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Vascular Medicine

Cyclic Strain-Induced Thrombomodulin
Expression in Endothelial Cells is Mediated by
Nitric Oxide, but Not Hydrogen Peroxide
Shih-Chung Chen,1,2 Jing-Jy Cheng,3 Shu-En Wu,4 Hsi-Che Shen,5,6 Kou-Gi Shyu1 and Danny Ling Wang4

Vascular endothelial cells (ECs) are constantly subjected to rhythmic distension because of pulsatile flow in the
circulation. The rhythmic distension-induced cyclic strain plays an important role in modulating endothelial
physiology. In the present study, we investigated the effects of cyclic strain on the expression of thrombomodulin
(TM), an anti-coagulant protein that possesses anti-inflammation properties. Exposure of ECs to cyclic strain
increased NADH/NADPH oxidase and endothelial nitric oxide synthase (eNOS) activities, as well as the nitric
oxide (NO) production. When ECs were subjected to a greater cyclic strain (21%), TM expression was increased.
The increased TM expression was not observed when ECs were subjected to a lower cyclic strain (15%). ECs treated
with an NO donor (NOC18), induced TM expression, whereas hydrogen peroxide (H2O2) treatment did not have
significant effects on TM expression. Pretreatment of ECs with an eNOS inhibitor (L-NAME) abolished the cyclic
strain-induced TM expression in ECs. These results suggest that cyclic strain to ECs induces NO production which
consequently results in an increase of TM expression in ECs. Our findings provide insights into the mechanisms by
which cyclic strain induces TM expression in ECs, therefore playing important roles in anticoagulation and
atheroprotection in the vascular system.
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INTRODUCTION

pression in the vascular system. Any changes of cyclic
strain may ultimately contribute to vascular complications, including hypertension-related vascular disorders.
It is well documented that ECs subjected to cyclic strain
transmit this mechanical force into intracellular signals
and induce cellular responses.1 Recent evidence suggests
that reactive oxygen species (ROS) play a pivotal role in
growth factor- and hemodynamic force-induced endothelial responses.2,3 Increasing intracellular ROS levels
in ECs induce redox-sensitive genes that may be involved in vascular dysfunction, including atherosclerosis
and hypertension-related complications. 4 It has been
shown that ECs subjected to cyclic strain increase
intracellular ROS levels,5,6 which subsequently induce
the expression of various redox-sensitive genes, including monocyte chemotactic protein-1 (MCP-1),3 a protein
that is shown to be involved in the recruitment of
monocytes into the subendothelial space during athero-

ECs are constantly under the influence of hemodynamic forces, including blood flow-induced shear
stress and rhythmic distension-induced cyclic strain.
This cyclic strain to vessel walls plays an important role
in the modulation of signaling pathways and gene ex-
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genesis. 7 Removal of ROS production by antioxidant
treatment alleviated this cyclic strain-induced MCP-1
expression in ECs.5 The origin of ROS produced in activated ECs has not been fully clarified. NADPH oxidase
has been suggested to be one of the major sources of ROS
production in ECs in response to hemodynamic forces.8
Recent evidence indicates that a gp91 phox -containing
NADPH oxidase is selectively expressed in ECs.9
Nitric oxide (NO), an important mediator that plays
multiple roles in vascular biology, regulates blood pressure and regional blood flow as well as inhibiting vascular smooth muscle cell proliferation, platelet aggregation, and leukocyte adhesion.10,11 ECs constantly release
NO via the activation of endothelial NO synthase
(eNOS). NO has been shown to attenuate cytokineinduced expressions of MCP-1 and vascular adhesion
molecules in ECs.12,13 A decrease in the levels of NO released from ECs aggravates vascular dysfunction. Moreover, it has been shown that local gene transfer of eNOS
inhibits atherosclerotic lesions.14 There is increasing evidence suggesting that NO released from ECs enhances
vascular resistance to ROS-induced damage.15,16
Despite the well-recognized protective effects of NO
on inflammatory responses of ECs, the detailed mechanisms of the effects of NO on ECs remain unclear. Endothelial NO appears to serve as a negative regulator to
modulate redox-sensitive gene expression.17 Our earlier
data have indicated that ECs exposed to hemodynamic
forces increase their intracellular ROS levels that alter
the Ras/Raf/extracellular signal-regulated kinase (ERK)
signaling pathway and gene expression.18 Furthermore,
NO negatively regulates the ERK signaling pathway and
inhibits shear-induced early growth response-1 (Egr-1)
expression.19 All these results support the notion that endothelial NO inhibits redox-sensitive gene expression,
inflammation, and thrombosis, which are currently recognized as interrelated biological processes.
Thrombomodulin (TM), a vascular endothelial cell
receptor and cofactor in the protein C anti-coagulant system, is potentially suppressed by inflammatory cytokines
such as TNF-a and IL-1b.20 Furthermore, TM also plays
a role in dampening inflammatory responses. 21 While
TM has been shown to exert artheroprotective effect, the
effects of cyclic strain on the TM expression in ECs remain unclear. In the present study, we demonstrated that
ECs exposed to a greater cyclic strain significantly en-

hanced the activities of NADPH/NADH oxidase and
eNOS, as well as the expression of TM. The increase in
TM expression by cyclic strain at least partially contributed to the higher NO production in strained ECs.
Our results provide insight into the mechanisms by
which cyclic strain plays atheroprotective roles in vascular biology by increasing NO production and thereby
inducing TM expression in ECs.

MATERIALS AND METHODS
EC cultures
Human umbilical vein endothelial cells (HUVEC)
were isolated as previously described.5 HUVECs were
seeded on the flexible membrane base of a culture well
and grown for 3 days until confluence. Cultured medium
M199 containing 20% fetal bovine serum (FBS) was replaced with the same medium containing only 2% FBS,
and cells were incubated overnight prior to use in the
experiments. For gene transfection study, bovine aortic
ECs (BAECs) were cultured in DMEM medium supplemented with 10% FBS, penicillin, and streptomycin.

In vitro cyclic strain
The strain unit Flexcell FX-2000 (Flexcell), described in detail elsewhere,22 consists of a vacuum unit
linked to a valve controlled by a computer program. ECs
cultured on a flexible membrane base were deformed by
a sinusoidal negative pressure with a peak level of 20
kPa, which produced a strain on cells ranging from minimal strain at the center of the membrane to a peak value
of 25% at the periphery (maximal strain is 25%, average
strain is 12%) at a frequency of 1 Hz (60 cycles/min) for
various intervals.
Immunoblotting
ECs were lysed with a buffer solution containing
0.1% SDS and 2-mercaptoethanol, and then subjected to
SDS-PAGE. Antigens were analyzed using designated
monoclonal antibodies (Calbiochem). Antigen-antibody
complexes were detected using horseradish peroxide-labeled rabbit anti-mouse IgG and the results were analyzed using an enhanced chemiluminescence system
(Pierce). The blots were then exposed to Kodak XAR-5
films to obtain fluorographic images.
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t-test. Data are presented as mean ± SEM. Statistical significance was defined as p < 0.05.

NAD(P)H oxidase activity assay
EC lysate was washed with ice-cold PBS and homogenized in cold lysis buffer (20 mmol/L KH2PO4, pH
7.0, 1 mmol/L EGTA, 10 mg/mL aprotinin, 0.5 mg/mL
leupeptin, 0.7 mg/mL pepstatin, and 0.5 mmol/L PMSF).
The homogenate was centrifuged at 1000 g for 10 min at
4 °C. The pellet was resuspended in a lysis buffer containing protease inhibitors and manually homogenized
on ice. NADPH oxidase activity was measured by a luminescence assay in a 50 mmol/L phosphate buffer, pH
7.0, containing 1 mmol/L EGTA, 150 mmol/L sucrose, 5
mmol/L dark-adapted lucigenin as the electron acceptor,
and 100 mmol/L NADPH as the substrate in a final
volume of 900 mL. The reaction was started by the addition of 100 mL of homogenate, and luminescence measurements were obtained every 15 sec for 5 min. Protein
content was determined in an aliquot of the homogenate,
and the result was standardized to the corresponding
luminescence measurement.

RESULTS
Cyclic strain induced NADPH & NADH oxidase
activities in ECs
ECs cultured on flexible membrane bases were subjected to cyclic strain-induced deformation. ECs exposed
to cyclic strain for 24 h remained morphologically intact.
The activities of NADH and NADPH oxidase in strained
ECs were examined. As shown in Figure 1, exposure of
ECs to cyclic strain induced a rapid increase in the activity of NADH or NADPH oxidases. The increase in
NADH oxidase or NADPH oxidase activities remained
sustained over the 24-h period. These results suggest
that cyclic strain to ECs may result in an increase in the
intracellular ROS levels.

Assay of eNOS activity
NOS activity was determined by measuring the conversion of [3H]-L-arginine to [3H]-Lcitrulline as previously described.23

Cyclic strain induced eNOS and NO release
To investigate whether cyclic strain to ECs could induce intracellular NO levels, ECs were subjected to cyclic strain and the eNOS activity and the NO release
were examined. As shown in Figure 2A, the activity of
eNOS in cyclic strain-treated ECs was rapidly induced,
reaching maximal levels within 3 to 6 hrs, and then declined but still remained at an elevated level after continuous cyclic strain for 24 hrs. Consistently, the levels of

Assay of NOx concentration
To measure the level of NO, the colorimetric Griess
reaction for nitrite was applied. In brief, the conditioned
medium was exposed to nitrate reductase (250 mU/ml)
and NADPH (100 mM) for 30 min at 37 °C to reduce nitrate to nitrite. The nitrite-containing samples were
treated with L-glutamine dehydrogenase (670 mU/ml),
2-oxoglutaric acid (4 mM), and NH4Cl (100 mM) for 10
min at 37 °C to consume any residual NADPH. Finally,
the samples were mixed with an equal volume of freshly
prepared Griess reagent (0.05% N-(1-naphthyl) ethylenediamine dihydrochloride and 0.5% sulfanilamide in
2.5% ortho-phosphoric acid) for 5 min at 37 °C. The
absorbance of each colored sample was measured at 540
nm using a spectrophotometer SPEKOL 221 (Carl Zeiss,
Jena, Germany). Concentrations of NO in the samples
were determined using a calibration curve generated
from standard KNO3 solutions.

Figure 1. Cyclic strain stimulated NADPH and NADH oxidase activities in ECs. ECs were subjected to cyclic strain at various time points
and their NADPH and NADH oxidase activities were examined. Data
are expressed as mean ± SEM (n = 6).

Statistical analysis
Statistical analyses were performed using Student’s
Acta Cardiol Sin 2008;24:144-50
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TM expression was shown to be sustained after cyclic
strain for 8 hrs. ECs exposed to a lower cyclic strain
(15%) for 2 to 8 hrs did not induce TM expression (Figure 3B). This strain force-dependent expression of TM
in ECs was further substantiated by subjecting ECs to a
higher (21%) cyclic strain as compared to those under
lower (15%) cyclic strain for 8 or 18 hrs. Exposure of
ECs to 21% cyclic strain for 8 or 18 hrs increased their
TM expression, whereas ECs under 15% cyclic strain for
18 hrs did not alter the TM expression, as compared with
static controls (Figure 3C). This cyclic strain-induced
TM expression was not a transcriptional event, as TM

NOx (nitrate+nitrite) in conditioned medium of strained
ECs were also increased, reached its plateau at 3 hrs, and
remained sustained levels after cyclic strain for 24 hrs
(Figure 2B). These results suggest that ECs exposed to
cyclic strain enhances eNOS activity and results in an
increase of NO production.

Cyclic strain induced the TM expression in a
time- and strain force-dependent manner
To investigate the effects of cyclic strain on the TM
expression in ECs, ECs were subjected to 21% or 15%
of cyclic strain for various time intervals, and their TM
protein expression was examined by immunoblotting. As
shown in Figure 3A, exposure of ECs to 21% of cyclic
strain for 4 hrs induced TM expression. The increased

Figure 2. Cyclic strain induces eNOS activity NO production in ECs.
ECs were kept as control or subjected to cyclic strain at various time
points, and their eNOS activity (A) and NO production (B) were examined. The activity of eNOS was monitored by the biochemical conversion
of radioactive substrate 3 H-arginine into L-citrulline (A). NOx (nitrite+nitrate) production was measured by reaction with Griess reagents
(B). Results are expressed as mean ± SEM from 3 to 6 separate experiments. *P < 0.05 vs. unstrained control cells.

Figure 3. Cyclic strain induced endothelial TM expression. ECs were
subjected to different magnitude of cyclic strain [21% (A) vs. 15 % (B)]
for 2, 4, 6 or 8 hrs (A and B) or 18 hrs (C), and their TM expression was
determined using immunoblotting. Data are expressed as mean ± SEM
from 3 to 6 separate experiments. *P < 0.05 HS-treated ECs vs. unstrained control cells.
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promoter activity was not induced by cyclic strain to
ECs (data not shown). These results suggest that cyclic
strain induces the TM expression in ECs in a time- and
strain force- dependent manner.

exposed to a greater cyclic strain induced NADH/
NADPH oxidase activities, the major sources of ROS
production in ECs. ECs under higher cyclic strain
(24%), in contrast to those ECs under physiological 10%

NO, but not hydrogen peroxide (H2O2), mediates cyclic strain-induced TM expression in
Ecs
We have demonstrated that cyclic strain to ECs induces the activities of NADH and NADPH oxidase and
eNOS, as well as the production of NO. We further
investigated whether the intracellular NO or ROS level
involved in cyclic strain-induced TM expression in ECs.
As shown in Figure 4A, ECs treated with an NO donor
(NOC18) at a concentration of 500 mM for 4 hrs significantly increased the TM expression in ECs. This NOinduced TM expression returned to the basal level 8 or
16 hrs after treatment. In contrast, ECs treated with H2O2
did not alter the TM expression, as compared to those
control cells. These results suggest that the oxidative
stress or increased ROS levels may not induce TM expression in ECs. To investigate whether NO mediates the
cyclic strain-induced TM expression in ECs, ECs were
pre-treated with an inhibitor to eNOS (L-NAME) and
then subjected to cyclic strain for 6 hrs in the presence
of L-NAME. As shown in Figure 4C, ECs treated with
L-NAME remarkably inhibited the cyclic strain-induced
TM expression. These results suggest that the cyclic
strain-induced TM expression is mediated by the NO-dependent mechanisms in ECs.

DISCUSSION
ECs lining the vascular wall are constantly subjected
to hemodynamic forces, including blood pressure-generated cyclic strain. How the ECs sense physical
forces and transmit into intracellular signals remains an
interesting issue. Our previous studies have shown that
cyclic strain of physiological range (~15%) to ECs increases intracellular ROS levels that may act as secondary messengers for signaling modulation. 24,25 In addition, ECs subjected to hemodynamic forces enhance
NO production, which has been shown to serve as a negative regulator by modulating redox-sensitive gene expression. 5 In the present study, we observed that ECs
Acta Cardiol Sin 2008;24:144-50

Figure 4. Cyclic strain-induced TM expression was mediated by NO.
(A) ECs were treated with an NO donor (NOC18, 500 mM) for 4, 8, and
16 hrs, and TM protein expression was determined by using immunoblot
analysis. Data are expressed as mean ± SEM from 3 separate experiments. *P < 0.05 vs. control cells. (B) To investigate the effects of ROS
on endothelial TM expression, ECs were treated with H2O2 at concentrations of 100 or 500 mM for 4 or 8 hrs. (C) In some experiments, ECs
were pre-treated with an eNOS inhibitor (L-NAME, 500 mM) for 30 min
and then exposed to cyclic strain for 6 hrs in the presence of L-NAME.
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strain, increased eNOS activity.26 These strain-dependent
responses are consistent with our current finding that
higher strain induces TM expression. All these results
suggest that ECs subjected to cyclic strain increase
intracellular ROS and NO levels, which may play important roles in modulating redox-based responses in ECs
toward various stimuli.
TM forms a 1:1 stoichiometric complex with thrombin, which becomes less available to act on its substrates, notably platelets and fibrinogen. TM also accelerates protein C activation by thrombin. Activated
protein C inactivates activated factors V and VIII,
thereby exerting a potent negative feedback control on
the generation of thrombin. Thus, the membrane glycoprotein TM is an important anti-coagulant component
of ECs.27 In the present study, we demonstrated that a
greater cyclic strain (21%) induced a sustained increase
in TM expression in ECs, whereas normal range of cyclic strain (15%) did not show significant effects on TM
expression. An earlier study28 demonstrated that fluid
shear stress to bovine ECs resulted in a mild transient
increase followed by a significant decrease in TM
mRNA level. In a recent study,29 saphenous vein endothelium exposed to arterial flow downregulated TM.
There results are different from our observations that
TM was upregulated by cyclic strain. Indeed, independent roles for shear stress and cyclic strain as mechanical stimuli do occur in cells.30-32 The detailed molecular mechanisms responsible for the different downstream responses are not clear and need to be further
investigated. Neverthless, our results indicate that TM
expression in ECs can be upregulated by the higher magnitude of cyclic strain. Because ECs are constantly under
rhythmic distension-induced cyclic strain due to pulsatile flow, endothelial TM expression may be upregulated by higher blood pressure as circulating TM
levels were reported to be elevated in hypertensive patients as compared to normotensive subjects.33,34 These
are consistent with our finding that higher strain may
upregulate TM expression in ECs. An increase of TM
levels in hypertensive patients may support our notion
that cyclic strain plays a role in regulating TM expression. Our results suggest that an increased TM
expression in ECs exposed to cyclic strain may play
important roles in anticoagulation and atheroprotection
in vessel walls.

As cyclic strain to ECs induces intracellular levels
of ROS and NO, our present results demonstrated that
the increases in intracellular levels of NO, but not ROS,
contributed to the cyclic strain-induced TM expression
in ECs. ECs treated with an NO donor, NOC18, induced
the TM protein expression in a time- and dose-dependent
manner. However, treatment of ECs with H2O2 did not
alter the TM expression as compared to static control
cells. In concert with the increased TM expression in
NO-treated ECs, pretreatment of ECs with an eNOS
inhibitor (L-NAME) abolished the cyclic strain-induced
TM expression. These results suggest that cyclic straininduced NO production is involved in TM expression in
ECs. However, TM promoter activity was not induced
by cyclic strain to ECs. The stability of TM expression
may be responsible for upregulation of TM expression in
strain-ECs. How the increased intracellular NO activity
affects TM expression in ECs remains unclear. NO treatment may attenuate growth factor-stimulated effects via
the decrease of signaling responses and thus affect protein stability. NO has been shown to increase protein
stability such as HIF-1. 35 Alternatively, NO-mediated
S-nitrosylation of protein may affect the protein stability.36 Despite the detailed mechanisms remain to be defined, our findings support the notion that NO plays
anti-inflammatory and anti-thrombogenic roles in modulating gene expression and cellular function in ECs. The
present results demonstrate the importance of intracellular NO in modulating cyclic strain-induced expression in ECs.

ACKNOWLEDGMENTS
This work was supported by Wang Fang Hospital
(Grant 94TMU-WFH-08).

REFERENCES
1. Lee T, Sumpio BE. Cell signalling in vascular cells exposed to
cyclic strain: the emerging role of protein phosphatases. Biotechnol Appl Biochem. 2004;39(Pt 2):129-39.
2. Colavitti R, Pani G, Bedogni B, et al. Reactive oxygen species as
downstream mediators of angiogenic signaling by vascular
endothelial growth factor receptor-2/KDR. J Biol Chem. 2002;
277(5):3101-8.
149

Acta Cardiol Sin 2008;24:144-50

Shih-Chung Chen et al.

3. Wung BS, Cheng JJ, Hsieh HJ, et al. Cyclic strain-induced
monocyte chemotactic protein-1 gene expression in endothelial
cells involves reactive oxygen species activation of activator
protein 1. Circ Res. 1997;81(1):1-7.
4. Lum H, Roebuck KA. Oxidant stress and endothelial cell
dysfunction. Am J Physiol Cell Physiol. 2001;280(4):C719-41.
5. Wung BS, Cheng JJ, Shyue SK, Wang DL. NO modulates
monocyte chemotactic protein-1 expression in endothelial cells
under cyclic strain. Arterioscler Thromb Vasc Biol. 2001;
21(12):1941-7.
6. Howard AB, Alexander RW, Nerem RM, et al. Cyclic strain
induces an oxidative stress in endothelial cells. Am J Physiol.
1997;272(2 Pt 1):C421-7.
7. Nelken NA, Coughlin SR, Gordon D, Wilcox JN. Monocyte
chemoattractant protein-1 in human atheromatous plaques. J
Clin Invest. 1991;88(4):1121-7.
8. Matsushita H, Lee KH, Tsao PS. Cyclic strain induces reactive
oxygen species production via an endothelial NAD(P)H oxidase.
J Cell Biochem Suppl 2001;Suppl 36:99-106.
9. Li JM, Shah AM. Intracellular localization and preassembly of
the NADPH oxidase complex in cultured endothelial cells. J Biol
Chem. 2002;277(22):19952-60.
10. Kelly RA, Balligand JL, Smith TW. Nitric oxide and cardiac
function. Circ Res. 1996;79(3):363-80.
11. Kubes P, Suzuki M, Granger DN. Nitric oxide: an endogenous
modulator of leukocyte adhesion. Proc Natl Acad Sci U S A.
1991;88(11):4651-5.
12. Zeiher AM, Fisslthaler B, Schray-Utz B, Busse R. Nitric oxide
modulates the expression of monocyte chemoattractant protein 1
in cultured human endothelial cells. Circ Res. 1995;76(6):980-6.
13. Khan BV, Harrison DG, Olbrych MT, et al. Nitric oxide regulates
vascular cell adhesion molecule 1 gene expression and redoxsensitive transcriptional events in human vascular endothelial
cells. Proc Natl Acad Sci U S A. 93(17):9114-9.
14. von der Thüsen JH, Fekkes ML, Passier R, et al. Adenoviral
transfer of endothelial nitric oxide synthase attenuates lesion
formation in a novel murine model of postangioplasty restenosis.
Arterioscler Thromb Vasc Biol. 24(2):357-62.
15. Wink DA, Hanbauer I, Krishna MC, et al. Nitric oxide protects
against cellular damage and cytotoxicity from reactive oxygen
species. Proc Natl Acad Sci U S A. 1993;90(21):9813-7.
16. Grisham MB, Jourd'Heuil D, Wink DA. Nitric oxide. I. Physiological chemistry of nitric oxide and its metabolites:implications
in inflammation. Am J Physiol. 276(2 Pt 1):G315-21.
17. Kunsch C, Medford RM. Oxidative stress as a regulator of gene
expression in the vasculature. Circ Res. 1999;85(8):753-66.
18. Wung BS, Cheng JJ, Chao YJ, et al. Modulation of Ras/
Raf/extracellular signal-regulated kinase pathway by reactive
oxygen species is involved in cyclic strain-induced early growth
response-1 gene expression in endothelial cells. Circ Res. 1999;
84(7):804-12.
19. Chiu JJ, Wung BS, Hsieh HJ, et al. Nitric oxide regulates shear
stress-induced early growth response-1. Expression via the
Acta Cardiol Sin 2008;24:144-50

20.

21.
22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.
36.

150

extracellular signal-regulated kinase pathway in endothelial cells.
Circ Res. 1999;85(3):238-46.
Sperry JL, Deming CB, Bian C, et al. Wall tension is a potent
negative regulator of in vivo thrombomodulin expression. Circ
Res. 2003;92(1):41-7.
Esmon CT. Crosstalk between inflammation and thrombosis.
Maturitas. 47(4):305-14.
Banes AJ, Gilbert J, Taylor D, Monbureau O. A new vacuumoperated stress-providing instrument that applies static or variable duration cyclic tension or compression to cells in vitro. J Cell
Sci. 1985;75:35-42.
Burnett AL, Ricker DD, Chamness SL, et al. Localization of
nitric oxide synthase in the reproductive organs of the male rat.
Biol Reprod. 1995;52(1):1-7.
Cheng JJ, Chao YJ, Wang DL. Cyclic strain activates redoxsensitive proline-rich tyrosine kinase 2 (PYK2) in endothelial
cells. J Biol Chem. 2002;277:48152-7.
Cheng JJ, Wung BS, Chao YJ, Wang DL. Cyclic strain-induced
reactive oxygen species involved in ICAM-1 gene induction in
endothelial cells. Hypertension. 1998;31:125-30.
Awolesi MA, Widmann MD, Sessa WC, Sumpio BE. Cyclic
strain increases endothelial nitric oxide synthase activity. Surgery.
1994;116:439-44;discussion 444-435.
Esmon CT, Owen WG. The discovery of thrombomodulin. J
Thromb Haemost. 2004;2:209-13.
Malek AM, Jackman R, Rosenberg RD, Izumo S. Endothelial
expression of thrombomodulin is reversibly regulated by fluid
shear stress. Circ Res. 1994;74:852-60.
Gosling M, Golledge J, Turner RJ, Powell JT. Arterial flow
conditions downregulate thrombomodulin on saphenous vein
endothelium. Circulation. 1999;99:1047-53.
Haga M, Chen A, Gortler D, et al. Shear stress and cyclic strain
may suppress apoptosis in endothelial cells by different pathways.
Endothelium. 2003;10:149-57.
Kim JI, Cordova AC, Hirayama Y, et al. Differential effects of
shear stress and cyclic strain on Sp1 phosphorylation by protein
kinase Czeta modulates membrane type 1-matrix metalloproteinase in endothelial cells. Endothelium. 2008;15:33-42.
McGarry JG, Klein-Nulend J, Mullender MG, Prendergast PJ. A
comparison of strain and fluid shear stress in stimulating bone cell
responses -- a computational and experimental study. FASEB J.
2005;19:482-4.
Dohi Y, Ohashi M, Sugiyama M, et al. Circulating thrombomodulin levels are related to latent progression of atherosclerosis
in hypertensive patients. Hypertens Res. 2003;26:479-83.
Nadar SK, Al Yemeni E, Blann AD, Lip GY. Thrombomodulin,
von Willebrand factor and E-selectin as plasma markers of endothelial damage/dysfunction and activation in pregnancy induced
hypertension. Thromb Res. 2004;113:123-8.
Sumbayev VV, Budde A, Zhou J, Brune B. HIF-1 alpha protein as
a target for S-nitrosation. FEBS Lett. 2003;535:106-12.
Li F, Sonveaux P, Rabbani ZN, et al. Regulation of HIF-1alpha
stability through S-nitrosylation. Mol Cell. 2007;26:63-74.

