardiac myocytes.68 Hurley et al. reported
that 20% cyclic stretch caused a significant increase in
c-Myc gene expression in cultured HUVEC within 1–
2 h.32 Previously, we reported morphological changes
in human coronary artery endothelial cells induced by
shear stress and/or tensile strain within 30 min of
mechanical stimulation.51 However, these may all be
transient responses. Steady-state morphological
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responses to mechanical stimulation could take 24 h or
longer to occur.44,62 In the present study, EC mor-
phological changes (size and aspect ratio), ICAM-1
expression, PECAM-1 phosphorylation, and NF-jB
activation were observed after 1 h of shear stress/ten-
sile strain application, suggesting that human coronary
artery endothelial cells can sense the mechanical stim-
ulation and respond accordingly. However, as men-
tioned previously, the 1-h shearing–stretching time
may be too long to catch the transient changes in
ERK1/2 phosphorylation, but too short to detect
changes in NF-jB activation. Therefore, time response
studies (15 min, 30 min, 2 h, 4 h, and up to 24 h) will
be needed to evaluate short-term and long-term
changes induced by shear stress and/or tensile strain.
To measure ERK1/2 activation, EC were taken off
from the 6-well plates and lysed in lysis buffer before
Western blot. Taking adherent cells from the plate
using Trypsin-ETDA could affect ERK1/2 phospho-
rylation state. Therefore, directly lysing EC from the 6-
well plate without trypsinizing could be a helpful
alternative approach.

In the present study, shear stress and tensile strain
with different magnitudes were used to simulate
physiological and pathological mechanical conditions.
How variations in other factors, such as stimulation
frequency, duration and shape of the waveform, on
cellular response were not investigated. It has been
reported that oscillatory low shear stress at a higher
frequency is more likely to induce endothelial cell
inflammatory responses.67 Frequency of tensile strain
can also significantly affect stress fiber (F-actin) dis-
tribution in endothelial cells.30 Flow velocity acceler-
ation (which affects the shape of shear stress) has been
reported to have a significant impact on endothelial
cell morphology and mechanotransduction.29,70,80

Therefore, frequency and perturbation of mechanical
stimulation may need to be investigated in the future
studies.

In the present study, only confluent EC were used.
However, in each Flexcell well, confluent EC density
could still vary (EC were seeded at 1000 cells/mm2;
when they reached confluence, the average density
increased to 2685 ± 180 cells/mm2). In literature, dif-
ferent seeding densities were reported for Flexcell cul-
ture. Morrow et al. grew HUVEC in 6-well Flexcell
plates and reported a seeding density of 200,000 cells/
well (~ 208 cells/mm2).56 Juan el al also used HUVEC,
but they seeded cells at 20,000/well (~ 21 cells/mm2).37

When bovine aortic endothelial cells were used, both
Azuma et al. and Fujoka et al. seeded cells at
approximately 400 cells/mm2.4,18 However, the exact
cell density at confluence in those studies was not
reported. It is important to be aware that confluent cell
density could vary due to cell type, culture substrate,

and cell passage, etc., and the variation in total cell
numbers could have had an impact on the measured
experimental results. To rule out cell number-induced
effects, in the future studies, the total numbers of cells
before and after each experiment will need to be
counted and taken into consideration when results are
analyzed.

Overall, our results demonstrated that EC respond
to combined shear stress and tensile strain differently
than to each single simulation. Concurrent shear stress
and tensile strain signal at physiological and patho-
logical levels can be relayed from cell membrane to
nucleus, and cause significant changes in EC mor-
phology (cell area and aspect ratio) and biomechanical
responses (ICAM-1 expression, PECAM-1 phospho-
rylation, and NF-jB activation). However, shear stress
and tensile strain did not have a synergistic effect on
EC biomechanical responses, as we hypothesized
originally. To investigate how altered mechanical
conditions affect cardiovascular disease initiation and
development, both shear stress and tensile strain need
to be considered.
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