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Abstract
Introduction—Intracellular reactive oxygen species (ROS)
and nitric oxide (NO) levels are associated with vascular
homeostasis and diseases. Exercise can modulate ROS and
NO production through increasing frequency and magnitude
of wall shear stress (WSS). However, the details of ROS and
NO production in endothelial cells and their interplay under
WSS induced by exercise at different intensities remain
unclear.
Methods—In this study, we developed an in vitro multicom-
ponent nonrectangular flow chamber system to simulate
pulsatile WSS waveforms induced by moderate and high
intensity exercise. Furthermore, the dynamic responses of
ROS and NO in endothelial cells and the relationship
between ROS and NO were investigated under the WSS
induced by different intensity exercise.
Results—After exposing to WSS induced by moderate
intensity exercise, endothelial cells produced more NO than
those under high intensity exercise-induced WSS. In this
process, ROS was found to play a dual role in the generation
of intracellular NO. Under WSS induced by moderate
intensity exercise, modest elevated ROS promoted NO
production, whereas excessive ROS in endothelial cells
exposed to WSS induced by high intensity exercise attenuated
NO bioavailability. Interestingly, antioxidant N-acetylcys-
teine (NAC) could increase NO production under WSS
induced by high intensity exercise.
Conclusions—Our results provide some cues for selecting
appropriate exercise intensities and elevating benefits of
exercise on endothelial function. Additionally, owing to the
consistency of our results and some in vivo phenomena, this
flow chamber system may serve as an in vitro exercise model
of arterial vessel for future studies.
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INTRODUCTION

Wall shear stress (WSS) is the viscous force gener-
ated by flowing blood through vessels,37 which can be
affected by various physiological events, such as exer-
cise and other physical activities. The WSS modulated
by these physiological events exhibits different mag-
nitude and frequency and is constantly imposed on the
endothelial cells lining the inside of the vessels.
Mechanosensors in the endothelial cells can sense and
distinguish these different WSS signals,13 and trans-
duce them into biochemical signals inside the cells to
modulate the release of intracellular signaling mole-
cules and vasoactive substances, such as reactive oxy-
gen species (ROS) and nitric oxide (NO). Therefore,
WSS plays a critical role in the physiology and
pathophysiology processes of endothelium.8,16,27,40

A number of studies have revealed that NO is
involved in vascular function improvement, platelet
activation prevention, and leukocyte adhesion to the
endothelium.7,11,22 ROS participates in endothelial
cells responses to WSS and acts as a signal transduc-
tion messenger.10 It is noteworthy that moderate con-
centration of ROS is implicated with intracellular
normal biological events, such as cell survival, prolif-
eration, and post-translational protein modifications,
whereas a high level or excessive level of ROS can
trigger intracellular oxidative stress and further lead to
endothelial dysfunction.26,32 Therefore, more and more
cardiovascular disease therapies are hence associated
with NO production and ROS reduction.9,28 Previous
studies have also demonstrated that ROS and NO
production in endothelial cells is determined by the
pattern and magnitude of WSS.18,20 Steady or non-
reversing sinusoidal WSS usually produces more ROS
and less NO than oscillatory WSS. Under steady WSS,
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intracellular ROS and NO levels are elevated with
moderate increase of WSS magnitude in the physio-
logical range.19 More importantly, the generation of
intracellular ROS is related to the amount of NO
production, and vice versa. Specifically, elevated ROS
level results in the decrease of NO bioavailability and
enhanced NO level leads to the reduction of ROS,20

thus suggesting that the interplay between ROS and
NO also plays a critical role in maintaining normal
endothelial function.

Appropriate exercise is an effective strategy to
ameliorate endothelial function and maintain vascular
homeostasis.3,14 Birk et al.5 showed that acute lower
limb cycle training can improve NO-mediated vasodi-
lation in brachial artery. Hambrecht et al.15 reported
that 4 weeks of regular aerobic exercise elevates the
expression and phosphorylation of endothelial nitric
oxide synthase (eNOS) in the left internal mammary
artery. In these in vivo studies, exercise-induced chan-
ges in WSS, including the increases in both magnitude

TABLE 1. Characteristic values of the in vivo and in vitro WSS waveforms in resting state and immediately after moderate and
high intensity exercise.

State WSS waveforms Frequency/Hz Maximum/Pa Minimum/Pa

Resting state In vivo WSS 1.3 5.30 � 1.25

In vitro WSS 1.3 5.02 � 1.38

Moderate intensity exercise In vivo WSS 1.8 7.32 � 2.36

In vitro WSS 1.8 7.73 � 2.10

High intensity exercise In vivo WSS 2.5 10.63 � 3.06

In vitro WSS 2.5 10.31 � 2.92

FIGURE 1. (a) Schematic diagram of the parallel-plate flow chamber system and internal structure diagram of the parallel-plate
flow chamber. (b) In vivo WSS waveforms induced by different exercise intensity. (c) In vitro WSS waveforms produced by the flow
chamber system.
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and frequency caused by simultaneous increases of
stroke volume and heart rates,36 have been found to be
a primary signal in mediating the improvement of the
endothelial function.4,23,24,38,39

In the vascular system, exercise not only affects
WSS, it can also elevate vessel blood pressure and
cyclic stretch, and affect autonomic nervous system

activity. In order to exclude the influence of these
factors and determine the key role of increased WSS in
the responses of endothelial cells, the parallel-plate
flow chamber system or the microfluidic chamber
system has been commonly adopted to mimic in vivo
WSS.9,19,23 By means of the parallel-plate flow cham-
ber system, Hsieh et al.19 and Kim et al.23 investigated

FIGURE 2. WSS produced at the bottom of the flow chamber. (a) WSS equipotential lines at the bottom of the flow chamber at one
time point. L represents low magnitude WSS (2 1.38 Pa to 5.02 Pa) area, M represents moderate magnitude WSS (2 2.10 Pa to
7.73 Pa) area, H represents high magnitude WSS (2 2.92 Pa to 10.31 Pa) area. (b) WSS distribution along the central axis at the
bottom of flow chamber at 1.3 Hz, (c–e) WSS waveforms with different frequency and magnitude imposed on the cells. (f) WSS
maximum in the three observation areas (L, M, H) along the central axis at the bottom of the flow chamber.
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the intracellular ROS levels when WSS was increased.
Chin et al.9 studied intracellular ROS release under the
concurrent increase in frequency and magnitude of
WSS using a microfluidic chamber system. However,
the effects of increased frequency or/and magnitude of
WSS on the dynamic response of ROS and NO and the
interaction between them still remain unknown. Fur-
thermore, in vivo studies have suggested that
endothelial function largely relies on the exercise
intensity.2,12 Battault et al.2 showed that continuous
high-intensity exercise does not improve endothelial

function primarily due to redox-dependent eNOS
uncoupling, which is the cause of abundant ROS
production in aortic tissue of spontaneous hyperten-
sive rats. Therefore, the dynamic response of ROS and
NO in endothelial cells subjected to WSS induced by
different intensity exercise and the underlying mecha-
nisms require further investigation.

In the abovementioned studies, the flow chamber
system or the microfluidic chamber system consisted of
only one key component, i.e., the cells culture cham-
ber, which was not capable of reproducing exercise-

FIGURE 3. Intracellular ROS and NO levels subjected to WSS with different frequencies and magnitudes for 0, 1 and 2 h.
Representative fluorescence images of intracellular ROS (a) and NO (c) stimulated by the WSS waveforms with 2.5 Hz and
moderate magnitude for 0, 1 and 2 h. Time courses of the normalized fluorescent intensity of ROS (b) and NO (d). n = 4 per groups.
*p < 0.05 vs. 0 h, #p < 0.05 vs. 1 h.
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induced WSS profiles.19,23 In our previous studies, we
proposed a multicomponent flow chamber system
constituted by a parallel-plate flow chamber and other
accessory components including dampener, liquid
controller, elastic chamber and resistance valve, which
can better mimic the in vivo WSS waveform induced by
exercise.36 However, the flow chamber used in our
previous system had a constant rectangular cross-sec-
tion, which results in one level of WSS generated in the
cell culture chamber during each experiment. There-
fore, this design is time-consuming when the effect of
WSS magnitude on cellular responses is studied. In the
present study, in order to increase experimental effi-
ciency, a nonrectangular flow chamber aided by other
peripheral components was developed for generating
multiple magnitudes of WSS at one frequency.
Meanwhile, different intensities of pulsatile WSS as
found in the common carotid artery in resting state
and during moderate and high intensity exercise were
reproduced. Further, after exposing human umbilical

vein endothelial cells (HUVECs) to WSS at different
combinations of frequency and magnitude, intracellu-
lar ROS and NO production was detected, and the
relationship between ROS and NO was also investi-
gated. In addition, the underlying mechanism regard-
ing to eNOS coupling/uncoupling under different WSS
profiles was also illustrated.

MATERIALS AND METHODS

Multicomponent Nonrectangular Parallel-Plate Flow
Chamber System

Our multicomponent nonrectangular parallel-plate
flow chamber system (Fig. 1a) consists of a nonrect-
angular parallel-plate flow chamber, peripheral com-
ponents and monitoring system, all of which are
connected to the flow circuit with silicone tubes. The
inside of the nonrectangular flow chamber comprises a

FIGURE 4. ROS production respond to WSS with frequency or/and magnitude increase for 2 h. (a) Representative fluorescence
images of intracellular ROS. (b) ROS production with the increase of magnitude of WSS at fixed frequency. (c) ROS production with
the increase of frequency of WSS at fixed magnitude. (d) ROS production with the both increase in frequency and magnitude of
WSS. n = 3 per group. *p < 0.05.
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front rectangle channel with a width of 1.53 cm and a
length of 1 cm, and a subsequent trapezoid channel
with a width of 1.53 cm at the beginning and gradual
narrower until reaching 0.51 cm at the end across a
length of 4.18 cm. This flow chamber is formed by a
silicone gasket with the constant height of 0.05 cm as
well as a piece of glass and a coverslip.

The flow chamber creates a uniform spatial WSS
profile in the rectangle channel and a gradual
increasing spatial WSS profile in the subsequent
trapezoid channel. The design of the rectangle channel
in the entrance is suitable for forming the uniform flow
field and the trapezoid channel is convenient in finding
appropriate WSS in a certain range through changing
position at the bottom of the channel instead of
varying the flow rate.

The peripheral components comprise a reservoir, a
peristaltic pump, a dampener, a liquid on/off con-
troller, an elastic chamber (A and B) and a resistance
valve, the details of which were described in our pre-
vious work.36 The monitoring system possesses two

pressure sensors (A and B) located in the upstream
entrance and downstream exit of the flow chamber.
The pressure difference between two sensors, namely,
the pressure drop in the flow chamber, is displayed in
real time on the computer.

Reproduction of WSS in the Common Carotid Artery

The hemodynamic parameters of a healthy volun-
teer in his resting state and immediately after moderate
(55% maximal heart rate) and high (75% maximal
heart rate) intensity exercise were measured by means
of the methods described in the previous studies.25

These hemodynamic parameters included the inner
diameter and the center-line blood flow velocity of the
right common carotid artery, as well as the heart rates,
brachial systolic and diastolic pressures. Subsequently,
based on the above measurements, the WSS wave-
forms in these three distinct states were calculated with
the elastic tube theoretical model (Fig. 1b).35 The
study was approved by the Ethics Committee of Da-

FIGURE 5. NO production respond to WSS with frequency or/and magnitude increase for 2 h. (a) Representative fluorescence
images of intracellular NO. (b) NO production with the increase of magnitude of WSS at fixed frequency. (c) NO production with the
increase of frequency of WSS at fixed magnitude. (d) NO production with the both increase in frequency and magnitude of WSS.
n = 3–4 per group. *p < 0.05.
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lian University of Technology and was carried out in
accordance with the Declaration of Helsinki (1964).
Written informed consents were acquired from the
volunteer before participation.

In order to simulate the above calculated WSS
waveforms in vivo (Fig. 1b), the rotating rate of the
peristaltic pump, the frequency of liquid on/off con-
troller, the elastic chambers and the resistance valve
were independently adjusted to produce the in vitro
WSS profiles (Fig. 1c) in the flow chamber.

During the calculation of WSS profiles in the flow
chamber, a computational fluid dynamics (CFD) sim-
ulation was first performed with the commercial soft-
ware package ANSYS Fluent 14.5 (AnsysInc, 2012a).
The finite element model of the flow chamber was built

and its mesh was generated. The culture medium per-
fused in the flow chamber was modeled with the Na-
vier–Stokes equation as an incompressible Newtonian
fluid. The density and the viscosity of the perfused
culture medium were set to 1 g/cm3 and 1 9 10�3 Pa s,
respectively. The no-slip boundary condition was
applied on the wall. The measured pressure drop
profiles with different frequency and magnitude were
given as the inlet boundary condition using the user-
defined function and the pressure at the outlet was set
to 0 Pa. Based upon the simulation results, the pres-
sure drop profiles generated by the in vitro model were
repeatedly adjusted to fit the WSS waveforms in vivo as
well as possible. Finally, the WSS with different levels
of frequency and magnitude, and the positions of WSS

FIGURE 6. Effects of NAC on ROS and NO generation in endothelial cells subjected to different WSS conditions for 2 h. (A)
Representative fluorescence images of intracellular ROS and NO. (B) Normalized fluorescent intensity of ROS. (C) Normalized
fluorescent intensity of NO. (a) Static (without WSS stimulation), (b) 1.3 Hz and low magnitude WSS, (c) 1.8 Hz and moderate
magnitude WSS, (d) 2.5 Hz and high magnitude WSS. n = 3–4 per group. *p < 0.05.
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at the bottom surface of the flow chamber were found.
During the experiments, we used three observation
positions, i.e., x = 1.83–1.87 cm (L), 3.53–3.57 cm
(M), and 4.38–4.42 cm (H), along the central axis at
the bottom of the flow chamber (Fig. 2a) for detecting
intracellular ROS and NO responses.

Cells Culture

Human umbilical vein endothelial cells (HUVECs)
were purchased from ATCC. HUVECs were grown in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
USA) supplemented with 10% (v/v) fetal bovine serum
(FBS, Gibco, USA) and 1% (v/v) penicillin/strepto-
mycin (PS, Gibco, USA) in a humidified atmosphere at

37 �C with 5% CO2 and 95% air. The cells at a density
of around 3 9 105 cells/ml were seeded on the steril-
ized fibronectin-coated (Sigma, USA) coverslips.

WSS Stimulation Experiments

When cells reached approximate 80% confluency,
the coverslip with cells was assembled into the flow
chamber, and then connected to the flow chamber
system on a super-clean worktable. Afterwards, the
system was moved into the cells incubator. After
adjusting and actuating the system, the cells were
subjected to different patterns of WSS, including rest-
ing state WSS, WSS induced by moderate and high
intensity exercise for different stimulation time periods.

FIGURE 7. Effects of L-NAME on NO and ROS generation in endothelial cells exposed to different WSS conditions for 2 h. (A)
Representative fluorescence images of intracellular NO and ROS.(B) Normalized fluorescent intensity of NO. (C) Normalized
fluorescent intensity of ROS. (a) Static, (b) 1.3 Hz and low magnitude WSS, (c) 1.8 Hz and moderate magnitude WSS, (d) 2.5 Hz and
high magnitude WSS. n = 3 per group. *p < 0.05.
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Before and after different time periods of WSS stimu-
lation, intracellular ROS and NO were examined.

Intracellular ROS Detection

The generation of the intracellular ROS was de-
tected with the Dihydroethidium (DHE, Vigorous
Biotechnology, Beijing, China). Prior to WSS stimu-
lation, the cells cultured on the coverslips were incu-
bated in the culture medium with 50 lM fluorescent
probe for 30 min. After the WSS experiments, the cells
were washed with PBS for three times. Finally, the
fluorescence intensity representing the concentration of
intracellular ROS was determined by fluorescence mi-
croscopy (Olympus, Japan) with the excitation wave-
length at 485 nm and the emission wavelength at
535 nm. For each WSS or no WSS (control group)
condition, about 50 cells were examined to acquire the
mean fluorescence intensity, and each condition was
repeated at least three times. The intracellular fluo-
rescence intensity was calculated after subtracting the
background fluorescence using MATLAB (The Math
Work R2010b, Inc.). All the experimental results were
normalized by the maximal fluorescence intensity and
eventually expressed as a fraction of the maximum
value.

Intracellular NO Detection

NO is generated from the substrate of L-arginine
under eNOS activation in HUVECs. 3-Amino,4-ami-
nomethy1-2¢,7¢-difluorescein, diacetate (DAF-FM DA,
Beyotime, China) was used to measure intracellular
NO generation. The methods of detecting intracellular
NO and calculating NO fluorescence intensity were

similar to that of ROS. One difference was that the
incubation concentration of DAF-FMDA was 15 lM,
and the other was that the fluorescence excitation and
emission wavelengths were 495 nm and 515 nm,
respectively.

Statistical Analysis

All the experimental values were presented as means
±standard deviations (SD). Normal distribution of
data was evaluated by the non-parametric Kol-
mogorov–Smirnov test. In case of normal distribution,
the Student’s t test was used to analyze the statistical
significance of two groups, and the analysis of variance
(ANOVA) followed by Tukey post hoc tests were used
for comparison of multiple groups of data. A value of
p < 0.05 was considered statistically significant.

RESULTS

The in vitro WSS Profiles at the Bottom of the Flow
Chamber

The CFD simulation results provided the WSS
equipotential lines at the bottom of the flow chamber
at one time point (Fig. 2a) and the WSS distribution
along the central axis at the bottom of flow chamber at
1.3 Hz (Fig. 2b). Based on the simulation results, the
positions (L, M and H in Fig. 2a) and profiles
(Figs. 2c–2e) of three magnitudes of WSS at the bot-
tom of the flow chamber at three frequencies, i.e.,
1.3 Hz, 1.8 Hz and 2.5 Hz were established. Herein,
the magnitudes low WSS at the 1.3 Hz, 1.8 Hz and
2.5 Hz were approximately identical, and the magni-

FIGURE 8. WSS induced by moderate and high intensity exercise improves endothelial function through increasing NO
production. Appropriate amount of ROS promote intracellular NO production under moderate intensity exercise induced WSS.
However, as compared to moderate intensity exercise, NO production was relatively decreased under WSS induced by high
intensity exercise possibly ascribed to the abundant generation of ROS.
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tudes of moderate and high WSS at these three fre-
quencies were also similar, respectively (Figs. 2c–2e).
The WSS with the low magnitude (� 1.38 Pa to
5.02 Pa) and the frequency of 1.3 Hz, the moderate
magnitude (� 2.10 Pa to 7.73 Pa) and the frequency of
1.8 Hz, as well as the high magnitude (� 2.92 Pa to
10.31 Pa) and the frequency of 2.5 Hz were corre-
sponding to the resting state, moderate and high
intensity exercise, respectively. In addition, as shown
by Figs. 1b and 1c and Table 1, these in vitro WSS
waveforms (Fig. 1c) generated by the flow chamber
system were similar to those measured on the common
carotid artery in vivo (Fig. 1b). Notably, the WSS
maximum variation rates (Fig. 2f) across the observa-
tion areas (width, 400 lm) were small (about 1%).
Therefore, the effects of these WSS gradients on the
cells’ responses were not considered.

Intracellular ROS and NO Dynamics Under WSS
with Different Frequency and Magnitude

After exposing endothelial cells to nine types of
WSS waveforms (Figs. 2c–2e) for different durations,
we examined the intracellular ROS and NO levels,
expressed as the intracellular ROS and NO fluores-
cence intensities. The WSS with different magnitudes
and frequencies all resulted in remarkable rises in ROS
and NO levels for 1 and 2 h compared with 0 h
(Fig. 3). It is noted that prolonged exposure of
endothelial cells to WSS from 1 h up to 2 h led to the
reduction of ROS level (Figs. 3a and 3b) and the sus-
tained increase of NO level (Figs. 3c and 3d). These
findings suggest that the WSS in the present study
elicits NO generation in a time-dependent manner,
whereas intracellular ROS augments first and then
attenuates after being exposed to WSS for an extended
period of time.

The Effects of Exercise-Induced WSS on the Production
of ROS and NO

Exercise causes an increase in both magnitude and
frequency of arterial WSS. To further assess the effects
of increased frequency and/or magnitude of WSS on
the ROS and NO generation, the intracellular fluo-
rescence intensities of ROS and NO under the corre-
sponding WSS conditions were examined (Figs. 4a and
5a) and calculated (Figs. 4b–4d and 5b–5d). It is clear
from Figs. 4a–4c that the increase in either frequency
or magnitude alone led to the conspicuous elevation of
ROS production. Moreover, the increases in both
frequency and magnitude of WSS, that is, the WSS
induced by moderate and high intensity exercise
amplified this elevation of ROS generation (Fig. 4d).
Besides, the increase in WSS frequency alone at low

magnitude WSS significantly augmented NO produc-
tion (Figs. 5a and 5b), and the increase in WSS mag-
nitude alone at 1.3 Hz significantly elevating ROS
production only occurred in high magnitude case
(Figs. 5a and 5c). The intracellular NO subjected to the
WSS induced by moderate and high intensity exercise
was higher than this under the WSS in resting state
(Figs. 5a and 5d). However, compared with the mod-
erate intensity exercise-induced WSS, intracellular NO
level decreased after exposing the cells to WSS induced
by high intensity exercise (Fig. 5d). These findings
show that moderate and high intensity exercise pro-
motes ROS generation in an intensity-dependent
manner, and moderate intensity exercise is more
advantageous to NO generation than high intensity
exercise.

Interaction Between ROS and NO in HUVECs Exposed
to WSS in Different States

The interaction between ROS and NO generation
drives pathophysiological processes of endothelial cells
in response to WSS. Therefore, the correlation between
ROS and NO in HUVECs exposed to different levels
of WSS, corresponding to rest, moderate and high
intensity exercise was investigated. To explore the role
of ROS in NO production, the endothelial cells were
pretreated with ROS inhibitor N-acetylcysteine (NAC,
Beyotime, China) dissolved in culture medium at
5 mM for 1 h. Then, the cells were incubated with
50 lM DHE or 15 lM DAF-FM DA for 30 min.
Subsequently, the cells were exposed to different levels
of WSS for 2 h. As shown in Figs. 6A and 6B, intra-
cellular ROS was significantly decreased with the
treatment of NAC in all WSS conditions. Further-
more, the level of NO in cells was remarkably
decreased under the frequency of 1.3 Hz and low
magnitude WSS, and significantly enhanced under the
frequency of 2.5 Hz and high magnitude WSS (Fig-
s. 6A and 6C). This result implies that the amount of
ROS play a critical role in the intracellular NO level
under WSS induced by different intensity exercise.

To further determine whether WSS-induced ROS
upregulation was affected by NO levels, the intracel-
lular NO and ROS levels were respectively measured
by cell fluorescence images after treatment with eNOS
blocker Nx-nitro-L-arginine methyl ester (L-NAME,
Beyotime, China) dissolved in culture medium at
200 lM for 1 h. The results showed that intracellular
NO were conspicuously decreased (Figs. 7A and 7B)
and intracellular ROS level was remarkably unregu-
lated (Figs. 7A and 7C) after L-NAME treatment in
all WSS conditions, indicating that an elevated ROS
level is associated with the diminished NO after
exposing the cells to different WSS conditions.
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DISCUSSION

Our designed multicomponent nonrectangular par-
allel-plate flow chamber system is capable of replicat-
ing different frequencies and magnitudes of pulsatile
WSS waveforms in the common carotid artery under
the state of resting, as well as moderate and high
intensity exercise (Fig. 1). In this system, the targeted
frequency of WSS was achieved through modulating
the parameter of liquid on/off controller, and the de-
sired pulsatile profile and magnitude of WSS were
realized by the combined action of the peristaltic
pump, the liquid on/off controller, the elastic chamber,
and the resistance valve. Due to the spatial gradient in
the flow chamber, a certain range of WSS magnitudes
was produced at one frequency. Therefore, on the one
hand, this model with gradient WSS provides more
chances for finding the desired magnitude of WSS
without changing the flow rate or the pressure drop
within the same flow chamber; on the other hand, it
offers a convenient and high-efficiency platform for
investigating the role of WSS magnitude variation in
endothelial cells responses. Accordingly, the experi-
mental durations and reagent dosages can be mitigated
to one-third compared with the rectangle flow chamber
in the study of the responses of cells exposed to low,
moderate and high magnitude WSS at one frequency.

Elevated ROS and decreased NO in endothelial cells
are implicated in cardiovascular diseases, and the
production of them can be modulated by WSS.6

Hence, a series of studies have been conducted to
examine the relationship between the steady WSS and
the production of ROS or NO.7 Hsieh et al.20

demonstrated that steady flow WSS (15, 25, or 40
dyne/cm2 for 15 min) resulted in a 0.5–1.5-fold eleva-
tion in intracellular ROS levels. Hsiai et al.18 pointed
out that unidirectional and positive forward pulsatile
flow WSS upregulates eNOS expression and then ele-
vates NO production. Moreover, the generation of NO
increased continuously by steady or pulsatile flow in
the physiological range.20 In the present study, both
intracellular ROS and NO levels were elevated after
the cells were exposed to pulsatile WSS profiles with
different frequency and magnitude. Notably, the pro-
duction of ROS in endothelial cells decreased to a
certain degree after the cells were exposed to all profiles
of WSS for 2 h in comparison to this for 1 h (Figs. 3a
and 3b), which is in accordance with the result of Chin
et al. under the pulsatile WSS at 15 and 30 dyne/cm2.9

However, different from the ROS production, the
generation of intracellular NO exhibited continuous
increase during the 2 h period (Figs. 3c and 3d), similar
to the previous study by Hsieh et al.20 This phe-
nomenon may be attributed to the increase of NO
which suppresses the ROS generation through eNOS/

NO pathway at longer periods of time.7,20 The result
that eNOS inhibitor L-NAME increased ROS pro-
duction (Figs. 7A and 7C) in all WSS conditions sup-
ports this hypothesis.

Exercise triggers an increase in both the frequency
and magnitude of WSS,38,39 and its impact on the
endothelium is largely dependent on the characteristic
parameters of WSS modulated by exercise inten-
sity.2,21 We found that either frequency increase or
magnitude increase could result in the rise of ROS
and NO levels in an intensity-dependently manner.
Moreover, the combined effect of simultaneous
increased WSS frequency and magnitude, namely, the
WSS conditions induced by moderate and high
intensity exercise further augmented intracellular ROS
levels, and the intracellular ROS level showed positive
correlation with the frequency and magnitude of WSS
induced by exercise intensity (Figs. 4a and 4d).
However, as to NO production, WSS induced by high
intensity exercise generated a 28% decrease compared
with moderate intensity exercise (Figs. 5a and 5d).
Previous studies reported that moderate intensity
exercise increases NO production and ameliorates
NO-mediated endothelium-dependent vasodila-
tion.17,31 Battault et al.2 demonstrated that NO can
react with O2

� and produce peroxynitrite in high
intensity exercise of spontaneous hypertensive rats.
Goto et al.12 found that oxidative stress leads to the
reduced NO bioavailability in high intensity exercise
training. Hence, these in vivo results and our data
may conclude that appropriate elevated ROS related
with moderate intensity exercise serves as a potent
cellular messenger which participates in the increased
production of NO.21,33,34 However, redundant ROS
associated with high intensity exercise may react with
NO to form cytotoxic peroxynitrite and then attenu-
ates NO bioavailability; furthermore, overproduction
of ROS which exceeds the anti-oxidative capability of
a human body will elicit oxidative stress and then
diminish NO production.1,29

To further validate the aforementioned hypothesis
in vitro, we pretreated the cells with ROS inhibitor
NAC. As expected, the intracellular NO level exhib-
ited significant decrease under the WSS in resting
state and marked increase under the WSS induced by
high intensity exercise (Figs. 6A and 6C), suggesting
that modest ROS as a second messenger is important
for the generation of NO. Furthermore, the NO level
in cells pretreated with NAC under the WSS induced
by high intensity exercise was close to the NO level
with or without NAC treatment under the WSS in-
duced by moderate intensity exercise (Fig. 6C), indi-
cating that antioxidant can further reinforce
endothelial function after high intensity exercise. This
result is consistent with a previous in vivo study by
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Silvestro et al., who showed that the supplementation
of Vitamin C increases flow-mediated dilation fol-
lowing maximal exercise.30 As previously described,
NO level notably decreased (Figs. 7A and 7B) and
intracellular ROS levels remarkably rose (Figs. 7A
and 7C) after preprocessed with eNOS inhibitor L-
NAME in all WSS conditions in our study, implying
that intracellular NO production inhibits the genera-
tion of ROS.7 This result also demonstrated that most
of eNOS are coupled in the presence of abundant
ROS, i.e., eNOS does not transfer electron to O2 to
further increase the ROS production and reduces NO
production.34 However, Battault et al.2 showed that
high intensity continuous exercise can induce eNOS
uncoupling in spontaneous hypertensive rats. It seems
likely that the present frequency or magnitude of
WSS induced by the high intensity exercise is not
large enough. Thus, the ROS level under the WSS
induced by moderate and high intensity exercise
insufficiently oxidizes eNOS substrates (L-arginine) or
cofactors, such as tetrahydrobiopterin (BH4), flavin
adenine dinucleotide (FAD) to trigger eNOS uncou-
pling.7 This result may also partially explain why this
high intensity exercise produces less NO than mod-
erate intensity exercise but still induces more NO
production than the resting state (Fig. 5d). Never-
theless, the detailed mechanisms of intracellular ROS
increase and NO decrease under the WSS induced by
high intensity exercises till need to be further inves-
tigated.

In conclusion, a multicomponent nonrectangular
parallel-plate flow chamber system was developed to
effectively mimic the in vivo-like pulsatile WSS in-
duced by different intensity exercises, which may
serve as an in vitro exercise WSS model of arterial
vessels. The experimental results showed that WSS
induced by moderate intensity exercise was associated
with the significant enhancement of NO production,
possibly ascribed to the appropriate increase of ROS.
Nevertheless, WSS induced by high intensity pro-
duced less NO than moderate intensity exercise likely
due to the abundant generation of ROS reacting with
NO (Fig. 8). It is concluded that ROS plays a dual
role in NO production and NO can inhibit ROS
production under WSS induced by different intensity
exercise. Furthermore, the supplement of antioxidant
reverses the adverse effect of overproduction of ROS
under the high intensity exercise. Therefore, our re-
sults provide preliminary cellular and molecular
mechanisms to understand why moderate intensity
exercise is better than high intensity exercise in
improving endothelial function and why the supple-
ment of antioxidants is salutary in high intensity
exercise.
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