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Our ongoing studies show that vascular endothelial cell growth factor (VEGF)-bound surfaces selectively
capture endothelial progenitor cells (EPCs) in vitro and in vivo, and that surface-bound VEGF stimulates
intracellular signal transduction pathways over prolonged culture periods, resulting in inductive differ-
entiation of EPCs. In this article, we investigated whether simulated arterial shear stress augments the
differentiation of EPCs adhered to a VEGF-bound surface. Human peripheral blood-derived mononuclear
cells adhered to a VEGF-bound surface were exposed to 1 day of shear stress (15 dynes/cm?, correspond-
ing to shear load in arteries). Shear stress suppressed the expression of mRNAs encoding CD34 and
CD133, which are markers for EPCs, and augmented the expression of mRNAs encoding CD31 and von
Willebrand factor (VWF) as well as VWF protein, which are markers for endothelial cells (ECs). Shear
stress enhanced expression of ephrinB2 mRNA, a marker for arterial ECs, but did not significantly change
expression of EphB4 mRNA, a marker for venous ECs. Focused protein array analysis showed that mech-
anotransduction by shear stress activated the p38 and MAPK pathways in EPCs. Thus, arterial shear stress,
in concert with surface-bound VEGF, augments the differentiation of EPCs. These results strongly support
previous observation of rapid differentiation of EPCs captured on VEGF-bound stents in a porcine model.
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1. Introduction

Cardiovascular disease accounts for a high degree of mortality.
Once vessels are stenosed or occluded, a life-threatening situation
is created. Current therapeutic strategies include implantation of
stents or artificial grafts. Clinically significant outcomes have been
verified for stent technology, whereas small-diameter artificial
diameter grafts suitable for replacement of diseased coronary
arteries have not yet been developed for clinical applications
[1,2]. Regardless of the type of implant, it is necessary to use mate-
rials with strict nonthrombogenic potential.

Natural vessels are lined with a monolayer of endothelial cells
(ECs), which is the only cell type expressing nonthrombogenic po-
tential in the body. In animal models, artificial grafts seeded ex vivo
with ECs harvested from autologous veins have demonstrated non-
thrombogenic potential [3-5], similar to that of natural endothe-
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lium. Endothelial progenitor cells (EPCs), which are derived from
bone marrow and circulate in small numbers in the arterial blood-
stream [6], provide an alternative source of ECs. Artificial grafts
seeded ex vivo with EPCs have also demonstrated high patency in
animal models [7-9]. However, despite high initial enthusiasm
for these grafting methods, neither approach to ex vivo cell-based
grafts has been used clinically, largely because these methods in-
volve labor-intensive, time-consuming, and costly procedures.

To eliminate or circumvent the problems inherent in cell seeding
technology, such as clonal mass culture followed by full-coverage
cell seeding, recent studies have been focused on in situ capture
of EPCs from the arterial bloodstream. The preceding study was
CD34 antibody-bound stent [10], since EPCs are in the CD34 posi-
tive fraction of mononuclear cells (MCs) [11]. Although the authors
observed rapid cell adhesion upon implantation, it is possible that
cell types other than EPCs also adhered. Very recently, Korean group
reported that a VE-cadherin-bound stent could capture EPCs that
were subsequently capable of endothelialization, resulting in
minimal intimal hyperplasia [12]. Our own ongoing study share a
common working hypothesis with Korean group: our approach is
based on the highly selective capture of EPCs via biospecific interac-
tions between cell surface markers exclusively expressed on EPCs
and proteins bound to the substrate. Our in vitro studies have
shown that vascular endothelial growth factor (VEGF)-bound
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surfaces significantly induce EPC adhesion, spreading, differentia-
tion, and endothelialization, as well as stimulate intracellular signal
transduction pathways via VEGF receptor-2, even after prolonged
period [13-16]. These results indicate that solid-phase VEGF ap-
pears to act as strong inductive promoter for capturing and thereaf-
ter cellular events.

ECs are constitutively exposed to shear stress induced by blood
flow. Shear stress influences cellular responses, including cell
shape, alignment and various other biochemical functions, via
mechanotransduction pathways [17]. We wished to investigate
whether and how arterial shear stress augments the biochemical
function of EPCs captured on VEGF-bound surfaces. In this study,
we report the effects of laminar arterial shear stress on human
peripheral blood derived-MCs adhered to VEGF-bound surfaces,
focusing on differentiation at both mRNA and protein levels.

2. Materials and methods
2.1. VEGF-bound surface

VEGF-bound glass substrates (70 mm x 100 mm) were pre-
pared as follows: The glass plates were sequentially cleaned using
1:1 ethanol:chloroform, H,SO,4 and 0.2 N NaOH. Cleaned glass
plates were coated with 0.5% poly(ethylene-co-vinyl alcohol)
[PEVA; vinyl alcohol content: 68 mol% (Polysciences, Warrington,
PA, USA)] in hexafluoroisopropanol (HFIP, Wako Pure Chemical,
Osaka, Japan) and dried. Then surface hydroxyl groups on the
PEVA-coated glass were activated using 50 mg/ml N,N'-carbonyl-
diimidazole (CDI, Wako Pure Chemical) in acetonitrile for 1 day,
after which the glass plates were immersed in 50 mg/ml VEGF
(R&D Systems, Minneapolis, MN, USA) in PBS for 1 day (Fig. 1A).

2.2. Mononuclear cell isolation and culture

Mononuclear cells (MCs) were isolated from 100 ml human
peripheral blood by density gradient centrifugation using Hist-
opaque-1077 (Sigma-Aldrich, St. Louis, MO, USA) as described
[18]. Cells were then plated on VEGF-bound glass substrates at a
density of 4 x 10° cells/cm? and cultured in EBM-2 (Lonza, Brus-
sels, Belgium) supplemented with 5% fetal bovine serum, human
FGF-2, human EGF, IGF-1, and ascorbic acid at 37 °C in atmosphere
containing 5% CO,. Media were replaced every 3 days. To confirm
the endothelial lineage, adhered MCs were incubated with 1,
1’-dioctadecyl-3,3,3',3'-tetramethylindo-carbocyanine perchlo-
rate-labeled acetylated LDL (Dil-acLDL; 10 mg/ml; Biomedical
Technologies, Stoughton, MA, USA) and FITC-labeled Ulex europa-
eus agglutinin (FITC-Ulex lectin; 10 mg/ml; Sigma-Aldrich) for 2 h.

2.3. Shear stress experiment

After 6 days in culture, cells were exposed to laminar shear
stress for 24 h using a parallel plate-type device (Yasuhisa Koki, To-
kyo, Japan), as described previously [19]. The intensity of the wall
shear stress (t dynes/cm?) on the cell layer was calculated using
the formula 7 = 6uQ/a’h, where u is the viscosity of the perfusate
(0.0095 poise), Q is the flow volume (0.583 ml/s), and a and b are
the cross-sectional dimensions of the flow path (a: 0.02 cm, b:
5.6 cm). All shear stress experiments were performed at 37 °C in
a CO, incubator.

2.4. Real-time RT PCR analysis

Total RNA was extracted using an RNeasy Kit (Qiagen, Hilden,
Germany), and first-strand cDNAs were synthesized using Super-
script Il reverse transcriptase (Invitrogen, Carlsbad, CA, USA) and

oligo-dT primers. After reverse transcription, gene expression
was monitored via real-time PCR using a PRISM 7500 (Applied Bio-
systems, Foster City, CA, USA). PCR was performed using FastStart
Universal SYBR Green Master (Roche Diagnostics, Basel, Schweiz).
Primer pairs are shown in Table 1.

2.5. Immunocytochemistry

Cells were fixed with 4% paraformaldehyde in PBS and probed
with mouse anti-Ki67 antibody (Immunotech, Marseille, France)
or rabbit anti-von Willebrand factor (VWF) antibody (Dako Cyto-
mation, Glostrup, Denmark) in PBS containing 3% BSA. Cells were
rinsed with PBS and labeled with AlexaFluor 488-labeled chicken
anti-mouse IgG (Invitrogen) or anti-rabbit IgG (Invitrogen). Fluo-
rescence images were obtained using a BioZero microscope system
(Keyence, Osaka, Japan).

2.6. Western blot analysis

Total cellular protein was extracted in lysis buffer containing
50 mM Tris-HCI (pH 7.5), 1% (v/v) Triton X-100, 1% deoxycholic
acid, 150 mM NaCl, 2 mM PMSF, 2.5 mg/ml antipain, 5 mg/ml
aprotinin, 5 mg/ml pepstatin, and 5 mg/ml leupeptin. The concen-
trations of protein were determined using a BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA). Lysates were sub-
jected to SDS-PAGE and subsequent Western blotting. Proteins
transferred to polyvinylidene difluoride membranes were probed
with rabbit anti-von Willebrand factor antibody (Dako Cytoma-
tion) or mouse anti-GAPDH antibody (Cell Signaling Technology,
Danvers, MA, USA). The membranes were further incubated with
horseradish peroxidase-conjugated anti-mouse IgG antibody or
anti-rabbit IgG antibody (Dako Cytomation). The signals were de-
tected using ImmunoStar chemiluminescence reagents (Wako Pure
Chemical).

2.7. Focused protein array

Total cellular protein was hybridized to Proteome Profiler Hu-
man Phospho-Kinase Arrays (R&D systems) following extraction
using the Kit’s proprietary lysis buffer. Signals were detected using
ImmunoStar chemiluminescence reagents (Wako Pure Chemical).
Images were obtained using an LAS-3000 (FujiFilm, Tokyo, Japan),
and pixel densities were measured using the Multi-Gauge software
(FujiFilm).

2.8. Statistical analysis

All data are shown as mean + SD. Differences between groups
were assessed using Student’s t-test. Values of P < 0.05 were con-
sidered significant.

3. Results
3.1. VEGF-bound surfaces induce differentiation of mononuclear cells

We sought to determine whether and how much human mono-
nuclear cells (MCs) adhered to a VEGF-bound surface express the
characteristic features of endothelial lineage cells after prolonged
culture periods. MCs cultured for 6 days on a VEGF-bound surface
were mostly double-positive for acLDL uptake and Ulex-lectin
binding, both of which are characteristic of endothelial lineage
cells (Fig. 1B), indicating that the adhered cells include EPCs. In
addition, we measured mRNA expression of endothelial lineage cell
surface markers in MCs adhered to VEGF-bound and FN-bound
surfaces using real-time RT PCR. Relative to cells grown on an
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Fig. 1. Mononuclear cells adhered to a VEGF-bound surface. (A) VEGF-bound glass substrate was prepared by thin-layer coating of PEVA, followed by activation of surface
hydroxyl groups. Finally VEGF was covalently bound to the surface. (B) Dil-acLDL uptake (red) and FITC-Ulex lectin binding (green) were observed in MCs cultured for 6 days.
(C) The mRNA expression of endothelial lineage markers was determined using real-time RT PCR. (Culture period: 7 days) Data are shown as means * SD of four samples.
*P<0.05.

Table 1

Oligonucleotide primers used for gene expression analysis by real-time RT-PCR.
Gene Primer sequence, 5'-3'
GAPDH GTCGGAGTCAACGGATTTGG/GCAACAATATCCACTTTACCAGAGTTAA
CD34 AACCCTATACATCATCTTCTCCTATCCT/CACTTCTCTGATGCCTGAACATTT
CD133 GCACTCTATACCAAAGCGTCAAGA/TCCTAGTTACTCTCTCCAACAATCCA
CD31 GGGATCTTTCTTAGTGGATTTAATGG/TGCCGAGGAAGGCTAAAGC
VWF CCTCAAAGGCGGTGGTCAT/AGCGATCTCCAATTCCAATAGG
ephrinB2 GAAGGGACTCCGTGTGGAAGT/AGGTAGAAATTTGGAGTTCGAGGAA

EphB4 GTGGGAGGTGATGTCATTTGG/GCAGCCGGTAGTCCTGTTCA
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FN-bound surface, MCs cultured on a VEGF-bound surface exhib-
ited markedly lower expression of CD34 and CD133 mRNAs, which
are markers for progenitor cells, and markedly higher expression of
CD31 and vWF mRNAs, which are markers for ECs (Fig. 1C). These
data indicate that a VEGF-bound surface induces differentiation of
EPCs to ECs more efficiently than an FN-bound surface.

3.2. Arterial shear stress (1): suppression of proliferation potential

We next examined the effect of shear stress on the proliferation
of EPCs adhered to a VEGF-bound surface. MCs cultured for 6 days
on a VEGF-bound surface were subjected to laminar arterial shear
stress (15 dynes/cm?) in a parallel plate-type device for 24 h
(Fig. 2A). Immunocytochemical analysis using anti-Ki67 antibody
(proliferating cellular nuclei) and DAPI (all cellular nuclei) showed
that the ratio of Ki67-positive nuclei to DAPI-positive nuclei under
shear stress was significantly decreased compared to static condi-
tion (Fig. 2B). Thus, arterial shear stress suppresses the prolifera-
tive activity of EPCs adhered to a VEGF-bound surface.

3.3. Arterial shear stress (II): acceleration of differentiation

We investigated the effect of shear stress on the differentiation
of EPCs adhered to a VEGF-bound surface by measuring mRNA and
protein levels, as follows: measuring of mRNA expression of endo-
thelial differentiation markers, performed using real-time RT PCR,
demonstrated that shear stress significantly downregulated mRNA
expression of CD34 and CD133, whereas it significantly upregu-
lated mRNA expression of CD31 and vWF (Fig. 3A). Immunocyto-
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chemical analysis of VvWF showed that weak VWF
immunoreactivity was observed in cells under static conditions,
whereas a stronger VWF signal was observed in elongated cells un-
der shear stress (Fig. 3B). Consistent with this, Western blot anal-
ysis revealed that the amount of VWF protein increased under
shear stress relative to static conditions (Fig. 3C). These data indi-
cate that laminar arterial shear stress facilitates the differentiation
of EPCs adhered to a VEGF-bound surface. Moreover, shear stress
upregulated mRNA expression of ephrinB2, a marker for arterial
ECs, but did not change the mRNA expression of EphB4, a marker
for venous ECs (Fig. 3D). This data indicates that EPCs adhered to
a VEGF-bound surface respond to the arterial shear stress, resulting
in appropriate (i.e., arterial) differentiation.

3.4. Arterial shear stress (Ill): activation of intracellular signaling

To determine whether shear stress activates intracellular sig-
nals in EPCs adhered to a VEGF-bound surface, we measured pro-
tein phospholyration levels using focused protein array. MCs
cultured for 6 days on a VEGF-bound surface were subjected to
arterial shear stress for 30 min, and protein extracts were visual-
ized on focused protein arrays. On the arrays, we observed several
spots that were altered under shear stress relative to static condi-
tions (Fig. 4A). Phosphorylation of p38 (T108/182), ERK1/2(T202/
204, T185/Y187), JNK (T183/Y185, T221/Y223), MEK1/2 (S218/
S222, S222/S226), and MSK1/2 (S376/360), all of which are in-
volved in cell growth and differentiation, was significantly upregu-
lated under shear stress. We observed no significant change in
phosphorylation of Akt (S473) and Akt (T308), both of which are
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Fig. 2. The effect of arterial shear stress on the proliferation of MCs adhered to a VEGF-bound surface. (A) Schematic of the parallel plate-type device. (B) MCs cultured for
6 days on a VEGF-bound surface were subjected to arterial shear stress (15 dynes/cm?) for 24 h. Inmunostaining with anti-Ki67 antibody (Green: nuclei of proliferating cells)
and DAPI (blue: all nuclei). (C) The ratios of Ki67 positive nuclei to DAPI positive nuclei, for shear-stressed and non-shear-stressed cells. Data are shown as means * SD of four
samples. *P < 0.05.
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Fig. 3. The effect of arterial shear stress on differentiation of MCs adhered to a VEGF-bound surface for 6 days, followed by 1 day of exposure of arterial shear stress (15 dynes/
cm?). (A) mRNA expression of endothelial differentiation markers under static and shear stress conditions. (B) Immunostaining using anti-vWF antibody (Green). (C) Western
blot analysis with anti-vWF antibody and anti-GAPDH antibody. (D) mRNA expression of arterial (ephrinB2) and venous (EphB4) markers. Data are shown as means + SD of

four samples. *P < 0.05.

involved in cell survival and growth. Phosphorylation of S70S6K
(T229) and S70S6K (T421/S424), both of which are involved in cell
growth, was significantly downregulated (Fig. 4B). Thus, exposure
to shear stress even for a short time (30 min) activates intracellular
signals especially MAPK pathways in EPCs adhered to a VEGF-
bound surface.

4. Discussion

If EPCs circulating in arteries could be effectively and selectively
captured on blood-exposed surfaces of implanted vascular devices

such as stents and artificial grafts, and subsequently induced rapid
differentiation, such surfaces should exhibit nonthrombogenic po-
tential equivalent to native endothelium, a quality long sought by
developers of cardiovascular devices. Two challenges must be
overcome in order to realize in situ capture-based endothelializa-
tion technology: effective and selective EPC capture, and rapid dif-
ferentiation with attainment of the desired cellular characteristics.
We have demonstrated that solid-phase VEGF acts as an adhesion
site similar to FN, and is furthermore able to induce differentiation,
as evidenced by markedly enhanced expression of VEGFR1 and
VEGFR2 [13-15]. In clinical applications, more rapid differentiation
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Fig. 4. The effect of arterial shear stress on intracellular signal transduction. MCs
cultured for 6 days on a VEGF-bound surface were subjected to arterial shear stress
(15 dynes/cm?) for 30 min. (A) Representative pictures of phospho-kinase protein
arrays hybridized with cell lysates. (B) Quantified pixel densities of spots. Data are
shown as means * SD of three samples. *P < 0.05.

from EPCs to ECs is greatly desirable, since blood-exposed surface
is subject to competition between (1) EPCs capture, colony forma-
tion, and full endothelialization and (2) thrombus formation trig-
gered by the body’s own defense mechanisms.

In this study, we investigated whether arterial shear stress aug-
ments or attenuates the differentiation of EPCs adhered to VEGF-
bound surfaces. We observed significant effects of arterial shear
stress on cell surface markers. Compared to static conditions, arte-
rial shear stress markedly suppressed mRNA expression of progen-
itor markers (CD34 and CD133). Higher mRNA expression of EC
markers (CD31 and vWF) and higher expression of vVWF protein
were observed in EPCs adhered to a VEGF-bound surface in simu-
lated arterial flow (Fig. 3A and B). In addition, arterial shear stress
promoted the mRNA expression of an arterial endothelial marker
(ephrinB2) but did not change expression of a venous endothelial
marker (EphB4) (Fig. 3C). These findings are in accordance with
previous studies that observed that, in EPCs adhered to an FN-
coated surface, shear stress promotes mRNA and protein expres-
sion of VEGFR2 and VE-cadherin, which are cell surface markers
characteristic of ECs [20]; these studies also observed characteris-
tic mRNA expression profiles of arterial and venous markers [18].
Furthermore, the data reported in this study demonstrate that EPCs

adhered to a VEGF-bound surface exhibit more efficient differenti-
ation, as reflected by expression of cell surface markers, than cells
on an FN-bound surface under static conditions (Fig. 1B and C).

Focused protein array analysis showed that shear stress acti-
vates intracellular signaling pathways in EPCs, including the p38
and ERK1/2 pathways, but does not activate the Akt pathway
(Fig. 4), at least at the time point studied (30 min). In this study,
we did not conduct experiments using inhibitors for these path-
ways aiming at direct relation between the activation of the MAPK
pathways and differentiation of EPCs. Previous studies demon-
strate that the p38 pathway is involved in shear stress-induced
angiogenesis in vivo [21] and ERK1/2 pathway regulates EC-specific
gene expression (CD31, vWF, VE-cadherin, VEGFR2, etc.) in multi-
potent adult progenitor cells [22]. Therefore, it is suggested that
loading of shear stress on EPCs adhered to a VEGF-bound surface
augment differentiation via the MAPK pathways.

Shear stress also markedly suppresses the proliferative activity
of EPCs adhered to a VEGF-bound surface (Fig. 2). A previous study
of the effect of laminar flow on EPCs adhered to an FN-coated sur-
face showed that, at an early period of culture under static condi-
tions followed by exposure to 1 day of arterial shear stress,
differentiation activity increased, but no appreciable proliferative
activity was observed [20]. On the other hand, following prolonged
static culture, 1 day of shear stress loading induced little apprecia-
ble differentiation activity, but proliferative activity was increased
[20]. Taken their data together with ours, we conclude that differ-
entiation precedes proliferation. Once differentiation reaches a cer-
tain extent of maturity, proliferative activity may be augmented.

This study may have clinical relevance. The characteristic fea-
ture of double or biphasic stimuli responsive system is that arterial
shear stress augments the differentiation of EPCs, which are consti-
tutively stimulated by solid-phase VEGF [16]. In fact, in our ongo-
ing study of VEGF-bound stent implantation in a porcine model, we
have observed rapid EPC capture and subsequent complete endo-
thelialization [23]. Therefore, it is strongly suggested that solid-
phase VEGF and continuous shear stress from arterial blood flow
cooperate to induce endothelialization of implanted devices.

Acknowledgments

This study was financially supported by government funds,
including the Toyama/Ishikawa Regional Inovention Project and
the High-Tech Research Project for Private University, both of
which are administered by the Ministry of Education, Culture,
Sports, Science and Technology of Japan.

References

[1] L. Xue, H.P. Greisler, Biomaterials in the development and future of vascular
grafts, J. Vasc. Surg. 37 (2003) 472-480.

[2] T. Matsuda, Recent progress of vascular graft engineering in Japan, Artif.
Organs 28 (2004) 64-71.

[3] S. Shindo, A. Takagi, A.D. Whittemore, Improved patency of collagen-
impregnated grafts after in vitro autogenous endothelial cell seeding, J. Vasc.
Surg. 6 (1987) 325-332.

[4] H. Miwa, T. Matsuda, An integrated approach to the design and engineering of
hybrid arterial prostheses, J. Vasc. Surg. 19 (1994) 658-667.

[5] M. Deutsch, J. Meinhart, T. Fischlein, P. Preiss, P. Zilla, Clinical autologous
in vitro endothelialization of infrainguinal ePTFE grafts in 100 patients: a 9-
year experience, Surgery 126 (1999) 847-855.

[6] T. Asahara, T. Murohara, A. Sullivan, M. Silver, R. van der Zee, T. Li, B.
Witzenbichler, G. Schatteman, J.M. Isner, Isolation of putative progenitor
endothelial cells for angiogenesis, Science 275 (1997) 964-967.

[7] S.Kaushal, G.E. Amiel, K.J. Guleserian, O.M. Shapira, T. Perry, F.W. Sutherland, E.
Rabkin, AM. Moran, FJ. Schoen, A. Atala, S. Soker, ]. Bischoff, J.EJ. Mayer,
Functional small-diameter neovessels created using endothelial progenitor
cells expanded ex vivo, Nat. Med. 7 (2001) 1035-1040.

[8] H. He, T. Shirota, H. Yasui, T. Matsuda, Canine endothelial progenitor cell-lined
hybrid vascular graft with nonthrombogenic potential, ]J. Thorac. Cardiovasc.
Surg. 126 (2003) 455-464.



Y. Suzuki et al./Biochemical and Biophysical Research Communications 423 (2012) 91-97 97

[9] T. Shirota, H. He, H. Yasui, T. Matsuda, Human endothelial progenitor cell-
seeded hybrid graft: proliferative and antithrombogenic potentials in vitro and
fabrication processing, Tissue Eng. 9 (2003) 127-136.

[10] M. Co, E. Tay, C.H. Lee, K.K. Poh, A. Low, ]. Lim, LH. Lim, Y.T. Lim, H.C. Tan, Use of
endothelial progenitor cell capture stent (Genous Bio-Engineered R Stent)
during primary percutaneous coronary intervention in acute myocardial
infarction: intermediate- to long-term clinical follow-up, Am. Heart J. 155
(2008) 128-132.

[11] M. Hristov, C. Weber, Endothelial progenitor cells: characterization,
pathophysiology, and possible clinical relevance, J. Cell. Mol. Med. 8 (2004)
498-508.

[12] W. Lim, W. Seo, W. Choe, C. Kang, ]. Park, H. Cho, S. Kyeong, ]. Hur, H. Yang, H.
Cho, Y. Lee, H. Kim, Stent coated with antibody against vascular endothelial-
cadherin  captures endothelial progenitor cells, accelerates re-
endothelialization, and reduces neointimal formation, Arterioscler. Thromb.
Vasc. Biol. 31 (2011) 2798-2805.

[13] K. Miyazu, D. Kawahara, H. Ohtake, G. Watanabe, T. Matsuda, Luminal surface
design of electrospun small-diameter graft aiming at in situ capture of
endothelial progenitor cell, ]. Biomed. Mater. Res., Part B Appl. Biomater. 94
(2010) 53-63.

[14] D.Kawahara and T. Matsuda, Hydrodynamic shear-stress-dependent retention
of endothelial and endothelial progenitor cells adhered to vascular endothelial
growth factor-fixed surfaces, J. Biomed. Mater. Res. Part B Appl. Biomater.
(2012), in press.

[15] T. Matsuda, M. Kuwana, T. Aomizu, M. Yamagishi, H. Ohtake, G. Watanabe,
Surface design for in situ capture of endothelial progenitor cells: VEGF-bound
surface architecture and behaviors of cultured mononuclear cells, . Biomed.
Mater. Res., Part B Appl. Biomater. (under communication).

[16] T. Matsuda, S. Tagawa, T. Aomizu, M. Kuwana, H. Ohtake, G. Watanabe, M.
Yamagishi, Surface design for in situ capture of endothelial progenitor cells:
Surface-bound VEGF activates intracellular signaling transduction pathways of
adhesion, proliferation and extracellular matrix synthesis in endothelial cells,
J. Biomed. Mater. Res., Part B Appl. Biomater. (under communication).

[17] J. Ando, K. Yamamoto, Vascular mechanobiology: endothelial cell responses to
fluid shear stress, Circ. ]. 73 (2009) 1983-1992.

[18] S. Obi, K. Yamamoto, N. Shimizu, S. Kumagaya, T. Masumura, T. Sokabe, T.
Asahara, ]. Ando, Fluid shear stress induces arterial differentiation of
endothelial progenitor cells, J. Appl. Physiol. 106 (2009) 203-211.

[19] K. Kosaki, J. Ando, R. Korenaga, T. Kurokawa, A. Kamiya, Fluid shear stress
increases the production of granulocyte-macrophage colony-stimulating
factor by endothelial cells via mRNA stabilization, Circ. Res. 82 (1998) 794-
802.

[20] K. Yamamoto, T. Takahashi, T. Asahara, N. Ohura, T. Sokabe, A. Kamiya, ]. Ando,
Proliferation, differentiation, and tube formation by endothelial progenitor
cells in response to shear stress, J. Appl. Physiol. 95 (2003) 2081-2088.

[21] E. Gee, M. Milkiewicz, T.L. Haas, P38 MAPK activity is stimulated by vascular
endothelial growth factor receptor 2 activation and is essential for shear
stress-induced angiogenesis, J. Cell. Physiol. 222 (2010) 120-126.

[22] J. Xu, X. Liuy, Y. Jiang, L. Chu, H. Hao, Z. Liua, C. Verfaillie, ]. Zweier, K. Gupta, Z.
Liu, MAPK/ERK signalling mediates VEGF-induced bone marrow stem cell
differentiation into endothelial cell, J. Cell. Mol. Med. 12 (2008) 2395-2406.

[23] S. Takabatake, S. Tagawa, C. Nakanishi, T. Tsubokawa, T. Matsuda, M.
Yamagishi, A Novel Method for Capturing Endothelial Progenitor cells (EPCs)
by Coronary Stents: Application of Vascular Endothelial Growth Factor (VEGF)-
Bound Platform, American College of Cardiology’s 61th Annual Scientific
Session and Expo (March 24-27, 2012), Chicago, USA, (abstract: 2509-15).



	Arterial shear stress augments the differentiation of endothelial progenitor cells adhered to VEGF-bound surfaces
	1 Introduction
	2 Materials and methods
	2.1 VEGF-bound surface
	2.2 Mononuclear cell isolation and culture
	2.3 Shear stress experiment
	2.4 Real-time RT PCR analysis
	2.5 Immunocytochemistry
	2.6 Western blot analysis
	2.7 Focused protein array
	2.8 Statistical analysis

	3 Results
	3.1 VEGF-bound surfaces induce differentiation of mononuclear cells
	3.2 Arterial shear stress (I): suppression of proliferation potential
	3.3 Arterial shear stress (II): acceleration of differentiation
	3.4 Arterial shear stress (III): activation of intracellular signaling

	4 Discussion
	Acknowledgments
	References


