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Abstract

Fluid shear stress is intimately linked with vascular oxidative stress and atherosclerosis. We posited that ath-
erogenic oscillatory shear stress (OSS) induced mitochondrial superoxide (mtO2

��) production via NADPH
oxidase and c-Jun NH2-terminal kinase ( JNK-1 and JNK-2) signaling. In bovine aortic endothelial cells, OSS
(�3 dyn=cm2) induced JNK activation, which peaked at 1 h, accompanied by an increase in fluorescein
isothiocyanate-conjugated JNK fluorescent and MitoSOX Red (specific for mtO2

�� production) intensities. Pre-
treatment with apocynin (NADPH oxidase inhibitor) or N-acetyl cysteine (antioxidant) significantly attenuated
OSS-induced JNK activation. Apocynin further reduced OSS-mediated dihydroethidium and MitoSOX Red
intensities specific for cytosolic O2

�� and mtO2
�� production, respectively. As a corollary, transfecting bovine

aortic endothelial cells with JNK siRNA (siJNK) and pretreating with SP600125 ( JNK inhibitor) significantly
attenuated OSS-mediated mtO2

�� production. Immunohistochemistry on explants of human coronary arteries
further revealed prominent phosphorylated JNK staining in OSS-exposed regions. These findings indicate that
OSS induces mtO2

�� production via NADPH oxidase and JNK activation relevant for vascular oxidative stress.
Antioxid. Redox Signal. 15, 1379–1388.

Introduction

Atherosclerosis is a systemic disease; however, its
manifestations tend to be focal and eccentric (11, 18, 38).

The spatial (qt=qx) and temporal (qt=qt) components of shear
stress largely determine the focal characteristics of vascular
oxidative stress, leading to proinflammatory states (1, 18, 20,
21). In the arterial regions exposed to atheroprotective he-
modynamics, pulsatile flow develops, whereas at the lateral
wall of arterial bifurcations, disturbed flow, including ath-
erogenic oscillatory shear stress (OSS), prevails (20, 21). The
latter flow characteristics, defined as bidirectional net zero
forward flow, are implicated in the production of reac-
tive oxygen species (ROS) via NADPH oxidase systems
(20, 24), and an elevated level of ROS production contributes
to endothelial dysfunction relevant for the initiation of
atherosclerosis (16).

Numerous sources of cellular superoxide (O2
��) production

contribute to vascular oxidative stress, including NADPH
oxidase systems, mitochondria, xanthine oxidase, eNOS un-

coupling, p450 isoenzymes, and peroxisomes (11, 16, 32).
NADPH oxidase is considered the major source of ROS gen-
eration in vascular endothelial cells (ECs) (16). A low level of
ROS is implicated in normal cellular functions, such as cell
survival (13, 42), differentiation (22, 44), post-translational
protein modifications (18), and host defense (26), whereas a
high level of ROS production engenders oxidative stress and
tissue damage (4, 21).

Both biomechanical and biochemical stimuli mediate mi-
tochondrial ROS generation. Atheroprotective pulsatile shear
stress induces endothelial mitochondrial membrane potential
(DCm) and a reduction in mitochondrial superoxide (mtO2

��)
production via an increase in manganese superoxide dis-
mutase (Mn-SOD) activities (28). In contrast, oxidized low-
density lipoprotein (oxLDL) induces mtO2

�� production,
leading to apoptosis via JNK-mediated Mn-SOD ubiquitina-
tion and protein degradation (41). However, the mechanisms
whereby atherogenic OSS regulates mtO2

�� remain unknown.
Mounting evidence supports the notion that shear stress

activates c-Jun NH2-terminal kinase ( JNK-1 and JNK-2) in
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cultured vascular ECs (9, 29, 40). JNK is one of the signaling
molecules in the mitogen-activated protein kinase super
family, and is implicated in stress responses to inflammatory
cytokines, growth factors (7) and ROS (40). Li et al. reported
that laminar shear stress (LSS) at 12 dyn=cm2 induced a
transient and rapid activation of JNK-1 and JNK-2 via extra-
cellular signal-regulated kinases (ERK-1 and ERK-2) (29).
Moreover, Li et al. showed that LSS inhibited tumor necrosis
factor-mediated JNK activation via MEK5-BMK1 in vascular
ECs (15, 27). In this context, we proposed that atherogenic
OSS induced mtO2

�� production via NADPH oxidase and
JNK activation.

In this study, we demonstrated in bovine aortic ECs
(BAECs) that OSS (�3 dyn=cm2) induced JNK activation
peaked at 1 h, accompanied by an increase in mtO2

�� pro-
duction. Pretreatment with apocynin (an inhibitor to NADPH
oxidase assembly) or N-acetyl cysteine (NAC) (an antioxi-
dant) resulted in a significant attenuation of OSS-induced JNK
activation. Apocynin further reduced OSS-mediated cytosolic
O2
�� production. As a corollary, transfecting BAECs with JNK

siRNA (siJNK), pretreating with SP600125 ( JNK inhibitor), or
with apocynin significantly reduced OSS-mediated mtO2

��

production. Immunohistochemistry on explants of human
coronary arteries also revealed prominent phosphorylated
JNK staining in the arterial regions prone to atherogenic he-
modynamics. Hence, our findings support the notion that
OSS induced mtO2

�� production via NADPH oxidase and
JNK activation is relevant for vascular oxidative stress.

Materials and Methods

EC culture and inhibitor study

Confluent BAECs between passages 4 and 7 were seeded
on Collagen Type I (BD Biosciences)–coated glass slides
(5 cm2) at 1.5�105 cells per slide and grown to confluent
monolayers in high glucose (4.5 g=l) Dulbecco’s modified
Eagle’s medium supplemented with 10% heat-inactivated
fetal bovine serum (FBS; Hyclone) and 100 U=ml L-
glutamine–penicillin–streptomycin (Sigma) for 48 h in 5%
CO2 at 378C. Before shear stress exposure, the cells were
starved in Dulbecco’s modified Eagle’s medium with 0.5%
FBS overnight to reduce phosphorylative background. For
inhibitor studies, the cells were pretreated with either JNK
inhibitor SP600125 (10 mM) for 30 min, NADPH oxidase in-
hibitor apocynin (1 mM) for 2 h, or antioxidant (5 mM) before
shear stress exposure.

Dynamic flow system to simulate OSS
in the arterial bifurcation

A dynamic flow channel was used to implement OSS by
simulating hemodynamics in human carotid arterial bifurca-
tions. The flow system was designed to generate well-defined
flow profiles across the width of the parallel flow chamber at
various temporal gradients (qt=qt), frequencies, and ampli-
tudes (17). BAECs were exposed to two conditions: (i) control
at static conditions, and (ii) OSS at tave¼ 0.02 and qt=qt at
3 dyn=cm2=s1. At the lateral wall of arterial bifurcations, flow
separation and migrating stagnation points create low and
oscillating shear stress (OSS: bidirectional net zero forward
flow), which is commonly considered as an inducer of vas-
cular oxidative stress (6, 25).

Detection of intracellular superoxide

The intracellular superoxide (O2
��) production was mea-

sured using dihydroethidium (DHE). BAEC were exposed to
OSS for 1 h and cells were washed with the culture medium
without phenol red. Cells were then incubated with DHE
(5 mM) for 20 min followed by five times of washing. Images
were acquired from three chosen fields using an inverted
epifluorescence microscope and using a ProgRes C3 digital
microscope camera.

siRNA transfection

The siRNA target sequence for Bovine JNK-1 was 58-
CATGGAGCTCATGGATGCAAATCTT-38 and Bovine JNK-
2 was 58-CATGAAAGAATGTCCTACCTTCTTT-38. siRNA
(each 30 nM) was transfected to BAEC with Lipofectamine
RNAiMAX (Invitrogen) as described previously (28). Cells
were used for confirmation of gene knockdown or function
assay 48 h after transfection. Negative control siRNA (Qiagen)
was used as the scramble siRNA. There was no observable
damage due to the transfection procedure.

Western blots analysis

After OSS exposure, BAECs were assessed for JNK phos-
phorylation. The cells were rinsed with phosphate-buffered
saline (PBS) and lysed using RIPA buffer supplemented with
protease and phosphatase inhibitors. Protein concentration
was measured using the Bio-Rad DC assay and 50mg of
protein was loaded for Western blot. Activated JNK (p-JNK)
was measured using an anti-phosphor-JNK antibody (Up-
state Cell Signaling Solutions). Parallel blots were performed
with anti-total JNK (Upstate Cell Signaling Solutions) and=or
anti-b-actin (Millipore Corp.) to standardize protein abun-

FIG. 1. Oscillatory shear stress (OSS) induced transient c-
Jun NH2-terminal kinase ( JNK) activation. Bovine aortic
endothelial cells (BAEC) monolayers were exposed to static
condition or OSS for 30 min, 1 h, or 2 h. Phosphorylated JNK
was then analyzed by Western blot analysis, quantified by
densitometry, and expressed as fold ratios relative to total
JNK and static conditions. OSS induced a peaked JNK acti-
vation at 1 h (both JNK isoforms) ( p< 0.01 vs. static condi-
tion). The experiments were performed in triplicates.
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dance. Densitometry was performed using NIH Scion Image
Software (Scion Corp.).

Flow cytometry analysis to quantify mtO2
�� production

MitoSOX Red superoxide indicator (Invitrogen) is a
fluorogenic dye that is selective for mtO2

�� in live cells (37). It
localizes into cellular mitochondria and is readily oxidized by
superoxide, but not other sources of ROS or nitrogen species.
The oxidation of the probe is prevented by superoxide dis-
mutase and exhibits a bright red fluorescence upon binding to
nucleic acids (excitation=emission maxima¼ 510=580 nm).
After OSS exposure, BAECs were incubated with MitoSOX
Red (3mM) for 10 min at 378C. The cells were collected by
trypsinization and washed in PBS supplemented with 2%

FBS. Cells were fixed in 2% paraformaldehyde and suspended
in PBS. Measurements were performed in duplicates using the
BD LSR II flow cytometer (BD Biosciences) at the USC Center
for Stem Cell and Regenerative Medicine FACS Core. Mito-
SOX Red was excited at 488 nm, and the data were collected
by a 575=26 nm (FL2) channel. The data were presented by
histograms in terms of the mean intensity of MitoSOX fluo-
rescence normalized to those of the static controls.

Immunohistochemistry analyses of phosphorylated
JNK in explants of human coronary arteries

Three explants of human coronary arteries were isolated
from the transplant patients with ischemic cardiomyopathy.
The protocol was approved by the USC Institutional Review
Board for identifier-stripped specimens. Cross sections of the
left and right coronary arteries with and without atheroscle-
rotic lesions were stained for phosphor-JNK, cytochrome c,
and succynyl dehydrogenase. The latter two antibodies were
specific mitochondrial inner membrane proteins. Im-
munostaining was performed in frozen sections using anti-p-
JNK antibody (Santa Cruz Biotech.), anti-cytochrome c
(Abcam), biotinylated secondary antibodies, and horseradish
peroxidase-conjugated streptavidin (Sigma-Aldrich Corp.).
Diaminobenzidine (DAB) was used as a chromogen and the
sections were counterstained with hematoxylin for observa-
tion of intima, media, and adventitia. Counterstaining with a-
smooth muscle actin antibody (ab5694 at 1:100 dilution; Ab-
cam) allowed for distinguishing smooth muscle cells (SMCs)
in the media and intima. EC were stained with monoclonal
antibodies (Dakocytomation) for EC-specific von Willebrand
factor at a dilution of 1:25. Negative controls were performed
by omitting the primary antibody. Positive controls were es-
tablished by using the brain and kidney tissues.

Statistical analysis

Data are expressed as mean� standard deviation and
compared among separate experiments. Comparisons of
multiple values were made by one-way analysis of variance,
and statistical significance for pairwise comparison was de-
termined using the Tukey test. p-Values of <0.05 are consid-
ered statistically significant.

Results

OSS transiently induced JNK activation

The characteristics of shear stress regulate JNK activation
in BAECs. OSS induced both JNK-1 and -2 activations
(Fig. 1). The intensities of individual JNK isoforms were
normalized to total JNK, and they peaked by 3.06-fold and
3.89-fold, respectively, as compared to the static condition
at 1 h. Confocal fluorescence microscopy also supported
OSS-induced JNK activation (Fig. 2). Activated JNK was
stained with fluorescein isothiocyanate-conjugated anti-
phosphorylated JNK (green), the mitochondria with Mito-
Tracker Red (red), and the nuclei with DAPI (blue). Under
static conditions, BAECs did not exhibit visible JNK green
fluorescence. In response to OSS, BAECs displayed a signifi-
cant increase in JNK intensity after 30 min. The merged images
showed orange=yellow signals, implicating a potential role of
activated JNK in the mitochondrial redox status.

FIG. 2. JNK activation in response to OSS. p-JNK was
stained with fluorescein isothiocyanate-anti-p-JNK (green).
Active cellular mitochondria were localized using Mito-
Tracker Red (red). Nuclei were stained with DAPI (blue). (a)
Under static conditions, JNK green fluorescence was hardly
visible. (b) In response to OSS, a significant JNK green
fluorescence developed after 30 min, accompanied by yel-
lowish=orange signals as a result of merged spectra between
fluorescein isothiocyanate and MitoTracker Red. (To see this
illustration in color the reader is referred to the web version
of this article at www.liebertonline.com=ars).
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NADPH oxidase-mediated cytosolic O2
�� production

induced JNK activation

OSS induced NADPH oxidase, which, in turn, generated
cytosolic O2

�� production (20, 21). In the presence of NADPH
oxidase inhibitor, apocynin (1 mM), OSS-induced JNK-1 and
-2 activations were significantly attenuated from 3.35- to 2.30-
fold and 4.57- to 3.27-fold, respectively, as compared to the
static condition (Fig. 3a). As a corollary, pretreatment with
antioxidant, N-acetylcysteine (NAC; 5 mM), further reduced
OSS-mediated JNK-1 and -2 activations from 2.95- to 2.11-fold
and 3.02- to 2.0-fold, respectively, as compared to the static

condition (Fig. 3b). Apocynin also reduced OSS-mediated
cytosolic O2

�� production as illustrated by a reduction in DHE
staining (Fig. 4). These findings suggest that NADPH oxidase-
mediated cytosolic O2

�� production was implicated in OSS-
induced JNK phosphorylation.

OSS induced mtO2
�� production via NADPH oxidase

and JNK activation

To assess whether NADPH oxidase and JNK activation
were implicated in the mitochondrial redox status, we tested
the effects of Apocynin, JNK inhibitor (SP600125), and JNK

FIG. 3. Apocynin or NAC at-
tenuated OSS-induced JNK
phosphorylation. (a) BAECs
were pretreated with apocynin
(1 mM) for 2 h before OSS expo-
sure. Apocynin significantly re-
duced OSS-induced JNK
phosphorylation expressed as
fold change relative to total JNK
in comparison with the un-
treated condition (*p< 0.01 vs.
static conditions. #p< 0.01 vs.
OSS, n¼ 3). (b) Pretreatment
with 5 mM of N-acetyl cysteine
(NAC) also significantly reduced
OSS-induced JNK phosphoryla-
tion (*p< 0.01 vs. static condi-
tions. #p< 0.01 vs. OSS, n¼ 3).
All studies were performed in
duplicates.

FIG. 4. Apocynin attenuated oscillatory shear-induced dihydroethedium (DHE) intensities. OSS exposure increased DHE
staining compared to the static conditions. This increase in DHE intensity was attenuated in response to Apocynin treatment
(1 mM). (To see this illustration in color the reader is referred to the web version of this article at www.liebertonline.com=ars).
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knock-down (with JNK siRNA, siJNK) on mtO2
�� production.

Flow cytometry was employed to quantify MitoSOX Red in-
tensities specific for mtO2

��. OSS induced a 2.57-fold increase
in MitoSOX Red intensity as compared to the static condition
(Fig. 5). This induction was inhibited by SP600125 (10mM) by
62%. Next, we further demonstrated the effect of JNK on
mtO2

�� production with siJNK. The effect of siRNA was
confirmed by Western blot analysis (Fig. 6a). JNK-1 protein
level was decreased by 71% and JNK-2 by 74% following
siJNK transfection. JNK knockdown with siJNK completely
inhibited OSS-induced MitoSOX Red intensity as compared
to the static condition (Fig. 6b). Pretreatment with Apocynin
(1 mM) further reduced OSS-mediated MitoSOX Red inten-
sity from 1.80- to 0.89-fold as compared to the static conditions
(Fig. 7). Taken together, these findings demonstrated the no-
tion that OSS mediated mtO2

�� production via NADPH oxi-
dase and JNK activation.

Activated JNK was present in the OSS-exposed
regions of human coronary arteries

Explants of human coronary arteries isolated from heart
transplant patients with ischemic cardiomyopathy were an-
alyzed for JNK activation (Fig. 8). Cytochrome c staining

identified mitochondria, and von Willebrand factor staining
identified ECs (18). JNK activation was present in the left main
bifurcation (Fig. 8a, b). Also prominent was activated JNK
staining in the vaso vasorum (brown) (Fig. 8c). Cross sections
from the greater curvature of the right coronary artery further
revealed prominent phosphorylated JNK staining, accompa-
nied by cytochrome c staining in the ECs (Fig. 8d–g). These
immunohistochemistry findings supported the aforemen-
tioned in vitro findings of OSS-induced JNK activation in ex-
plants of human coronary arteries.

Discussion

In this study, we demonstrated that OSS induced mtO2
��

production via NADPH oxidase and JNK activation. We
showed that (i) siJNK and SP600125 (inhibitor of JNK) re-
duced OSS-induced mtO2

�� generation (mtO2
��), (ii) antioxi-

dant, NAC, attenuated OSS-induced JNK activation, and (iii)
Apocynin (inhibitor of NADPH oxidase assembly) reduced
OSS-induced cytosolic O2

�� production, JNK activation, and
mtO2

�� generation. Ex vivo analyses of human coronary ar-
teries further supported the notion that JNK activation was
present in the OSS-exposed ECs. Collectively, the novelty
of our observations is that OSS-activated JNK plays an

FIG. 5. Inhibition of JNK attenuated MitoSOX Red intensities. BAEC monolayers were pretreated with JNK inhibitor,
SP600125, and mitochondrial superoxide (mtO2

��)-specific dye, MitoSOX Red, before flow exposure. Measurements were
performed using BD LSR II flow cytometer. (Top) The data were presented by histograms in terms of the mean intensity of
MitoSOX fluorescence normalized to those of the static conditions. (Bottom) OSS-induced MitoSOX intensity was significantly
attenuated in response to SP600125 ( p< 0.01 vs. static condition. #p< 0.01 vs. OSS, n¼ 3).
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important role in modulating mtO2
�� generation relevant for

vascular oxidative stress.
JNK, a stress-activated protein kinase, plays a role in EC

activation and macrophage recruitment. JNK activation was
also linked with atherosclerosis. Marked decrease of macro-
phage and foam cell infiltration was observed in the arterial
wall of ApoE�=�JNK-2�=� double knockout mice as com-
pared to ApoE�=�mice (36), whereas oxLDL activated JNK in
macrophages in ApoE�=�mice (36). Osto et al. further showed
that JNK-2�=� knockout mice displayed an elevated level of
Mn-SOD (33), supporting the notion that oxLDL-activated

JNK mediated Mn-SOD ubiquitination=protein degradation
with relevance to atherogenesis (41).

Mitochondrial function is intimately linked with endothe-
lial metabolic homeostasis (35). Oxidative phosphorylation
through complexes I to II, III, and IV drives the proton
translocation across the inner membrane to mitochondrial
intermembrane space. While mitochondrial electron transport
chain drives the synthesis of ATP,*1.5%–2% of electrons leak
out to form superoxide anion (O2

��) (30). Activated JNK co-
localizes with mitochondria (2), inhibiting electron transport
through mitochondrial complexes II, III, and IV, and pro-

FIG. 6. Knockdown of JNK reduced OSS-mediated MitoSOX Red intensities. (a) BAEC were transfected with siJNK or
scramble (scr) siRNA for 48 h. Cell lysate was used to verify the efficiency of siJNK on the protein level of JNK. The blots were
representative of two independent experiments with similar results. (b, top) The data were presented by histograms in terms
of the mean intensity of MitoSOX fluorescence normalized to those of the static controls. (b, bottom) While scrambled JNK did
not affect OSS-mediated MitoSOX intensity ( p< 0.01 vs. static with scr siRNA, n¼ 3), transfecting BAECs with siJNK
significantly reduced OSS-mediated MitoSOX intensity (#p< 0.01 vs. OSS with scr siRNA, n¼ 3).
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moting EC apoptosis (19) in response to ischemia-reperfusion
injury (7). Mitochondrial dysfunction as a result of increased
mtO2

�� production has been well implicated in Diabetes
Mellitus and neurodegernative diseases (34). Knocking out
JNK-1 and -2 protected mice (jnk1–=–jnk2–=–) from apoptosis
(3). Hence, activated JNK plays an important role in modu-
lating mitochondrial redox status.

NADPH oxidase is an important source of vascular endo-
thelial superoxide production, and has been implicated in the
development of atherosclerosis. OSS induces cytosolic su-
peroxide production through the upregulation of NADPH
oxidase expression, which, in turn, induces monocyte che-
moattractant protein 1 (20, 21). In this study, inhibition of
NADPH oxidase and its superoxide production reduced OSS-
induced JNK activation, suggesting the role of NADPH oxi-
dase in JNK activation.

The use of Apocynin to inhibit NADPH oxidase remains
controversial. Apocynin is commonly used to inhibit p47phox
translocation and assembly of NADPH oxidase complexes (39).
In the phagocytic cells, the inhibitor activity of apocynin re-
quires oxidation by myeloperoxidase (MPO) and H2O2 to form
an apocynin radical, which, in turn, oxidizes thiols in NADPH
oxidase (43). In HEK293 cells that overexpressed Nox1, Nox2, or
Nox4, apocynin was reported to act as an antioxidant, and it
does not inhibit NADPH oxidase in the absence of MPO (14). In

vascular ECs, specific NADPH oxidase inhibitor gp91ds-tat
attenuated superoxide production in response to shear stress
(10, 20, 21), and oxidation of apocynin was mediated by other
peroxidases (rather than MPO) (23). In in vivo systems, apocynin
has been used to reduce NAPDH oxidase-mediated superoxide
production in ApoE–=– mice (12, 45). Taken together, the use of
apocynin is cell type dependent and a viable inhibitor to link
OSS-mediated superoxide production with JNK activation.

Previous work by Berk and colleagues (15) and Jo and
colleagues (9) suggest that the time-dependent JNK phos-
phorylation was activated by different signal pathways.
Berk’s group reported that H2O2 induced JNK activation in
ECs (15). Our current study also supports the notion that
OSS induced JNK activation via NADPH-mediated cytosolic
O2
�� production. Go et al. and Jo and colleagues previously

demonstrated that LSS-mediated NO production was re-
quired for JNK activation after 60 min. By transfecting BAEC
with Akt mutant, Go et al. and Jo and colleagues showed that
LSS at 10 dyn=cm2 stimulated JNK by activating the cascade
of PI3K-Akt- eNOS and NO production. However, the precise
mechanisms whereby pulsatile versus OSS modulates JNK
activation remain to be defined.

JNK activation is prominent in the atherosclerotic lesions
(31). Our ex vivo findings revealed prominent activated JNK
staining in OSS-exposed regions of human coronary arteries.

FIG. 7. Inhibition of NADPH oxidase attenuated OSS-induced MitoSOX Red intensities. Measurements were performed
using BD LSR II flow cytometer. (Top) The data were presented by histograms in terms of the mean intensity of MitoSOX Red
fluorescence normalized to those of the static conditions. (Bottom) While OSS induced an increase in MitoSOX Red fluo-
rescence by 1.75� 0.2 ( p< 0.01 vs. static conditions, n¼ 3), pretreatment with apocynin significantly attenuated OSS-induced
MitoSOX Red intensity (#p< 0.01 vs. OSS, n¼ 3).
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In the left main bifurcation, activated JNK staining was pro-
minent in ECs, SMCs, and macrophages=foam cells. JNK
staining was also prominent in the vaso vasorum in the ad-
ventitia (Fig. 8c). Unlike our in vitro cultured BAEC model, hu-
man coronary arteries were constantly exposed to the circulating
cytokines and growth factors as well as the paracrine effects of
SMCs, all of which may contribute to JNK activation (5, 8).

In summary, our data support the hypothesis that OSS
increased cytosolic superoxide production via NADPH oxi-
dase. Cytosolic superoxide subsequently activated JNK,
which in turn induced the production of mtO2

�� (Fig. 9).
Hence, atherogenic OSS induced mtO2

�� production via
NADPH oxidase-JNK signaling pathway is relevant for ini-
tiation of atherosclerosis.
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Abbreviations Used

DCm¼mitochondrial membrane potential
BAECs¼ bovine aortic endothelial cells

DHE¼dihydroethidium
ECs¼ endothelial cells

ERK¼ extracellular signal-regulated kinase
FBS¼ fetal bovine serum
JNK¼ c-Jun NH2-terminal kinase
LSS¼ laminar shear stress

Mn-SOD¼manganese superoxide dismutase
MPO¼myeloperoxidase

mtO2
�� ¼mitochondrial superoxide

NAC¼N-acetyl cysteine
O2
�� ¼ superoxide

OSS¼ oscillatory shear stress
oxLDL¼ oxidized low-density lipoprotein

PBS¼phosphate-buffered saline
ROS¼ reactive oxygen species

SMCs¼ smooth muscle cells
vWF¼von Willebrand factor
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