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modulated more significantly by reduced cyclic stretch than 
by oscillatory shear, emphasizing an important distinction 
between shear- and stretch-mediated effects to the vascular 
wall. Western blotting analysis of eNOS and nitrotyrosine 
proved that they too are more significantly negatively mod-
ulated by oscillatory flow than by reduced stretch. These 
findings point out how shear and stretch stimulate regions 
of the vascular wall differently, affecting NO bioavailability 
and contributing to vascular disease. 

 Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 Within the vasculature, endothelial cells are constant-
ly exposed to dynamic mechanical forces generated by 
pulsatile blood flow. Two such stimuli known to modu-
late endothelial function are shear stress and cyclic cir-
cumferential strain. It has been documented that areas of 
the vasculature exposed to low mean shear stress and cy-
clic reversal of flow direction (also called oscillatory flow, 
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 Abstract 

 Cyclic circumferential stretch and shear stress caused by pul-
satile blood flow work in concert, yet are very different stim-
uli capable of independently mediating endothelial func-
tion by modulating eNOS expression, oxidative stress (via 
production of superoxide anion) and NO bioavailability. Por-
cine carotid arteries were perfused using an ex vivo arterial 
support system for 72 h. Groups we created by combining 
normal (5%) and reduced (1%) stretch with high shear (6  8  
3 dynes/cm 2 ) and oscillatory shear (0.3  8  3 dynes/cm 2 ) stress 
while maintaining a pulse pressure of 80  8  10 mm Hg. Oscil-
latory flow and reduced stretch both proved detrimental to 
endothelial function, whereas oscillatory flow alone domi-
nated total endogenous vascular wall superoxide anion pro-
duction. Yet, when superoxide anion production was ana-
lyzed in just the endothelial region, we observed that it was 
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OSC) are at higher risk of developing endothelial dys-
function than those exposed to a unidirectional high 
shear stress (HSS)  [1–4] . Similarly, it has also been sug-
gested that reduction of arterial compliance may contrib-
ute to endothelial dysfunction, since it has been linked to 
diseases such as atherosclerosis and hypertension  [5, 6] . 
Yet, in most studies these 2 stimuli are simultaneously 
coupled in vivo, making it very difficult to understand 
their individual contributions. Some attempts have been 
made to decouple stretch and shear stress in vitro by us-
ing different cell lines in a variety of stretch systems and 
flow chambers, straying from reality and making it hard 
to draw definitive conclusions. In this study we wish to 
find a compromise between the in vivo and in vitro work 
of the past by studying the independent effects of shear 
stress and cyclic stretch and how they contribute to endo-
thelial dysfunction.

  The underlying mechanisms of endothelial dysfunc-
tion are numerous and remain unclear, yet it is generally 
agreed upon that the most dangerous revolve around a 
central point, that is, diminished bioavailability of nitric 
oxide (NO)  [7] . One mechanism involves the downregu-
lation of endothelial NO synthase (eNOS)  [8]  expression, 
an enzyme produced by the endothelium which upon 
conversion of  L -arginine to  L -citrulline produces NO. 
Another mechanism thought to significantly affect NO 
bioavailability involves the upregulation of vascular lev-
els of reactive oxygen species (ROS). Elevated levels of 
ROS are known to damage vascular tissue as well as react 
with NO, forming peroxynitrite  [9] , thus removing NO 
 [10]  from the vasculature and contributing to pro-athero-
genic conditions  [11] . The predominant system produc-
ing ROS in vascular smooth muscle and endothelial cells 
is the membrane-bound NAD(P)H oxidase (NOX), regu-
lated by the expression of p22-phox  [12]  and p47-phox 
 [13] . 

  The goal of this study is to understand how shear stress 
and cyclic stretch individually mediate the expression of 
eNOS, the interaction of ROS and NO and if these factors 
contribute to endothelial dysfunction in porcine arterial 
tissue perfused ex vivo. 

  Methods 

 Arterial Groups 
 Left internal carotid arteries of 6-month-old pigs weighing 

120–150 kg were obtained from the local slaughterhouse (Bell 
SA). Adventitial tissue was removed and a 3.5-cm segment, 1 cm 
distal to the bifurcation, was excised. The arterial segments were 
then mounted onto the ex vivo arterial support system (see de-

scription below). The segments were stretched longitudinally to 
1.3 times the unstretched and unpressurized length. To simulate 
decreased compliance, a silicon cuff (Statice Sante) of 6.0 or 8.0 
mm (depending on the outer diameter) and of 0.2  8  0.05 mm 
thickness was placed around the arterial segment. The reduction 
in circumferential cyclic stretch obtained with the cuff was rough-
ly 80%, when compared to the uncuffed arterial segment. 

  Ex vivo Arterial Perfusion System 
 The ex vivo arterial perfusion system used in this study en-

ables the perfusion of isolated arterial segments under precise 
control of perfusion pressure and flow. Details on ex vivo arterial 
support system have been given previously  [14] . The arterial seg-
ments were perfused for 72 h with a medium cocktail, as described 
previously  [15] . Perfusion flow was adapted to create either a pul-
satile unidirectional HSS with a mean value of 6 dyne/cm 2  and 
amplitude of 3 dyne/cm 2 , or an oscillatory shear stress with a 
mean value of 0.3 dyne/cm 2  and amplitude of 3 dyne/cm 2 , both 
with a frequency of 1 s. Perfusion pressure was set to 80 mm Hg 
with pulse pressure amplitude of  8 10 mm Hg. Resulting strains 
were 4–5% for the uncuffed segment, which is in the physiological 
range of pulsatile stretch for the porcine carotid, and less than 1% 
for the cuffed segment, simulating a less compliant arterial seg-
ment. 

  Endothelial Cell Functionality Analysis 
 Arterial rings were tested before and after the perfusion ex-

periment to determine the capacity to achieve endothelial-medi-
ated vasorelaxation. Arterial rings were mounted in an organ 
chamber (EMKA Technology), equilibrated in a Krebs solution
at 37   °   C, infused with 5% CO 2  and 95% O 2 . Resting tension was 
adjusted to 2 g. Arterial rings were precontracted with 80 m M
 KCl until a constant maximum contraction was reached. Then a 
10 –6 - M  dose of norepinephrine was introduced, achieving a con-
traction 50% as large as that achieved with KCL. Next, doses of 
bradykinin (BK) from 10 –11  to 10 –8   M  were given and dose-re-
sponse curves for BK-mediated relaxation were calculated. Dose-
response curves for sodium nitroprusside were also obtained.

  Immunofluorescence and Dihydroethidium  
 After the perfusion, a 5-mm segment of the artery was rinsed 

with 0.9% NaCl, snap-frozen in OCT compound (Tissue-Tek) and 
stored at –80   °   C for further analysis. For p22-phox and nitrotyro-
sine staining, sections of 5  � m were cut, air-dried and fixed in 
100% acetone for 5 min at –20   °   C. Sections were permeabilized 
with 0.1% Triton X-100 in PBS for 10 min, then incubated for 60 
min with rabbit anti-p22 phox  (p22-phox, 1:   500; Santa Cruz Bio-
technology) or mouse anti-nitrotyrosine (nitrotyrosine, 1:   100; 
Abcam) in 10% normal goat serum in PBS. The p22-phox sections 
were then incubated with Alexa Fluor 568 goat anti-rabbit IgG 
(Invitrogen) as a secondary antibody for 45 min. Sections were 
examined on a Zeiss Axiovert 135 microscope at 20 !  magnifica-
tion. For nitrotyrosine, sections were incubated with ECL-per-
oxidase-labeled anti-mouse (1:   1,000; Amersham) as a secondary 
antibody and counterstained using a DAB substrate kit (Vector 
Laboratories). Sections were examined on an Olympus AX 70 at 
10 !  magnification. All steps were performed at room tempera-
ture.

  For dihydroethidium (DHE) detection, 5- � m arterial cryo-
sections (as described above) were incubated for 30 min at 37   °   C 
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with 5  �  M  DHE (FluoProbes) in PBS, and then rinsed for 1 min 
in PBS. Sections were examined on a Leica DM5500 at 20 !  mag-
nification. All steps were performed in the dark.

  Protein Extraction and Analysis 
 Protein expression was assessed using standard Western blot 

techniques. Protein was extracted from the samples with a Brij-
35 lyses buffer (50 m M  Tris pH 7.5, 1  M  NaCl, 2  M  Urea, 0.1% Brij-
35 and 1 protease inhibitor cocktail; Roche). Twenty micrograms 
of protein were electrophoresed, after which the proteins were 
transferred to a nitrocellulose filter (Amersham). Filters were in-
cubated with either mouse anti-eNOS (1:   1,000; BD Biosciences), 
mouse anti-nitrotyrosine (1:   500; Abcam), mouse anti-eNOS
(1:   1,000; BD Transduction Laboratories), goat anti-VE-cadherin 
(1:   1,000; Santa Cruz Biotechnology), rabbit anti-p22 phox  (1:   200; 
Santa Cruz Biotechnology), mouse anti-p47 phox  (1:   200; BD Trans-
duction Laboratories), mouse anti-glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH, 1:   1,000; Chemicon International) fol-
lowed by ECL-peroxidase-labeled anti-mouse, goat or rabbit sec-
ondary antibodies (1:   5,000; Amersham). Protein expression of 
eNOS was normalized to the expression of VE-cadherin, while 
nitrotyrosine, p47-phox and p22-phox were normalized to
GAPDH.

  Image Analysis 
 Images were analyzed using Metamorph (Meta Imaging Series 

7.0). For endothelial DHE calculations, we used a WACOM graph-
ic tablet to manually define the endothelial region.

  Statistics 
 The data are reported as mean values  8  standard deviation. 

Two-way analysis of variance statistics were performed to assess 
significant differences between shear stress and cyclic stretch 
groups. When the interaction among groups was determined to 
be significant, posttests using the Bonferroni correction were 
used to assess their interaction. A value of p  !  0.05 was considered 
significant.

  Results 

 Vascular Tissue Reactivity Studies 
 Endothelial function, as assessed at the 10 –8 - M  dos-

age of BK, was significantly modulated by both hemo-
dynamic stimuli shear stress and cyclic stretch. We ob-
served that when changing the flow from HSS to OSC, 
while maintaining a normal cyclic stretch in both cases, 
the function of the endothelium decreased by 84% 
( fig. 1 ). When we compared normal and reduced stretch 
groups where HSS was maintained for both, we ob-
served an 87% downregulation in endothelial function-
ality ( fig. 1 ). 

  Shear Stress, but Not Cyclic Stretch, Modulates eNOS 
Expression 
 Exposure of arteries to OSC significantly decreased 

the expression of eNOS as compared to HSS. This effect 
was observed regardless of normal or reduced stretch lev-
els (32 and 28% decrease, respectively;  fig. 2 a). Seemingly 
independent of changes in shear stress, eNOS expression 
seems to correlate with decreased cyclic stretch; however, 
results did not reach significance. Results from Western 
blot analysis were further supported by immunofluores-
cence of arterial sections. In arteries submitted to HSS, 
eNOS expression was easily detected on the endothelium, 
whereas in those submitted to OSC, eNOS expression was 
barely visible ( fig. 2 b).

Endothelial function
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  Fig. 1.  BK dose-dependent relaxation ca-
pacity of porcine carotid arterial segments 
after 72 h of ex vivo perfusion. Data are 
represented as means  8  SD, n = 6,  *  p  !  
0.05. 
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  Fig. 2.   a  The effect of reduced cyclic stretch 
and oscillatory flow on eNOS expression 
as evaluated by immunoblot. Data are ex-
pressed as means  8  SD, n = 6,  *  p  !  0.05. 
 b  eNOS was visualized by immunostain-
ing of arterial cross-sections. Elastin is 
represented in green, nuclei are represent-
ed in blue and eNOS in red. All images 
were taken at the same contrast and lumi-
nescence levels at 20 !  magnification. 
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  Cyclic Stretch and Shear Stress Distinctly Regulate the 
Production of Superoxide Anion 
 When looking at total vascular ROS production 

throughout the endothelial, intimal and medial layers,
we observed that ROS is significantly modulated by oscil-
latory shear stress. Arteries exposed to OSC at both nor-
mal and reduced stretch increased 2.1- and 2.3-fold the 
formation of ROS, respectively, as compared to HSS 
( fig. 3 a). Regarding stretch, we observed a trend indicat-
ing that reducing stretch increases ROS independent of 
shear stress, although these changes were not signifi-
cant. 

  Interestingly, when focusing on ROS produced solely 
by the endothelium, cyclic stretch became the dominant 

hemodynamic stimuli. Indeed, ROS production is mark-
edly increased from normal to reduced stretch for both 
HSS and OSC (2- and 1.5-fold increase, respectively; 
 fig. 3 b). DHE images representative of those used for 
analysis have been included ( fig. 3 c).

  Shear Stress Modulates the Expression of p22-phox 
and p47-phox 
 Vascular ROS formation is predominantly mediated by 

the NOX system, which in turn is regulated by the produc-
tion of p22-phox and p47-phox. Under the same normal 
stretch condition, OSC increased the expression of p22-
phox by 1.4-fold as compared to HSS. Increase on p22-
phox expression by OSC was also seen when arteries were 
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  Fig. 3.   a  The effect of reduced cyclic stretch and oscillatory flow 
on total ROS expression, as evaluated with DHE staining. Data are 
expressed as means  8  SD, n = 6,  *  p  !  0.001.  b  The effect of re-
duced cyclic stretch and oscillatory flow on endothelial ROS ex-

pression, as evaluated with DHE staining. Data are expressed as 
means  8  SD, n = 6,  *  p  !  0.05.  c  Sample DHE images showing 
originals on top (elastin in green, DHE in red) and image after 
being analyzed with a script written in Metamorph.  
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on p22-phox expression, as evaluated by immunoblot. Data are 
expressed as means  8  SD, n = 6,  *  p  !  0.05.  b  p22-phox was visu-
alized in red by immunostaining of arterial cross sections. Im-
ages on top are originals from just the red channel, while those on 
the bottom were analyzed with a script written in Metamorph. All 
images were taken at the same contrast and luminescence levels 
at 20   !  magnification.  c  The effect of reduced cyclic stretch and 
oscillatory flow on p47-phox expression, as evaluated by immu-
noblot. Data are expressed as means  8  SD, n = 6,  *  p  !  0.05.   



 Thacher   /Silacci   /Stergiopulos   /da Silva   

 

 J Vasc Res 2010;47:336–345 342

under reduced cyclic stretch condition (2.3-fold upregula-
tion as compared to HSS;  fig. 4 a). Assessment of p22-phox 
expression by immunostaining and analysis using Meta-
morph software allowed us to see the localization of p22-
phox expression. We observe that reduced stretch tends to 
increase the expression of p22-phox evenly throughout 
the arterial wall, whereas OSC predominantly focuses the 
expression of p22-phox on the endothelium and intimal 
layers ( fig. 4 b). The expression of p47-phox was also in-
creased by OSC as compared to HSS. However, in this case 
the expression was only seen on arteries perfused under 
normal stretch conditions ( fig. 4 c).

  Shear Stress Mediates the Formation of Nitrotyrosine 
 Increased formation of nitrotyrosine is directly related 

to the production of peroxynitrite, which is produced 
when ROS react with NO, thus lowering the vascular bio-
availability of NO. Exposure of arteries to OSC under 
both normal and reduced stretch significantly increased 
the formation of nitrotyrosine as compared to HSS under 
the same stretch conditions (1.4- and 1.65-fold upregula-
tion, respectively;  fig. 5 a). Immunostaining analysis re-
vealed that nitrotyrosine was predominantly located in 
the intimal and medial layers ( fig. 5 b).

  Discussion 

 The current study demonstrates that shear stress and 
cyclic stretch play significant roles in the progression of 
endothelial dysfunction and points out their individual 
and spatial contribution in triggering vascular disease. 
OSC and reduced stretch both proved detrimental to en-
dothelial function, whereas OSC alone dominated total 
endogenous vascular wall superoxide anion production. 
Yet, analysis of oxidative stress in just the endothelial re-
gion showed a more pronounced formation of superoxide 
anion by reduced cyclic stretch than by oscillatory shear. 
These results emphasize an important distinction be-
tween shear- and stretch-mediated effects on the vascular 
wall. Similarly, Western blot analysis revealed that eNOS 
and nitrotyrosine expression were also more modulated 
by oscillatory flow than by reduced stretch. These data 
suggest that shear and stretch stimulate regions of the 
vascular wall differently, yet it is their combined effects 
which contribute to vascular disease. 

  Previous works have related reduced compliance  [16]  
and oscillatory shear stress  [17]  to modulation of eNOS 
expression and endothelial cell homeostasis  [18–20] . 
However, when shear stress and cyclic stretch have been 

studied in the past, these 2 very important stimuli have 
often been coupled or studied under such a wide variety 
of experimental conditions that it has been difficult to 
determine their individual contributions to vascular dis-
ease. In our study we have performed experiments cou-
pling high and oscillatory shear stress with normal and 
reduced stretch for 72 h, and studied how shear stress and 
cyclic stretch, 2 very different mechanical forces, can 
work independently or in concert to evoke atheroprone 
endothelial responses. 

  To study if the effects of shear stress and cyclic stretch 
indeed have an effect on vascular endothelial functional-
ity, we performed vascular reactivity studies on tissue 
segments from 4 experimental groups: HSS/normal 
stretch, HSS/reduced stretch, OSC/normal stretch and 
OSC/reduced stretch. Using the HSS/normal stretch 
group as reference, we noticed that introducing an OSC 
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  Fig. 5.   a  The effect of reduced cyclic stretch and oscillatory flow 
on nitrotyrosine expression, as evaluated by immunoblot. Data 
are expressed as means  8  SD, n = 6,  *  p  !  0.001.  
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or reducing the stretch both caused decreases in endothe-
lial functionality upon BK stimulation, in the order of 
85%. Moreover, the effect of an OSC combined with a re-
duced stretch nearly completely abolished any sign of en-
dothelial functionality. These results indicate that on a 
functional level, both shear stress and circumferential 
stretch are imperative for maintaining endothelial func-

tion. Moreover, no significant differences in KCl contrac-
tion or SNP relaxation among the 4 groups were observed, 
confirming that changes in BK relaxation were due to 
OSC and reduced stretch and not to loss of vascular 
smooth muscle function. 

  To investigate the origins of endothelial dysfunction 
in regards to shear stress and stretch, we first investigated 
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  Fig. 5.     b  Nitrotyrosine was visualized in 
brown by immunostaining on arterial 
cross-sections using a DAB substrate kit. 
All images were taken at the same contrast 
and luminescence levels at 10   !  magnifi-
cation.       
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whether eNOS protein expression is modulated differ-
ently by reduced cyclic stretch, and oscillatory shear. The 
most obvious result shows that OSC significantly down-
regulates eNOS production, which is in agreement with 
previous findings  [21] . Interestingly, there was no statisti-
cal difference between the high shear/reduced stretch 
and the oscillatory shear/normal stretch groups, indicat-
ing that in spite of the knowledge that shear stress is a 
more significant regulator of eNOS, normal stretch con-
ditions are fundamental to retain the protective effects of 
wall shear stress.

  Fluctuations in oxidative stress, namely in the direc-
tion of increased levels of ROS, are known to have dra-
matic effects on endothelial health and vascular function. 
Basal levels of ROS are essential to vascular cell physio-
logic function and contribute to the signaling required 
for vascular remodeling  [22, 23] . However, increases in 
their production have been shown to decrease vascular 
levels of NO through reactions forming peroxynitrite 
 [24] , causing inflammation and potentially even cell 
death  [25] . Thus, we found it interesting to investigate 
how shear stress and cyclic stretch modulate ROS pro-
duction in the vascular wall. To visualize ROS produc-
tion, arterial cryosections were stained with DHE, a
cell-permeable compound which forms ethidium upon 
reacting with O 2  – . Quantification was performed by mul-
tiplying the percent area for the region of interest of the 
arterial cross-section expressing ethidium by the average 
intensity of ethidium expression. It was found that OSC 
more significantly upregulated total DHE intensity when 
compared to reduced stretch. Yet, at the endothelial layer, 
reduced stretch is a more significant modulator of DHE 
than OSC. These results suggest that reduced stretch and 
OSC both induce ROS production in the vascular wall, 
but most importantly, they explain that increases in ROS 
due to reduced arterial compliance pose a much higher 
risk to endothelial dysfunction than OSC.

  As mentioned above, arterial ROS production is medi-
ated at many levels. The present study focuses on the NOX 
cascade, known to be a major source of ROS in vascular 
cells  [26] . To measure the activation of the NOX, we inves-
tigated the regulation of 2 crucial components, p22-phox 
and p47-phox. p22-phox was increased by both oscillatory 
shear and reduced shear stress, but more significantly by 
oscillatory shear. These results were further supported by 
immunostaining, which showed that p22-phox expres-
sion was highly expressed in the endothelial and intimal 
region. The expression of the p47-phox component was 
significantly upregulated in the combination of oscilla-
tory shear and normal stretch. These results suggest that 

p22-phox and p47-phox could play significant roles in the 
development of vascular ROS production, but do not nec-
essarily act in concert. At physiologic pH, it is known that 
high levels of vascular ROS can react with NO to form 
peroxynitrite, a potent oxidant, thus lowering NO bio-
availability. Due to the very short half-life of peroxyni-
trite, we can measure nitrotyrosine formation, the by-
product of the reaction between peroxynitrite and tyro-
sine protein residues  [9] . The measurement of nitrotyro-
sine indirectly reflects the amount of NO, which is being 
removed from the vasculature due to ROS scavenging. 
Our results showed that oscillatory shear significantly up-
regulates nitrotyrosine expression, indicating that the in-
creases in ROS due to OSC are causing more reactions 
with vascular NO, decreasing its bioavailability and creat-
ing a more atheroprone endothelial environment. 

  To conclude, this study demonstrates for the first time 
in an arterial tissue model the individual contributions of 
shear stress and cyclic stretch to endothelial injury due to 
increased superoxide anion production. Our results have 
shown that OSC is a more dominant stimulus than re-
duced cyclic stretch with regards to downregulation of 
eNOS, increased levels of total vascular ROS and nitroty-
rosine regulation, the combination of which can be linked 
to a decreased NO bioavailability. This study also dem-
onstrated the involvement of 2 NOX components, name-
ly p22-phox and p47-phox, in the modulation of ROS ex-
pression. Finally, the most interesting finding from this 
study was that ROS production in the endothelial region 
is significantly higher and more significantly modulated 
by reduced stretch than oscillatory shear. This point sug-
gests that although oscillatory shear was shown to more 
significantly modulate total ROS production, reduced 
stretch is the more dangerous risk for endothelial injury. 
These findings agree with results from tissue reactivity 
studies where we were able to see significant decreases in 
endothelial functionality due to both OSC and reduced 
stretch. Because perturbed shear stress and reduced arte-
rial compliance have both been implicated in the initia-
tion and attenuation of arterial disease, this work gives 
insight to how oscillatory shear stress and reduced com-
pliance provoke endothelial dysfunction and increased 
risk of atherosclerosis over time. 
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