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ABSTRACT

Background: Low shear stress caused by disturbed or
turbulent flow at arterial branch points is known to
associate with atherosclerosis. However, shear stress
at the venous valve location and its association with
deep vein thrombosis are less understood due to the
complex and poorly understood bi-directional flow in
the valve pocket region. We investigated how venous
endothelial cells respond to flow shear stress around
the venous valve region using a novel in vitro system
that mimics venous flow. Results: Human umbilical
vein EA hy. 926 cells were cultured on a flexible silas-
tic membrane that mimicked venous tissue. Confluent
cells were exposed to sinusoidal uni- and bi-direc-
tional pulsatile shear stress (0.1 to 1 dyne/cm?) for up
to 6 h. Western-blot analyses indicated that endothe-
lial nitric oxide (eNOS) expression levels decreased
regardless of all tested flow patterns, stress magni-
tude, and shearing time. In contrast, the expression
levels of inhibitor of ¥B (kappa B) and a (alpha)-tu-
bulin were unaffected by the shear stress. Conclusions:
Our resultsindicate that shear stress causes a decrease
specifically in eNOS expression, suggesting that it
may play a significant rolein regulating inflammation
related protein expression in endothelial cells.
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1. INTRODUCTION

The endothelium is a metabolically active cell layer in-
volved in many homeostatic processes, including leuko-
cyte adhesion and the maintenance of vascular tone by its
response to physiological stimuli, because of its unique
location at the interface of blood flow and vessel wall [1].
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Inflammation of the endothelium is atherogenic and con-
sidered to play a major role in the pathology of athero-
sclerosis [2,3]. Different types of hemodynamic shear
stress can lead to various endothelial phenotypes exhib-
iting inflammatory responses, many of which reflect al-
ternations in certain contamination protein expression
levels [4,5]. In particular, the involvement of endothelial
nitric oxide synthase (eNOS) in inflammatory processes
has been widely studied and shown to respond to shear
stress by secreting the vasodilator nitric oxide (NO) [6].
Recent studies have reinforced the importance of this
protective effect to vascular health [7,8]. Moreover, nu-
clear factor-«B (NF-xB), which is modulated by 1xB (in-
hibitor of xB), has high activity in the regions with oscil-
latory and turbulent flows [9]. In arteries with impaired
flow, NF-xB dependent transcription regulates vasopro-
tection, mainly by decreased NO production and increased
pro-inflammatory mediator expression [9].

These endothelium protein regulatory responses to dif-
ferent types of steady and unsteady shear stress have
been analyzed mainly in atherosclerotic lesions [5]. How-
ever, the possible impairment of valvular sinus endothe-
lium functions due to venous valve fallure and venous
reflux has received little attention in the studies of throm-
bosis risk [10,11]. The deep venous vavular sinus is
known to be a unique micro-environment exposed to
cyclic hypoxia, stasis, and hyper-coagulability with pul-
satile, unsteady, bi-directional flow because of the flexi-
ble elastic structure of venous valve leaflets and their
motions [12]. The possible connection between the flow
patterns in the venous valve pockets and thrombus for-
mation has been elucidated in vivo, where the counter-
rotating secondary vortex fluid circulating with extremely
low velocities can create avery low shear field that could
promote the aggregation of blood cells[13].

Controlled in vitro studies of shear stress in venous
tissue have been hindered by the difficulties of construct-
ing an experimental apparatus that mimics the elastic in
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vivo micro-environment. We have overcome this diffi-
culty by using a novel silastic membrane and have suc-
cessfully monitored eNOS and 1xB expression levels in
response to shear stresses with varying strength and time
scales.

2. MATERIALSAND METHODS
2.1. Flexible Membrane Preparation

To mimic the flexible venous valve structure, flexible
membranes were made from Dow Corning Sylgard 184
silicone elastomer according to the manufacturer's in-
structions. This silastic membrane surface is highly hy-
drophobic, so to facilitate cell attachment, it was coated
with a 0.3% rat tail collagen solution in HEPES-buffered
(2.75 mmol/L) modified Eagle’s medium [14].

2.2. Cell Culture

EA hy. 926, a hybridoma cell line obtained by the hy-
bridization of human umbilical vein endothelia cells
(HUVECSs) with the A549/8 human lung carcinoma cell
line (passages 2 to 7), were used because they preserve
many features of HUVECs as a preferable homogeneous
experimental model of angiogenesis in vitro because it
demonstrates highly differentiated functions of human
vascular endothelium, while providing the advantage of
immortality, stability through passage number and the
reproducibility of results [15]. Cells were cultured ini-
tialy in tissue-culture flasks at 37°C with 5% CO, in
Dulbecco’'s modified Eagle's medium (DMEM), sup-
plemented with 10% FBS and 1% penicillin and strep-
tomycin [16]. At confluence, they were harvested using
0.25% trypsin and re-plated on the silastic membranes (4
mL with 5 x 10° cells/mL). A square retaining ring was
used to hold the solution onto the membrane. It took 12 h
for the cells to adhere fully and 48 h to become a con-
fluent monolayer. The retaining ring was removed before
the shearing experiment.

2.3. Shearing Stress

Silastic membranes holding the confluent monolayer of
cells were transferred to an individua paralel plate flow
chamber system (Figure 1). Culture medium was circu-
lated using a peristaltic pump connected to a function
generator that determined flow direction via sinusoidal
waveforms. The period of the pulsed sine wave flow
mimicsthe in vivo 3 sduration of one valve cycle [17].

Furthermore, when generating the bi-directiona flow,
in order to imitate the valve operating cycle in vivo [17],
shearing flow was provided for 2/3 of the sinusoid period
in the forward direction and 1/3 in the reverse direction.
The chamber and medium were placed in a 37°C incu-
bator with 5% CO, for 3 to 6 h of shearing.

At steady-state channel flow in the chamber, the shear
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Figure 1. Schematic diagram of the parallel plate flow chamber,
including the dide attached to the silicone membrane occupied
with confluent endothelium monolayer, the rectangular silastic
gasket and the base plate. The apparatus is hold together by a
steel binder, and a gap width of 0.25 mm was formed between
the membrane and the plate surface.

stress, 7, is calculated as:

. 5u0
hw
where y is the dynamic medium viscosity (0.008 poise),
0 isthe fluid flow rate (mL/s), % is the gasket thickness
(0.25 mm), and w is the width of the chamber (25 mm).
Different shearing stresses can be adjusted by changing
the pump’s flow rate.

2.4. Western Blots

At the conclusion of a shearing experiment, the mem-
brane surface was washed with ice-cold phosphate-buff-
ered sdline, and the cells were harvested with a rubber
scraper. After centrifugation, the cells were suspended in
Ripa lysis buffer and proteins were denatured at 95°C for
5 min. The protein samples (30 micrograms) were loaded
on a 10% sodium dodecy! sulfate polyacrylamide gel and
electrophoresed at 100 V for 1.5 h and then transferred
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onto a polyvinylidene fluoride membrane at 45 V for 2.5
h. After blocking the membrane with 5% milk solution at
room temperature, they were exposed to antibodies against
eNOS (BD Biosciences, Cat.# 610296, 1:1000), 1xB (Cell
Signaling, Cat.# 9242, 1:1000), and a-tubulin (Santa Cruz
Biotechnology, Cat.# sc-12462-R, 1:1000).

The HRP-linked secondary antibodies (Cell-Signaling,
Cat.# 7074, 1:1000), were detected through chemilumi-
nescence (Immun-Star HRP Substrate, Bio-Rad, cat. #
170-5041) exposed onto X-ray film. Two independent
observers estimated the intensity of each band by eye,
using a relative score ranging from 1 to 10; the average
values were used for subsequent statistical analyses.

3.RESULTS

As shear stress increased from very low control levels
(0.1 dyne/em?), eNOS expression decreased (Figure 2).
Indeed, regardless of flow direction (forward or forward/
reverse), time (3 or 6 h), or stress amplitude (0.5 or 1.0
dyne/cm?), eNOS expression was significantly lower than
the very low level control (one way ANOVA, Fgq =
5.21, P < 0.01). In contrast, neither IxB nor a-tubulin
expression varied significantly with shear stress (one-
way ANOVA, Fgz0=1.19, P> 0.05, and F4 4 = 1.00, P >
0.05, respectively). Thus, the effects of shear stress on
eNOS are not non-specific.

The dependence of eNOS expression on stress ampli-

Shearing Time 3h

tude, shear flow direction, and shearing time was exam-
ined further. There are no significant differences in ex-
pression levels as stress magnitude increases from 0.5 to
1 dyne/cm? for samples exposed to either forward shear-
ing flow for 3 h (tg=1> = 0.56, P > 0.05) or bi-directional
shearing flow for 3 h (tg=1, = 1.70, P> 0.05) or 6 h (tg=1>
= 1.22, P > 0.05). Anomalously, eNOS expression de-
creased by 54% between samples exposed to 0.5 dyne/cm?
versus 1 dyne/cm? for forward shearing flow at 6 h (tg-1.
= 2.28, P < 0.05). No significant differences in eNOS
expression between forward and bi-directional flow were
observed at both 3 h and 6 h of flow exposure. However,
for forward flow with magnitude 1 dyne/cm?, eNOS ex-
pression decreased 77% as exposure time change from 3
hto 6 h (tg=1» = 4.51, P < 0.01). For bi-directiona flow
with stress magnitude of 1 dyne/cm?, eNOS expression
decreased 43% between samples taken at 3 h and 6 h
(tdf:lz =218, P< 005)

4. DISCUSSION

Under experimental conditions mimicking the flexible
venous wall, we demonstrate that shear stress decreases
eNOS expression. This occurs in a specific manner, for
shear stress does not alter either 1xkB or a-tubulin. Fur-
thermore, the decrease in eNOS expression increases as
the duration of shearing becomes longer, indicating the
presence of a pro-inflammatory environment [18].
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Figure 2. Western blot analysis of proteins eNOS, a-tublin and 1xB obtained from endothelium either maintained
under weak flow conditions (forward flow with stress magnitude 0.1 dyne/cm?) or exposed to pulsatile, uni-/bi-di-
rectional flow with magnitude from 0 to 1 dyne/cm? for variable time intervals. Data from seven separate repetitions
are expressed as mean + S.E. All eNOS levels are significantly less (P < 0.05) than the value at 0.1 dyne/cm? for 3 h
(far l€ft bar). There are no significant differences (P> 0.05) within any of the IxB or the a-tubulin data.
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This may appear to contradict with some evidence
stating that shear stress upregulates eNOS in HUVECs [ 5,
19]. However, the contradictory results were obtained
under different shearing environments. Specifically, the
stress applied in our work (on the order of 1 dyn/cm?)
was an order of magnitude lower than the levels (on the
order of 5 - 25 dyn/cm?) reported in previous works [5,
19]. This was specifically chosen to better mimic the
venous flow representing path physiologically relevant
stimuli in inflammation.

Selective regulation of eNOS expression in cultured
HUVECs exposed to shear stress with different magni-
tude, shear flow direction and exposure time may ac-
count for the different effects of shear stress properties.
First, Shear stress initiates the decrease of eNOS expres-
sion compared to control experiments conducted under
near static flow regardiess of flow direction, time, or
stress amplitude. This indicates that our shearing condi-
tions are pro inflammatory [18], which is also consistent
with the conclusion that shear stress plays an important
role in regulation the inflammatory process. Second, moni-
toring the gene expression in our shearing condition can
help to evaluate how eNOS expression is regulated by
shear stress in environment after inflammation was initi-
ated. We reported here that eNOS expression under 1
dyne/cm? shear stress decreases with exposure term, con-
firming the temporal effect of low magnitude shear stress
on inflammatory genes expression. This finding supports
our hypothesis that long term application of low magni-
tude shear stress tends to generate a pro-inflammatory
environment, which also may help explain thrombosis in
venous valve regions with low blood flow.

IxkB protein is tightly related to the activity of tran-
scription factor NF-xB, which is predicted to mediate
inflammatory gene expression in response to shear stress
[9,20]. Under the shearing conditions adopted in this study,
however, |xB expression level was not significantly af-
fected by shear stress. This result may indicate that the
shearing conditions studied are not the ones responsible
for generating significant 1xB changes, which implies
that the combinations of flow patterns and magnitudes
used are not related to the onset of severe inflammation
associated with increased |xB expression.

Our results obtained from HUVECs contrast with the
arterid endothelial cells, where increased shear stress in-
creases eNOS expression [2]. Conversely, arteria branch
points and curved regions having disturbed or turbulent
flow (and, therefore, low shear stresses) reduce eNOS
expression, thus disrupting nitric oxide-dependent athero-
protection and stimulating atherosclerosis [21]. Shear
stress at the level present in arteries (>15 dyne/cm?) in-
duces atheroprotective gene expression, while low stress
(<4 dyne/em?) stimulates atherogenic endothelial pheno-
types[22]. Indeed, one of the earliest biochemical changes
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preceding endothelial dysfunction is decreased expres-
sion of an important vasodilator, nitric oxide (NO), due
to decreased eNOS expression [23].

By extension, we hypothesize that venous valve re-
gions, characterized by complex pulsatile flow, aso may
relate closely to endothelial dysfunction and thrombosis
in venous systems. As our study shows, this presumably
aso involves reduced eNOS and, therefore, NO produc-
tion.

One deficiency of the experimental model used in our
work is that the novel flow chamber could not withstand
the high stress conditions that previous works have used
to simulate aerterial flows, so therefore we could not
generate results in this flow region for comparison to
these previous studies. On the other hand, hybridoma cell
line EA hy. 926 has been shown to preserve many fea
tures of HUVECS as a preferable homogeneous experi-
mental model of angiogenesis in vitro because it demon-
strates highly differentiated functions of human vascular
endothelium, while providing the advantage of immor-
tality, stability through passage number and the repro-
ducibility of results [15]. Our results shown here aso
indicate that EA hy. 926 can be safely used as amodel of
evauating eNOS expression in ECs under low shear
stress environment.

5. CONCLUSION

In conclusion, our findings provide further evidence that
shearing stress plays a significant role in endothelial
functions related to venous inflammation. As discussed,
inflammatory protein expression in endothelium can be,
at least temporarily, differentially regulated by shearing
stresses of different magnitudes and flow patterns. Shear
stress initiates the decrease of eNOS expression com-
pared to control experiments conducted under near static
flow. These observations shed further light on the in-
flammatory response in regions at high risk of thrombo-
sis. Further studies evaluating other potentially important
factors prone to thrombosis would contribute to identify-
ing the specific blood flow pattern correlated to thrombo-
sis onset. Such studies hopefully will provide insights
into finding the pro-thrombosis factors that, rather than
flow pattern, other flow-related conditions may play a
more important role in venous thrombosis. In addition,
this may lead to a more comprehensive understanding of
the mechanisms explaining the initiation of thrombosis.
A complex interplay of mechanical force factors remains
to be investigated.
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