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Abstract—Previous mechano-transduction studies have
investigated the endothelial cell (EC) morphological response
to mechanical stimuli; generally consisting of a wall shear
stress (WSS) and a cyclic tensile hoop strain (THS). More
recent studies have investigated the EC biochemical response
(intercellular adhesion molecule, ICAM-1, and vascular
cellular adhesion molecule, VCAM-1, expression) to idealized
mechanical stimuli. However, current literature is lacking in
the area of EC biochemical response to combinations of
physiological WSS and THS mechanical stimuli. The objec-
tive of this study is to investigate the EC response to
physiological WSS and THS stimuli and to compare this
response to that of ECs exposed to idealized steady WSS and
cyclic THS of the same magnitudes. This study also investi-
gated the EC response to a nicotine chemical stimulus
combined with a suspected athero-prone physiological
mechanical stimulus. A bioreactor was designed to apply a
range of combinations of physiological WSS and THS
waveforms. The bioreactor was calibrated and validated
using computational fluid dynamics and video extensometry
techniques. The bioreactor was used to investigated the
biochemical response exhibited by human umbilical vein
endothelial cells (HUVECs) exposed to physiological athero-
protective (first bioreactor test case, pulsatile WSS combined
with pulsatile THS) and athero-prone (second bioreactor test
case, oscillating WSS combined with pulsatile THS) mechan-
ical environments. The final testing environment (third
bioreactor test case) combined a nicotine chemical stimulus
with the mechanical stimuli of the second bioreactor test case.
In first and second bioreactor test cases, the addition of a
pulsatile THS to the WSS resulted in opposite trends of
ICAM-1 down-regulation and up-regulation, respectively.
This outcome suggests that the effect of the additional
pulsatile THS depends on the state of the applied WSS
waveform. Similarly, in first and second bioreactor test cases,
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the addition of a pulsatile THS to the WSS resulted in a
VCAM-1 up-regulation. However, it has been previously
shown that the addition of a cyclic THS to a high- or low-
steady WSS resulted in a VCAM-1 down-regulation, indicat-
ing that the EC response to idealized mechanical stimuli
(steady WSS and cyclic THS) is not comparable to physio-
logical mechanical stimuli (unsteady WSS and pulsatile THS),
even though in both situations the average magnitude of WSS
and THS applied were similar. In third bioreactor test case, a
nicotine chemical stimulus induced a substantial VCAM-1
up-regulation and a moderate ICAM-1 up-regulation. The
addition of the mechanical stimuli of the second bioreactors
test case resulted in a greater VCAM-1 up-regulation than
what was expected, considering the observations of the
previous second bioreactor test case alone. This study found
that the EC biochemical response to physiological mechanical
stimuli is not comparable to the previously observed EC
response to idealized mechanical stimuli, even though in both
environments the mechanical stimuli were of a similar
magnitude. Also, the level of VCAM-1 expressed by the
nicotine stimulated ECs showed an elevated level of sensitivity
to the athero-prone mechanical stimuli.

Keywords—Cell mechanotransduction, Wall shear stress,
Tensile hoop stretch, ICAM-1, VCAM-1, Nicotine.

INTRODUCTION

The human vascular system is continuously exposed
to hemodynamic forces, namely wall shear stress (WSS),
tensile hoop strain (THS), and pressure. The magni-
tudes of these forces can vary greatly throughout the
arterial system, this can be caused by changes in arterial
wall mechanical properties, anatomical location, and
arterial geometry. Pathological studies show that arte-
rial disease is frequently found in localized regions that
are exposed to very specific hemodynamic WSS.>32%°
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In the majority of previous in vitro mechano-
transduction studies, isolated mechanical forces have
examined the endothelial cell (EC) response to either
WSS6-7+13:21.38 THS, 11:18:20.27.31.34.35,39.40.42,44.46-48
Additional studies have investigated the morphological
and cytoskeletal response of ECs to combinations of
pulsatile WSS and THS.?*3 These studies have indi-
cated that cell reorientation and alignment and F-actin
filament reorganization are a result of a WSS stimulus,
and that this cellular response is greatly enhanced with
the addition of a THS. The latter study” alluded to the
hypothesis that the addition of the THS might enhance
the sensitivity of the ECs toward a WSS stimulus, i.c.,
a situation where the combination of the WSS and
THS resulted in having a synergetic effect on the ECs
morphological response. This experimental result
tends to imply that a simultaneous mechanical force
environment will result in a better understanding of the
in vivo function of ECs.

One known EC response to mechanical stimulation
is the up- or down-regulation of adhesion molecules.
The adhesion molecules ICAM-1 and VCAM-1 when
expressed in abnormal quantities have been shown to
be associated with the initiation and progression of
atherosclerosis, *!'%-16:17:29:32:33.3643 Tt hag been demon-
strated that a steady WSS can down regulate the level
of EC VCAM-1 expression,” this down-regulation was
shown to be time and shear stress dependent and
reversible. Similarly Nagel er al*® investigated the
response of HUVECs to a range of steady WSS, and
showed that ECs expressed a time-dependent, but
force-independent ICAM-1 up-regulation in response
to the WSS. Additionally, other studies have focused
on EC ICAM-1 and VCAM-1 expression in response
to a cyclic THS. Cheng et al.'® and Yun er al®
exposed ECs to a cyclic THS for up to 24 h and
observed a significant time-dependent ICAM-1
up-regulation. Ali et al.? found that a 25% cyclic THS,
applied over 6 h, resulted in a 5.5-fold increase in the
level of EC ICAM-1 expression.

The effect of combined chemical and mechanical
stimulation has received limited coverage in the litera-
ture. For example, the EC response to a nicotine
chemical stimulus has been investigated previously.'**’
However, the effect on adhesion molecule expression of
a combined nicotine and mechanical stimulus has not
been observed in the literature to date. Zhang et al.'
showed that a nicotine chemical stimulus (10> M and
107 M) resulted in significant increased mRNA levels
of endothelial nitric oxide synthase and VCAM-1 after
24 h. Albaugh ef al." also found that a nicotine stimulus
(107® M) up-regulated EC VCAM-1 expression after
3 h exposure. Additionally, this study also showed that
an ICAM-1 up-regulation occurred, but to a lesser
degree. Neither of these studies assessed a simultaneous

mechanical and chemical environment, which would
more accurately reflect the in vivo situation.

In this study, we propose to investigate the response
of ECs to a multiaxial physiological mechanical force
environment, in combination with a chemical stimulus.
The study used a custom bioreactor which was vali-
dated for the application of simultaneous physiological
mechanical loading patterns. The specific force pat-
terns applied to the cells relate to physiological con-
ditions found at the carotid sinus, an athero-prone
condition similar to the conditions found at the outer
wall of the carotid bulb, and an athero-protective
condition relating to the force environment at the distal
region at the carotid bifurcation. The test environment
was designed to test the hypothesis that atherosclerosis
initiation (i.e., inappropriate expression of adhesion
molecules) could be identified when different simulta-
neous WSS and THS patterns are applied to ECs. The
study also provides information on the compounding
effect that two significant risk factors have on the
function of ECs, via an atherosclerosis prone
mechanical stimulus and a nicotine chemical stimulus.

EXPERIMENTAL METHODS
AND WAVEFORM VALIDATION

Bioreactor Design

The bioreactor was designed to simultaneously
apply a range of physiological WSS and THS
mechanical stimuli to a variety of tissues and cell types.
The bioreactor achieves this goal by combining two
previous bioreactor techniques: a cone and plate rhe-
ometer® and multiple flexible silicone substrates upon
which the cells are seeded.*> The cone and plate rhe-
ometer generates the desired cellular WSS, while the
strain applied to the cellular substrates replicates the
THS applied to the arterial wall, similar to the situa-
tion if an arterial wall was cut longitudinally and rolled
out flat and stretched laterally. The WSS and the
substrate strain are applied in perpendicular directions,
as would normally be the case in the in vivo arterial
system. A cone diameter and cone angle of 120 mm
and 1.0°, respectively, were used. The tip of the cone
was machined flat (20 mm diameter) to prevent rub-
bing between the cone and plate surface. The cone to
plate separation at the center point was 175 um. Eight
square windows were cut from the plate at a mean
radial position of 35 mm. Eight corresponding flexible
cellular substrates were placed beneath the plate at
each of the window locations, as shown in Fig. 1. For
each experiment 300 mL of cell media (EGM-2 Cell
Media) was used. Both the WSS and THS are sepa-
rately controlled by two stepper motors, which are
individually programed using LabView (version 6.11).
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FIGURE 1. The bioreactor’s rheometer plate (shown as transparent with the cone removed for demonstrational purposes). Eight
square windows were cut from the plate and beneath each of the windows is a corresponding flexible cellular substrate. The white
arrows indicate the direction of applied WSS, and the black arrows indicate the direction of applied THS. Two further cellular

substrate controls were not exposed to a WSS or a THS.

The design, construction, and validation of this system
for simple wave forms were previously presented by
Breen et al.®

Mechanical Stimulation
Physiological WSS Applied

The bioreactor was previously calibrated to generate
a range of idealized steady WSS levels.” However, the
human vasculature is exposed to a range of pulsatile
and sometimes oscillatory WSS levels. In this study, we
implemented two contrasting physiological WSS
waveforms, these were determined in a study by Dai
et al."” using MRI and ultrasound techniques. A pul-
satile WSS waveform and an oscillating WSS wave-
form were chosen to represent the WSS applied to the
distal region of the internal carotid artery (ICA) and
the internal carotid sinus, respectively, as shown in
Fig. 2. These waveforms are considered to be athero-
protective and athero-prone.*'*!*2%2® The two con-
trasting unsteady WSS waveforms were applied to
substrates 1-8, while no WSS was applied to substrates
9 and 10 (non-mechanical stimulated controls), as
shown in Table 1.

In this study, the oscillating shear index (OSI) was
calculated to quantify the oscillatory nature of the
athero-prone WSS waveform. The definition of the
OSI is given in a study by He e al.,* where a maxi-
mum value of OSI (0.5) is indicative of a completely
oscillatory flow without any net flow. The calculated
OSI for the athero-prone WSS waveform shown in
Fig. 2 is 0.49, which is a highly oscillatory waveform.

The Reynolds number for the flow in the cone and
plate was calculated for the maximum desired cone
angular velocity (250 rpm) at a cellular radial position
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FIGURE 2. Pulsatile and oscillating WSS waveforms found
in regions of the distal ICA and carotid sinus, respectively.
The authors would like to acknowledge Dai et al.'® for the WSS
data.

TABLE 1. The range of pulsatile THS and WSS applied to the
cellular substrates.

Substrate number THS (%) WSS (Pa)
1&5 0-12 Puls./Osc.
2&6 0-8 Puls./Osc.
3&7 0-4 Puls./Osc.
4&8 0-0 Puls./Osc.
9&10 0-0 No WSS

Substrates 1-3 and 5-7 were exposed to a pulsatile THS. Sub-
strates 1-8 were exposed to an unsteady Pulsatile (Puls) or
oscillating (Osc) WSS. The control samples (substrates 9 & 10)
were not exposed to any mechanical stimulus.

of 35 mm as 0.2863, with a cone angle of 1° (0.01745
radians), the cell medium dynamic viscosity of
0.003 N s/m? (3.0 cP) and a density of 1057 kg/m>.
The calculated Reynolds number is <1 and is indica-
tive of laminar flow.'?
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Physiological THS Applied

In a study by Zhao e al.,” the continuous carotid
pulse pressure was measured for five healthy human
subjects. These pressure waveforms were noninvasively
measured using a high-fidelity external pressure
transducer, which was applied to the skin over the
common carotid artery. The average of five pulsatile
pressure waveforms was used to determine the basic
shape of the pulsatile THS waveforms used for this
study (see Fig. 3). Three waveforms of varying peak
THS magnitudes (12.0%, 8.0%, and 4.0%, shown in
Fig. 3¢) were applied to different substrates (specifi-
cally substrates 1-3 and 5-7), as detailed in Table 1. To
simplify labeling of these three THS waveforms, they
will be referred to as 0-12%, 0-8%, and 0-4% for the
remainder of this paper. It is important to note that no
THS was applied to substrates 4, 8, and no WSS or
THS was applied to the control samples (substrates 9
and 10), as shown in Table 1.

Computational Fluid Dynamic Calibration
and Validation for Unsteady WSS

In both the athero-protective and athero-prone
WSS waveforms, the Womersley number was calcu-
lated to be greater than 1, which indicates that the
inertial forces would have a significant influence on
the flow.*! Considering the small nonuniformity in the
plate geometry and the high Womersley number cal-
culated for the WSS waveforms, it was considered that
the best approach to validate the pulsatile and oscil-
lating WSS waveforms would be to use a computa-
tional fluid dynamics programme (ANSYS, CFX,
www.ansys.com). This validation approach also con-
sidered the shallow indents on the plate surface. These
shallow indents did affect the flow at the localized edge
regions of the shallow indent, but his effect was mini-
mal and had an insignificant effect on the over WSS

applied to the cellular samples (see Breen et al.’ for
further details).

The bioreactor was calibrated for a range of steady
flow laminar WSS conditions, where a linear rela-
tionship between the desired WSS level applied to the
cellular substrates and the required cone angular
velocity (CAV) to produce this WSS was expressed in
terms of a “‘master curve.” However, in the experi-
mental study reported here, involving unsteady flow,
varying WSS waveforms were desired, each requiring a
corresponding CAV profile. The linear relationship
determined in Breen er al.’ for steady flow (and the
resulting master curve) were insufficient to directly
determine the appropriate CAV profiles due to the
unsteady nature of the flow and the inertia and
momentum effects associated with mimicking physio-
logical (mechanical) stimuli. In order to account for
momentum/inertia effects, the CFD preprocessor flow
state within Ansys-CFX was set to “transient flow.”
For transient flow, the CFD model determines the
applied cellular WSS for a sequence of time steps (TSs)
throughout the wave period. A TS size convergence
study was performed and from this study it was
determined that 50 and 85 TSs per wave period, for the
pulsatile and oscillating WSS waveforms types were
necessary to generate sufficiently accurate solutions.

To determine the required input CAV profiles that
would generate the two desired WSS waveforms, an
initial CAV profile was determined using the steady-
state master curve. Then, an iterative process was
employed where the proportionality relationship
between the WSS and the CAV values was indepen-
dently adjusted for each TS until the calculated WSS
waveform converged to the desired output WSS
waveform. The results of this study are shown in Fig. 4
for the pulsatile (athero-protective) WSS waveform
and in Fig. 5 for the oscillating (athero-prone) WSS
waveform; in both cases, two iterations were sufficient
to generate a converged solution.
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FIGURE 3. (a) The pulsatile pressure waveform for the human carotid artery measured in five healthy subjects, (b) the averaged
pulsatile pressure waveform, and (c) the three different magnitudes of pulsatile THS waveforms used in the bioreactor tests, where
as follows: (i) 0-12% THS, (ii) 0-8% THS, and (iii) 0-4% THS. The authors would like to acknowledge Zhao et al.>® for the pressure
waveform data. Image (a) was reproduced with permission from Elsevier.
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FIGURE 4. The calibrated cellular pulsatile WSS waveform. The initial, first modified, and second modified (converged) profiles
are shown. A computational WSS measurement was taken at each time step (TS), and 50 WSS measurements were taken per wave

period.
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FIGURE 5. The calibrated cellular oscillating WSS waveform.
are shown. A computational WSS measurement was taken at

Finally, the model was run for both cases for a
number of wave periods to ensure that there were no
significant long-term transient effects, thereby validat-
ing the calibration of the required input CAV profiles
for repeated cycles of WSS variation.

Experimental Preparation and Setup

Ten cellular substrates were cut from silicone
(Goodfellow Cambridge Limited) sheets (100 x 100 x
0.1 mm?); each substrate was cut into 65 x 20 mm?
strips. The substrates were cleaned with 70% ethanol
and distilled water in an ultrasonic bath (Bransonic®)
for 15 min. The substrates were allowed to air dry in a
sterile laminar flow hood. All ten substrates were
coated with fibronectin (FN, 6 mg/cm?) to improve the
cellular attachment. Human umbilical vein endothelial

The initial, first modified, and second modified (converged) profiles
each TS, and 85 WSS measurements were taken per wave period.

cells (HUVECs, Cambrex Corp.) were used for the
experiments. The cells were cultured using an endo-
thelial growth media (EGM-2, Cambrex Corp) in a
humidified incubator (37 °C and 5% CO,). The
EGM-2 contained 500 mL of Endothelial Cell Basal
Medium-2 and the following growth supplements:
hydrocortisone, hFGF-B, VEGF, R3-IGF-1, ascorbic
acid, heparin, FBS, hEGF, and GA-1000. The cells
were serially passaged using a solution of 0.5% tryp-
sin—0.2% EDTA (Sigma-Aldrich Co.) at a subcultiva-
tion ratio of 1:2. The cell media were changed every
2 days during cell culture. The cells used in the experi-
ments were cultured to between passages 6 and 9.
The bioreactor components were washed (detergent:
Virkon®, DuPont), cleaned (ethanol), and autoclaved
(121 °C for 45 min). The electrical stepper motors were
detached from the bioreactor prior to the autoclaving
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process. The cellular substrates are pretensioned before
the cells are seeded to minimize any chance of substrate
flexure during testing. A 500 uL aliquot of HUVECs
suspended in EGM-2 (150,000 cells/cm?) was placed on
each of the ten fibronectin-coated cellular substrates.
The cells were seeded on all ten cellular substrates at a
concentration of 150,000 cells/cm® and incubated at
37 °Cin a humidified atmosphere of 5% CO,/95% air.
After the cells formed a confluent monolayer, the
culture medium was changed and the bioreactor was
filled with 300 mL of the 2.586% dextran/EGM-2
solution (dynamic viscosity of 3cP). At this stage, the
ECs were ready to be subjected to a mechanical and/or
chemical stimulation. Two control cellular substrates
(9 and 10) were incubated in a separate compartment
(with no application of mechanical forces) of the bio-
reactor. This separate compartment was supplied with
the same cell media as the rest of the other test cellular
substrates. The control substrates (9 and 10) were not
exposed to any mechanical stimulus. The testing
environment (the levels of oxygen, carbon dioxide, and
humidity) was set and controlled by the incubator
within which the bioreactor was placed for the dura-
tion of the experiments. The pH of the cell media was
measured before the cells were placed in the bioreactor
and after the cells were in the bioreactor for 12 h. Less
than a 3% change in the pH level was observed over
the duration of a 12 h bioreactor test (results not
shown).

After each bioreactor test, a section of cellular
substrates samples were fixed with paraformaldehyde
and the cells nuclei were stained using propidium
iodide. These cells were captured and examined using
fluorescent microscopy. These images were used to
qualitatively assess the HUVECs viability after each
bioreactor test, ensuring that a healthy confluent
monolayer cells was maintained. See Fig. 6 for a typ-
ical image of ECs exposed to a pulsatile WSS and
pulsatile THS (0-12%) for 12 h.

After each bioreactor test, the remaining sample cell
populations were fixed, stained, and examined for
ICAM-1 and VCAM-1 expression using immuno-
staining and flow cytometry. The ECs were stained
using FITC conjugated mouse anti-human ICAM-1
primary antibody (Bender MedSystems, clone number:
RR1/1) and FITC conjugated mouse anti-human
VCAM-1 primary antibody (Abcam plc, clone num-
ber: M/K-2). A population of cells from each substrate
was stained with a FITC-conjugated IgG,, second
antibody to account for any nonspecific antibody
binding (antibody negative control).

The stained cellular samples were analysed with a
fluorescence-activated cell sorter (FACS Calibur Sys-
tem, BD Biosciences). The specific mean fluorescence
intensity (MFI) was obtained for each cell population

WSS Direction

FIGURE 6. ECs exposed to a pulsatile WSS and a pulsatile
THS (0-12%) for 12 h. The ECs were fixed and stained with
propidium iodide. The healthy monolayer of ECs shows cell
elongation and alignment.

after correction for nonspecific binding. The flow
cytometry data are acquired in dot plot format, where
the appropriate populations of dots are selected and
quantified using a dot plot analysis program (Win
MDI). The selected data are then presented in histo-
gram distribution plots to quantify the level of MFI of
ICAM-1 and VCAM-1 expressed. In this current
study, the MFI of ICAM-1 and VCAM-1 expressed
was presented as bar diagrams for ease of analysis. The
level of ICAM-1 and VCAM-1 expressed was nor-
malized against the basal level of ICAM-1 and
VCAM-1 expression in the control samples, where the
cells were exposed to no mechanical stimuli (see Breen
et al.® for further details on data analysis protocol).

RESULTS

The individual tests performed using the bioreactor
can be described in terms of the three different biore-
actor test cases. The first bioreactor test case: a pul-
satile WSS combined with three levels of pulsatile THS
waveforms (0-12%, 0-8%, and 0-4%), a pulsatile
WSS alone and two nonmechanically stimulated con-
trols. The second bioreactor test case: an oscillating
WSS combined with three levels of pulsatile THS
waveforms (0-12%, 0-8%, and 0-4%), an oscillating
WSS alone and two nonmechanically stimulated con-
trols. The third bioreactor test case: the same
mechanical stimuli as in second bioreactor test case but
with a nicotine chemical stimulus. The third bioreactor
test case also had two additional substrates (substrate
numbers 11 and 12) that were not mechanically or
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chemically stimulated. The testing period for all three
bioreactor test cases was 12 h.

The levels of biochemical response exhibited by the
HUVECs were analysed using statistical analysis
software (GraphPad InStat®, version 3.05). This pro-
gramme was used to perform a one-way analysis of
variance (ANOVA), which compares the degree of
ICAM-1 and VCAM-1 exhibited by the stimulated and
unstimulated HUVECs. When a statistical significance
was detected, a post-test analysis was conducted using
Tukey test. p-values less than 0.05 were considered
statistically significant.

Twelve Hours Pulsatile WSS and THS Bioreactor Test

The first bioreactor test case was repeated three
times, providing a sample number (1) of 6 for each
unique combination of stimuli, as two cellular samples
were exposed to the same mechanical stimulus in each
test. The results in terms of ICAM-1 and VCAM-1
expression for the first bioreactor test case are shown
in Fig. 7.

The pulsatile WSS alone resulted in a significant
ICAM-1 up-regulation (35% increase relative to the
control, p <0.05) and VCAM-1 down-regulation
(34% decrease relative to the control, p < 0.01), a
very similar cellular response to what was previously
found in a study where HUVECs were exposed to a
high steady WSS alone.® However, the addition of
a pulsatile THS to the pulsatile WSS reduced the
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FIGURE 7. ICAM-1 and VCAM-1 expression of HUVECs
exposed to a pulsatile WSS and a range of pulsatile THS for
12 h. The mean fluorescence intensify (MFI) was normalized
against the static control samples. The applied pulsatile WSS
(Puls. WSS) and THS waveforms are shown in Figs. 2 and 3c.
The data are represented as mean = SD. Six samples were
measured for each combination of stimulus; *p<0.05,
**p < 0.01, and ***p<0.001.

initial ICAM-1 up-regulation and VCAM-1 down-
regulation, respectively. The greatest reduction of the
initial ICAM-1 up-regulation (17% reduction relative
to the pulsatile WSS alone response) occurred when
the largest pulsatile THS (0-12%) was combined with
the pulsatile WSS. This specific combination of
mechanical stimuli also resulted in the greatest reduc-
tion of the initial VCAM-1 down-regulation, where a
41% reduction in the initial VCAM-1 down-regulation
(in response to the pulsatile WSS alone) was observed
(see Fig. 7).

Twelve Hours Oscillating WSS and THS
Bioreactor Test

The second bioreactor test case was repeated three
times, again generating a sample number of six for
each unique combination of stimuli. The results in
terms of ICAM-1 and VCAM-1 expression for the
second bioreactor test case are shown in Fig. 8.

After 12 h of oscillating WSS alone, a significant
VCAM-1 up-regulation (23% increase relative to the
control, p < 0.01) and an ICAM-1 up-regulation (18%
increase relative to the control) was observed (see
Fig. 8). This significant VCAM-1 up-regulation cor-
relates with the findings of previous studies,*'*!?-26-2%
which suggests that an oscillating WSS up-regulates
specific adhesion molecules that are associated with
excessive monocyte adhesion and trans-endothelium
migration.
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FIGURE 8. ICAM-1 and VCAM-1 expression of HUVECs
exposed to an oscillating WSS and a range of pulsatile THS
for 12 h. The MFI was normalized against the static control
samples. The applied oscillating WSS (Osc. WSS) and THS
waveforms are shown in Figs. 2 and 3c. The data are repre-
sented as mean + SD. Six samples were measured for each
combination of stimulus; *p<0.05, **p<0.01, and ***p<0.001.
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The addition of a range of pulsatile THS caused a
further trend of up-regulation of both ICAM-1 and
VCAM-1. In regards ICAM-1 expression, a combina-
tion of the oscillating WSS and the medium pulsa-
tile THS (0-8%) produced the maximum ICAM-I
up-regulation (29% up-regulation relative to the con-
trol). Similarly for VCAM-1, a combination of the
oscillating WSS and the largest pulsatile THS (0-12%)
resulted in the maximum VCAM-1 up-regulation
(51% up-regulation relative to the control, p < 0.001),
as shown in Fig. 8.

In overall terms, the addition of the pulsatile THS
to the pulsatile or oscillating WSS resulted in a general
trend of VCAM-1 up-regulation in both the first and
second bioreactor test cases (see Figs. 7 and 8).
However, the addition of the pulsatile THS to the
pulsatile WSS in the first bioreactor test case resulted
in a trend of ICAM-1 down-regulation (sece Fig. 7),
whereas the same addition of the pulsatile THS
in second bioreactor test case triggered a trend of
ICAM-1 up-regulation (see Fig. 8). On the other hand,
a drop in the ICAM-1 up-regulation was recorded
when the ECs were exposed to a combination of
an oscillating WSS and the largest pulsatile THS
(0-12%), as shown in Fig. 8. Note that a similar
ICAM-1 down-regulation was observed in a previous
study by Breen er al.,* where HUVECs were exposed
to a low-steady WSS (0.4 Pa) combined with a high
(0-12%) saw tooth THS waveform.

Twelve Hours of the Athero-Prone Bioreactor Test
With a Nicotine Stimulus

A study by Benowitz er al.” showed that nicotine in
the blood stream increases heart rate and blood pres-
sure, resulting in an in vivo environment consisting of
elevated pressures, which are applied at a faster rate.
This in vivo environment could likely result in elevated
levels of arterial THS magnitudes and rates. This
in vivo environment could lead to endothelium dam-
age, resulting in an endothelial dysfunction and a
smooth muscle cell (SMC) trans-endothelium prolif-
eration, potentially causing a stenosis, similar to what
has been observed following angioplasty and stenting
procedures.” The third bioreactor test case investi-
gated the HUVECs response to one such potentially
stenotic or athero-prone chemical and mechanical
environment.

The third bioreactor test case investigated the bio-
chemical response exhibited by HUVECs exposed to
the same mechanical stimuli as the second bioreactor
test case with the addition of a nicotine chemical
stimulus (10> M). The concentration of nicotine used
for these tests is equivalent to the concentration of
nicotine that is present in the blood stream of a regular

smoker.”’ The nicotine was mixed with the common
pool of cell medium and this pool of medium was used
as the nicotine delivery vehicle for the nicotine stimu-
lated cellular samples (cellular samples 1-10) for the
12 h testing period. However, two further control
samples (cellular samples 11-12) were used during this
bioreactor test, where these cellular samples were
incubated in a separate Petri dish, which was filled with
the same cell medium as the other cellular samples but
without the nicotine additive. None of the four control
samples (samples 9, 10, 11, and 12) were exposed to
any mechanical stimuli. This particular bioreactor test
was preformed three times, yielding a sample number
of six substrates for each unique level of mechanical
and/or chemical stimuli. The resulting levels of
ICAM-1 and VCAM-1 expressed are shown in Fig. 9.

The 12 h nicotine chemical stimulus (alone) resulted
in a significant up-regulation of both ICAM-1 (27%
increase, p < 0.05) and VCAM-1 (108% increase,
p < 0.01), which agrees with the observations of pre-
vious studies by Zhang et al.>' and Albaugh er al.' The
combination of an oscillating WSS with a nicotine
stimulus resulted in a further trend of VCAM-1 (141%
increase relative to the nonmechanical and nonchemi-
cal stimulated control, p < 0.01) up-regulation. How-
ever, the addition of the oscillating WSS, to the
nicotine chemical stimulated samples, did not have any
significant effect on the level of ICAM-1 expressed (see
Fig. 9).

The addition of a pulsatile THS, combined with
the oscillating WSS and nicotine stimulus, resulted
in a trend of ICAM-1 and VCAM-1 up-regulation.
The greatest ICAM-1 (42% up-regulation relative to
the no mechanical and no chemical stimulus control,
p < 0.01) and VCAM-1 (165% up-regulation relative
to the no mechanical and no chemical stimulus control,
p < 0.01) up-regulation was observed when the ECs
were exposed to a medium pulsatile THS (0-8%) and a
high pulsatile THS of (0-12%), respectively. This
pattern of ICAM-1 and VCAM-1 response corre-
sponds to what was previously found in the second
bioreactor test case, where no nicotine stimulus was
included.

Overall, both ICAM-1 and VCAM-1 up-regulation
followed the same trends observed in the second bio-
reactor test case (see Fig. 8), including a decrease in the
level of ICAM-1 expression when the ECs were ex-
posed to the largest pulsatile THS (0-12%), as shown
in Fig. 9.

DISCUSSION AND CONCLUSIONS

A novel bioreactor was designed, calibrated, and
validated to apply pulsatile or oscillating WSS



1888

400 4 Control A

BREEN et al.

350 4

300 4

250 4

*%

200 4

150 4

Mean fluorescence intensity
(normalised, %)

100 4

N
\

* %k

*k *k

50 4
0 ! I -~ s i s & . [ '-
No nico Nico (10-°M) Nico (10°M) Nico (10°M) Nico (10°M) Nico (10 M)
No THS No THS No THS Pul. THS (0% - 4%) | Pul. THS (0% - 8%) |Pul. THS (0% - 12%)
No WSS ‘ No WSS ‘ Osc. WSS Osc. WSS Osc. WSS Osc. WSS

Mechanical and chemical stimuli

‘@ICAM-] AN VCAM-1 ‘

FIGURE 9.

ICAM-1 and VCAM-1 expression of HUVECs exposed to an oscillating (Osc.) WSS and a range of pulsatile (Pul.) THS

with a nicotine (10~° M) chemical stimulus for 12 h. The data are represented as mean = SD. Six samples were measured for each
combination of stimulus; *p<0.05 and **p<0.01 vs. static control. The control and A-E labels were used to identify the specific
mechanical and chemical stimuli applied to the various test samples.

with/without pulsatile THS waveforms, which are
typical of the mechanical environment found at the
carotid artery in the in vivo situation. These WSS and
THS waveforms were calibrated and validated using
computational fluid dynamics and video extensometry
techniques. The novelty of this bioreactor is demon-
strated in the way that the cellular samples are exposed
to simultaneous pulsatile or oscillating WSS combined
with a range of pulsatile THS waveforms.

For each bioreactor test, all the cellular substrates
were submerged in a common pool of cell media. This
situation has the potential to cause a cross migration of
biochemical signals which could influence the protein
synthesis of neighboring cellular samples. However,
Morigi er al.** have shown that ECs grown in static
conditions, with either mechanically preconditioned
cell media or new fresh cell media, expressed equivalent
levels of ICAM-1 and VCAM-1 expression. This study
showed that the secreted biochemical signals in the
mechanically preconditioned cell media had a negligi-
ble effect on the level of ICAM-1 or VCAM-1
expression. Therefore, based on this, the authors con-
sidered it reasonable that any cellular protein synthesis
observed after a test with the current bioreactor could
be assumed to be exclusively a biochemical response to
the mechanical stimulus, and the cellular response
could be assumed to be uninfluenced by any bio-
chemical signals that may be secreted into the common
pool of cell media.

The HUVECs biochemical response to an isolated
cyclic THS was not investigated in this study, but
previous studies have investigated the ICAM-1

and VCAM-1 response to a cyclic THS mechanical
stimulus.*'> These studies observed that a cyclic THS
resulted in an ICAM-1 and VCAM-1 up-regulation. In
this current study, the addition of the pulsatile THS to
the pulsatile or oscillating WSS resulted in a trend of
VCAM-1 up-regulation for all three bioreactor test
cases and a trend of ICAM-1 up-regulation for the
second and third bioreactor test cases, excluding the
ICAM-1 down-regulation observed when the ECs were
exposed to the highest THS (0-12%). However, in the
first bioreactor test case the addition of the pulsa-
tile THS to the pulsatile WSS resulted in a trend of
ICAM-1 down-regulation (see Fig. 7), which is unex-
pected considering that it has been shown in previous
studies'>* that an isolated cyclic THS results in an
ICAM-1 up-regulation. Furthermore, in the second
bioreactor test case an ICAM-1 up-regulation was
observed when the ECs were exposed to the same
pulsatile THS combined with an oscillating WSS. This
unanticipated ICAM-I down-regulation in response to
the additional pulsatile THS in the first bioreactor test
case would suggest that the pulsatile WSS may have an
controlling influence on the ECs response to a pulsatile
THS, in terms of ICAM-1 expression.

In this study, the bioreactor was used to apply two
different mechanical environments. In first bioreactor
test case, an pulsatile WSS mechanical stimulus
resulted in a significant ICAM-1 up-regulation (35%
increase, p < 0.05) and the addition of a range of
pulsatile THS, combined with the pulsatile WSS,
resulted in a trend of ICAM-1 down-regulation, as
shown in Fig. 7. However, the same addition of a
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range of pulsatile THS combined with an oscillating
WSS in the second bioreactor test case, resulted in a
trend of ICAM-1 up-regulation (Fig. 8). This obser-
vation would suggest that the addition of a pulsatile
THS to two contrasting WSS waveforms may not
result in a similar ICAM-1 response. Specifically for
the oscillating and pulsatile WSS waveforms used in
this study, the addition of the pulsatile THS resulted in
opposing patterns of I[CAM-1 response. This outcome
would suggest that the shape of the WSS waveform
applied to HUVECs may have a dominating influence
on the ICAM-1 response to the additional pulsatile
THS.

In the first and second bioreactor test cases, the
addition of a pulsatile THS to both the oscillating
and pulsatile WSS waveforms resulted in a VCAM-1
up-regulation, as shown in Figs. 7 and 8. However, it
was previously observed that the addition of a cyclic
THS to a high (2.5 Pa) or a low (0.4 Pa) steady WSS
resulted in a VCAM-1 down-regulation.® This obser-
vation would indicate, at least for VCAM-1 synthesis,
that the effect of an idealized mechanical environment
(a steady WSS combined with a cyclic THS) is not
comparable to a more physiological mechanical envi-
ronment (an pulsatile or oscillating WSS combined
with a pulsatile THS), even though in both situations
the average magnitude of WSS and THS applied
were similar. The authors would argue that this
observation demonstrates the necessity to apply real-
istic unsteady (pulsatile or oscillating) WSS and pul-
satile THS mechanical stimuli when investigating the
EC biochemical response to an in vivo physiological
environment.

VCAM-1 is known to promote monocyte-endothe-
lium adhesion, as does ICAM-1, but VCAM-1 also
promotes monocyte trans-endothelium migration.*
Therefore, it could be claimed that a combination of
mechanical stimuli that generates the greatest level of
VCAM-1 up-regulation is likely to be the most athero-
prone mechanical environment. For the mechanical
stimuli considered in this study, the greatest level of
VCAM-1 up-regulation occurred when the cells were
exposed to an oscillating WSS combined with the
highest level of THS (0-12%). This outcome suggests
that an arterial region that is exposed to this combi-
nation of mechanical stimuli would be most susceptible
to atherosclerosis formation. In a finite element anal-
ysis study conducted by Zhao et al.>® it was deter-
mined that a similar combination of low WSS and high
mechanical stress occur in the sinus region of the ICA,
an arterial location that is strongly linked with the
focal formation of atherosclerosis.™

When analysing the second bioreactor test case
results as a whole, both VCAM-1 and ICAM-1 tended
to be up-regulated (see Fig. 8). The greatest level of

VCAM-1 up-regulation (51% up-regulation relative to
the control, p < 0.001) occurred when the cells were
exposed to an oscillating WSS combined with the
highest level of pulsatile THS (0-12%). This outcome
suggests that an arterial region that is exposed to this
combination of mechanical stimuli could be most
highly susceptible to atherosclerosis formation. In a
finite element analysis study conducted by Zhao
et al.,>® it was determined that a similar combination of
low WSS and high mechanical stress occur in the sinus
region of the ICA, an arterial location that is strongly
linked with the focal formation of atherosclerosis.>

In contrast, it could be argued that a combination
of mechanical stimuli that generates the greatest level
of VCAM-1 down-regulation is likely to be the most
athero-protective mechanical environment. In this
study, the lowest level of pulsatile THS combined with
the pulsatile WSS resulted with the greatest VCAM-1
down-regulation (34% decrease relative to the control,
p < 0.01), as shown in Fig. 7. This finding is consistent
with the low level of atherogenic lesions found in
straight arterial regions, e.g., the distal region of the
ICA, which is considered less susceptible to athero-
sclerosis."”

In this study, the addition of a pulsatile THS to the
unsteady WSS waveforms resulted in a trend of
VCAM-1 up-regulation. However, previous mechano-
transduction studies have shown that the addition of a
cyclic THS to a steady WSS resulted in a trend of
VCAM-1 down-regulation (see Breen et al.®). This
contradictory result implies that to achieve a better
understanding of the in vivo cellular response of ECs to
mechanical environments a more realistic mechanical
stimulus environment must be used in in vitro experi-
ments. Our observations demonstrate the importance
of using physiological mechanical stimuli in future
mechano-transduction experiments in order to deter-
mine accurate physiological cellular responses.

A 12 h nicotine chemical stimulus, applied in the
third bioreactor test case, resulted in an ICAM-1
up-regulation (27%, p <0.05) and a substantial
VCAM-1 up-regulation (108%, p < 0.01), as shown in
Fig. 9a. These results agree with the findings of Zhang
et al.' and Albaugh et al.' Such a large up-regulation
of both adhesion molecules would clearly indicate that
this level of nicotine in the blood stream would be
conducive to systemic atherosclerosis.

The addition of an oscillating WSS to the nico-
tine chemical stimulus caused a further VCAM-1
up-regulation (32% increase, see Fig. 9b), which was
greater than expected, considering that an oscillating
WSS alone resulted in a 23% VCAM-1 up-regulation
(see Fig. 8). A similar situation was also found when
the ECs were exposed to a range of pulsatile THS
levels (see Figs. 9c—9¢). This outcome suggests that the
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nicotine stimulated ECs were somewhat sensitized to
the athero-prone mechanical stimuli and that the
addition of the athero-prone mechanical stimuli would
have a greater detrimental effect on the ECs than if the
ECs were not exposed to a nicotine stimulus at all. This
would suggest that the vasculature of a smoker is more
likely to develop atherosclerosis for two reasons:
firstly, due to the nicotine chemical stimulus that
substantially up-regulated the level of VCAM-1 and
secondly, due to the heightened sensitivity of the ECs
VCAM-1 expression in response to an athero-prone
mechanical environment.

The nicotine alone stimulus did result in an
ICAM-1 up-regulation, but the addition of an oscil-
lating WSS had a negligible effect on the level of
ICAM-1 expression (see Fig. 9b). In fact, an ICAM-1
up-regulation on the order of 18% was expected,
considering that an oscillating WSS alone, in the sec-
ond bioreactor test case, resulted in such an up-regu-
lation, as shown in Fig. 8. This suggests that the
nicotine stimulus had an overwhelming influence on
the ICAM-1 expression and desensitized the ECs to an
oscillating WSS. The application of a range of pulsatile
THS did cause a moderate ICAM-1 up-regulation (see
Figs. 9c and 9d). However, a moderate decrease in
the quantity of ICAM-1 expression occurred when
the largest pulsatile THS (0-12%) was applied, this
decrease was previously observed in the second biore-
actor test case, as shown in Fig. 8. However, in the
second bioreactor test case the magnitude of ICAM-1
down-regulation was much greater, which further
supports the idea that the nicotine stimulus has a de-
sensitising effect on the level of ICAM-1 expressed by
the ECs exposed to mechanical stimuli.

This study investigated the EC biochemical response
to mechanical and chemical stimuli using two molec-
ular markers, namely ICAM-1 and VCAM-1. One
limitation of the study was that other adhesion mole-
cules were neglected, such as P-selectin, E-selectin, and
PECAM-1, which could also have been used to
quantify the EC biochemical response to the physio-
logical mechanical stimuli.

In all three bioreactor test cases, the WSS and THS
waveforms were applied in sequence with each other,
i.e., there was no time lag or shear phase angle (SPA)
between the applied WSS waveform and the THS
waveform (SPA = 0°). However, it is interesting to
note for the in vivo system that this is not always
necessarily true and the SPA can vary throughout the
human vasculature system.’’ Even though a SPA of
zero was used for the bioreactor test cases reported
here, significant interactions between the WSS and the
THS have been demonstrated. However, it has to be
acknowledged that to assess the significance of
the interactions between the WSS and the THS for

other SPAs, further experiments would have to be
conducted. A future study investigating the EC bio-
chemical response to mechanical stimuli applied with
various SPAs could provide very interesting results,
considering that a study conducted Qui ez al.>” showed
that ECs secrete different levels of endothelin-1 and
nitric oxide when exposed to various SPA levels.

In summary, a bioreactor capable of applying un-
steady combinations of pulsatile or oscillating WSS
and pulsatile THS waveforms was calibrated, vali-
dated, and used to experimentally investigate the bio-
chemical response of ECs to suspected athero-prone
and athero-protective mechanical stimuli. This biore-
actor is capable of applying a wide range of WSS and
THS waveforms, in a controlled environment. How-
ever, one limitation of this bioreactor is that it does not
allow for independent control of the pressure applied
to the cellular samples. Nonetheless, the capability of
this bioreactor to simultancously apply pulsatile or
oscillating WSS waveforms combined with pulsatile
THS waveforms to multiple cellular samples gives this
bioreactor an advantage over other bioreactors that
can only apply isolated mechanical stimuli.
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