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Fluid shear stress enhances the sphingosine 1-phosphate responses in
cell–cell interactions between platelets and endothelial cells
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Abstract

Fluid shear stress modulates the functional responses of platelets and vascular cells, and plays an important role in the pathogenesis of
vascular disorders, including atherosclerosis and restenosis. Since shear stress induces activation of platelets, which abundantly store
sphingosine 1-phosphate (Sph-1-P), and upregulates the mRNA expression of S1P1, the most important Sph-1-P receptor expressed
on the endothelial cells, we examined the effects of shear stress on the Sph-1-P-related responses involving these cells. Shear stress
was found to induce Sph-1-P release from the platelets in a shear intensity- and time-dependent manner. Inhibitors of protein kinase
C suppressed this mechanical force-induced Sph-1-P release, suggesting involvement of this kinase. On the other hand, in vascular endo-
thelial cells, shear stress increased S1P1 protein expression, as revealed by flow-cytometric analysis, and the responsiveness to Sph-1-P,
which was assessed by monitoring the intracellular Ca2+ concentration. These results indicate that shear stress enhances the Sph-1-P
responses in cell–cell interactions between platelets and endothelial cells.
� 2007 Elsevier Inc. All rights reserved.
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The bioactive lysophospholipid sphingosine 1-phos-
phate (Sph-1-P) is a normal constituent of the plasma
and serum [1,2]. We showed in a previous study that in
platelets, Sph-1-P is rapidly formed from sphingosine
(Sph) by the action of Sph kinase, and then released into
the extracellular environment upon stimulation by recep-
tor-mediated agonists; it seems likely that platelets are
the most important source of Sph-1-P in the blood [3,4].
Sph-1-P exerts potent and pleiotropic effects on vascular
cells, including but not limited to endothelial cells (ECs),
through its interaction with its G protein-coupled recep-
tors, namely, the S1Ps, originally called the endothelial dif-
ferentiation genes (EDGs) [5]. Recently, S1P1, which is the
most important S1P expressed on the ECs, was shown to
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be essential for vascular maturation during embryonic
development, through analysis of S1P1-deficient mice, in
which the blood vessels are incompletely covered by
smooth muscle cells (SMCs) [6]. When S1P1 was disrupted
solely in the ECs using the Cre/loxP system, the phenotype
of the conditional mutant embryos was found to mimic
that of the embryos with global S1P1 deficiency; Sph-1-P
interaction with the S1P1 receptor on the ECs leads to
proper vessel coverage by SMCs [7]. S1P1 is also known
to mediate nitric oxide production, survival, growth, and
barrier function of ECs [8–11]. Thus, Sph-1-P/S1P1 is
believed to play a critical role in vascular biology, in which
ECs play essential roles.

ECs lining blood vessels are constantly exposed to the
mechanical force generated by flowing blood called fluid
shear stress. It is now established that this biomechanical
stimulus plays an important role in endothelial functions
and hence the homeostasis of blood vessels, as is the case
with biochemical stimuli [12]. Shear stress modulates
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several endothelial functions, such as control of the vascu-
lar tone, maintenance of an anti-thrombotic surface, regu-
lation of inflammation, protection against oxidative
stresses, and regulation of endothelial cell proliferation
and apoptosis, through modulation of intracellular signa-
lings and gene expression in the ECs [13]. Shear stress
has been reported to affect EC gene expression, and S1P1

has been cloned as one of two cDNAs encoding a G pro-
tein-coupled receptor from a cDNA library of human
umbilical vein ECs (HUVECs) exposed to fluid shear
stress; the S1P1 mRNA level increased markedly in
response to fluid flow [14]. Accordingly, modulation of
Sph-1-P/ S1P1 signaling may be involved in important vas-
cular responses related to blood flow conditions. The
importance of shear stress is valid not only in ECs but also
in platelets. Exposure of platelets to shear stress leads to
aggregation in the absence of exogenous agonists, through
interaction between adhesive proteins and platelet mem-
brane glycoproteins [15].

As described above, the biophysical stimulus shear stress
is closely involved in the functional responses of both ECs
and platelets. In this study, we report, for the first time, the
effects of shear stress on Sph-1-P release from platelets and
the expression of S1P1 protein in ECs. Our results indicate
the involvement of shear stress in the cross-talk between
platelets and endothelial cells, resulting in enhancement
of Sph-1-P signaling.
Materials and methods

Materials. The following materials were obtained from the indicated
suppliers: Sph-1-P (Biomol, Plymouth Meeting, PA); X(7-nitro-2-1,3-
benzoxadiazol-4-yl)-D-erythro-sphingosine (NBD-Sph) (Avanti Polar
Lipids Inc., Alabaster, AL); rabbit anti-carboxyl-terminal of S1P1 anti-
body, pertussis toxin, and bovine serum albumin (BSA; essentially fatty
acid-free) (Sigma, St. Louis, MO); normal rabbit IgG (Santa Cruz Bio-
technology Inc., Santa Cruz, CA); FITC-labeled goat anti-rabbit immu-
noglobulin (Becton–Dickinson Labware, Bedford, MA); collagen
(Hormon-Chemie, Munich, Germany); fura 2-AM (Dojindo Laboratories,
Kumamoto, Japan); staurosporine (Kyowa Medex, Tokyo, Japan); Ro
31-8220 (Calbiochem, La Jolla, CA).

Cell culture and preparation. Human platelets were isolated from the
blood of healthy adult volunteers. The blood was anticoagulated with
3.8% sodium citrate (9 vol of blood:1 vol of sodium citrate) and centri-
fuged at 120g for 10 min to obtain platelet-rich plasma (PRP). HUVECs
were purchased from Sanko Junyaku Co., Ltd., Tokyo, Japan, and
maintained as described previously [16]. The HUVECs were serum-starved
for at least 1 h before being stimulated.

Shear stress apparatus. Platelets under the presence of von Willebrand
factor (VWF), purified as described previously [17], and HUVECs were
subjected to shear stress using a cone-plate type viscometer as previously
described [17]. The cone-plate chamber made of polymethylmethacrylate
is composed of a rotating cone and a base plate in which a 35-mm Petri
dish can be fitted. The distance from the cone apex to the bottom of the
petri dish was adjusted to 0.004 cm by a micrometer screw in conjunction
with a cone rotation unit. Platelets and HUVECs were exposed to the
indicated rates of shear stress at 37 �C in a 5% CO2 atmosphere.

Measurement of Sph-1-P release from the shear stress-stimulated

platelets. PRP was incubated with 200 nM NBD-Sph at 37 �C for 30 min.
Then, the washed platelets, which now stored NBD-Sph-1-P converted
from NBD-Sph, were prepared and suspended in Hepes buffer (containing
138 mmol/l NaCl, 3.3 mmol/l NaH2PO4, 2.9 mmol/l KCl, 1.0 mmol/l
MgCl2, 1 mg/ml of glucose, and 20 mmol/l Hepes [pH 7.4]) containing 1%
BSA and 1 mM CaCl2, as described previously [4]. The platelet suspension
(0.4 ml) was exposed to various levels of shear stress. At the times indi-
cated, the platelets were centrifuged for 15 s at 12,000g. Lipids were then
extracted from the resultant medium supernatant and cell pellet, and
developed by the TLC plate in butanol/acetic acid/water (3:1:1) as
described previously [1]. NBD-Sph-1-P released from the platelets was
analyzed by measuring the fluorescence intensities. The data were
expressed as arbitrary units; Sph-1-P release from platelets exposed to
shear stress at 100 dyne/cm2 for 6 min was designed as 100.

Flow-cytometry. To examine the effects of shear stress on S1P1

expression, HUVECs were plated in 35-mm culture dishes (Corning,
Acton, MA). After the exposure to shear stress, HUVECs were washed
with PBS and collected using 0.2% EDTA. Intracellular labeling of S1P1 in
the HUVECs (2 · 105) was conducted using rabbit anti-S1P1 IgG (10 lg/
50 ll, 1:5 dilution) with Intraprep� (Immunotech, Marseille, France), in
accordance with the recommendations of the manufacturers. A similar
concentration of normal rabbit IgG was used as control. These rabbit
antibodies were bound by FITC-labeled goat anti-rabbit immunoglobulin
as the second antibody. The number of cells showing positive expression
of S1P1 was measured using a FACScan flow-cytometer (Becton–
Dickinson).

Measurement of the intracellular Ca2+concentration ([Ca2+]i). Mea-
surement of the [Ca2+]i was performed using the Ca2+-sensitive fluoro-
phore, fura2, as described previously [4]. The [Ca2+]i values were
determined from the fura2 fluorescence intensity ratio at 340 and 380 nm
excitation.
Results and discussion

Although high shear stress has been shown to trigger
platelet activation and aggregation via VWF binding to
platelet glycoprotein Iba, the effects of this mechanical
force on the Sph-1-P release from platelets has not yet
been explored. To examine Sph-1-P release from shear-
stimulated platelets, we utilized platelets loaded with
fluorescence-labeled sphingosine (Sph), NBD-Sph. The
metabolism of NBD-Sph in the platelets was almost the
same as that of radio-labeled Sph, which we had previously
reported [1,3,4]; NBD-Sph was immediately incorporated
into platelets and converted to NBD-Sph-1-P by Sph
kinase (data not shown). Furthermore, the NBD-Sph-1-P
formed and stored in the platelets was released by stimula-
tion with several receptor-mediated agonists, as described
by us previously for radio-labeled Sph-1-P [3,4] (data not
shown).

To examine the effects of shear stress on the Sph-1-P
release from platelets, the washed platelets (containing
NBD-Sph-1-P) were placed in the cone-plate viscometer
and exposed to varying levels of a constant and uniform
shear stress. It was confirmed that platelets exposed to such
shear stress released NBD-Sph-1-P in a magnitude of the
shear stress- and time-dependent manner (Fig. 1). Previ-
ously, we reported that platelet Sph-1-P is released extra-
cellularly upon stimulation with receptor-mediated
agonists by a mechanism in which protein kinase C
(PKC) activation is involved [18]. Since shear stress induces
VWF to bind to platelet glycoprotein Iba and stimulates
the PKC activation pathway [19], we examined the involve-
ment of this protein kinase in shear stress-mediated Sph-1-
P release from the anucleate cells. For this purpose, the



Fig. 1. Shear stress induces Sph-1-P release from platelets. Washed
platelets labeled with NBD-Sph were exposed to shear stress at 0 (s), 20
(m), 50 (j) or 100 (d) dyne/cm2, for the indicated durations. The
extracellular release of NBD-Sph-1-P, formed from the NBD-Sph in the
platelets, was determined as described in Materials and methods. Data are
means ± SD of three separate experiments.

Fig. 3. Shear stress enhances the expression of S1P1 in HUVECs.
HUVECs were exposed (c) or not exposed (a,b) to shear stress at
20 dyne/cm2 for 6 h, and the change in the S1P1 protein expression was
detected by flow-cytometric analysis using normal rabbit IgG for the
control (a) or anti-S1P1 antibody (b,c).
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non-specific, but potent PKC inhibitor staurosporine [20]
and the specific PKC inhibitor Ro 31-8220 [21] were
employed. Both of these PKC inhibitors were found to sup-
press the shear stress-triggered release of NBD-Sph-1-P
from the platelets (Fig. 2). These results indicate that plate-
lets exposed to shear stress release Sph-1-P extracellularly
in a manner dependent on PKC activation.

Sph-1-P-triggered EC responses through S1P1 have been
reported to play important roles in vascular biology (see
Introduction). In this context, the finding that exposure
to physiological shear forces increased the mRNA expres-
sion level of S1P1 in HUVECs [14] seemed to be very
important. Accordingly, we examined the expression of
the S1P1 protein in HUVECs subjected to shear stress,
using flow-cytometric analysis. It was confirmed that expo-
sure to physiological shear stress increased the expression
level of the S1P1 protein in the cells to approximately twice
that in control cells (Fig. 3). We then examined the effect of
exposure to shear stress on the Sph-1-P-induced functional
responses to clarify whether enhancement of S1P1 expres-
sion by exposure to this biophysical force is related to mod-
ulation of the Sph-1-P-elicited responses of the HUVECs.
Fig. 2. Involvement of PKC in shear stress-induced Sph-1-P release from
platelets. NBD-Sph-labeled washed platelets, not pretreated (�) or
pretreated with 1 lM staurosporine (Ssp) or 10 lM Ro 31-8220 (Ro)
for 5 min, were then exposed to shear stress at 100 dyne/cm2 for 6 min.
The results are expressed as a percentage of the value in the non-pretreated
control (�) and are means ± SD of three separate experiments.
Intracellular Ca2+ mobilization in the HUVECs was mon-
itored, because it has been well established that Sph-1-P
induces quick and strong intracellular Ca2+ mobilization
(as a result of phospholipase C activation) via the coupling
of S1P1 with Gi [22,23]. As reported previously [4,24,25],
Sph-1-P induced an increase in the [Ca2+]i, in a manner
sensitive to pertussis toxin (Fig. 4, left) that inactivates Gi

[26]. Importantly, the shear stress-loaded and Sph-1-P-
induced HUVEC Ca2+ mobilization was enhanced to
171 ± 42% (means ± SD, n = 3) of the control (without
shear stress). This intracellular Ca2+ mobilization was
again abolished by treatment with pertussis toxin (Fig. 4,
right).

Consistent with our present result, it was recently
reported that Sph-1-P-induced HUVEC migration is
enhanced by the cell exposure to fluid shear stress and that
HUVEC migration into a scrape wound resulting from
Sph-1-P stimulation is correlated with the expression level
of S1P1, the most relevant receptor for endothelial migra-
tion [27].

We previously reported that platelets incorporate Sph
and release Sph-1-P in a PKC-dependent manner, and that
Fig. 4. Shear stress enhances the responsiveness of HUVECs to Sph-1-P.
HUVECs pretreated with pertussis toxin (PTX) or not pretreated were
exposed (Shear) or not exposed (Control) to shear stress. The Sph-1-P-
induced intracellular Ca2+ mobilization was monitored by the fura2
fluorescence ratio.
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Sph acts as an inducer of endothelial cell apoptosis,
whereas Sph-1-P acts as a survival factor [10]. We specu-
lated that this might be one of the mechanisms by which
platelets maintain the integrity of the vascular endothe-
lium. In this study, we have shown that shear stress induces
Sph-1-P release from the platelets and increase endothelial
S1P1 expression, resulting in enhancement of the endothe-
lial response to Sph-1-P. Accordingly, shear stress, which
has been shown to modulate a variety of endothelial func-
tions, seems to enhance the biological activities of Sph-1-P
in cell–cell interactions between platelets and endothelial
cells. Our present results indicate the importance of exam-
ining platelet–EC interactions from the viewpoint of sphin-
golipids. Furthermore, not only in vitro studies using only
ECs but also multiple vascular cells, including ECs and
platelets, may be needed in the future to analyze the signif-
icance of fluid shear stress in vascular biology in vivo.
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