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Sphingosine 1-Phosphate Effect on Endothelial Cell
PAF Synthesis: Role in Cellular Migration
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Montreal Heart Institute and Department of Pharmacology, University of Montreal, Montreal,
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Abstract Sphingosine 1-phosphate (S1P) and vascular endothelial growth factor (VEGF) are two inflammatory
mediators capable of promoting endothelial cell (EC) migration and angiogenesis. As VEGF inflammatory effect is
mediated by the synthesis of endothelial platelet-activating factor (PAF) which is also contributing to VEGF chemotactic
activity, we wanted to assess if S1P can trigger PAF synthesis in EC and if S1P-induced migration is PAF-dependent.
Treatment of bovine aortic EC (BAEC) with S1P (10�10–10�6 M) increased dose- and time-dependently the synthesis of
PAF by up to 3.3-fold above the basal level, with a maximal amount of PAF detected at 20 min post-stimulation. This
biological response was attenuated by inhibiting p38 mitogen-activated protein kinase (MAPK), cytosolic or secreted
phospholipase A2 (cPLA2, sPLA2) activity, suggesting that p38 MAPK activation by S1P promotes the conversion of
membrane phospholipids into PAF through the combined activation of cPLA2 and sPLA2. Interestingly, pretreatment of
BAEC with extracellular PAF receptor antagonists (BN52021, 10�5 M and CV3988, 10�6 M) reduced by up to 42% the
cellular migration induced by S1P (10�6 M). These data demonstrate the capacity of S1P to induce PAF synthesis, which
contributes in part to S1P chemotactic activity. J. Cell. Biochem. 90: 719–731, 2003. � 2003 Wiley-Liss, Inc.
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Sphingosine 1-phosphate (S1P) is a biologi-
cally active sphingolipid secreted mainly by
platelets at clotting sites and also by several cell
types in response to various extracellular sti-
muli [Olivera and Spiegel, 1993; Yatomi et al.,
1995; Pyne et al., 1996]. Its precursor, sphingo-
myelin, is amembrane phospholipid that can be
converted into S1P through the cascade activa-
tion of the sphingomyelinase, ceramidase, and
sphingosine kinase enzymes [Hannun and Bell,
1989; Olivera et al., 1998]. So far, five members
of the endothelial differentiation gene (EDG)
family havebeen identifiedasS1P receptors in a
wide range of cell lines. EDG-1/S1P1, the first
member of this receptor family to be cloned, was

identified as an inducible transcript expressed
during endothelial cell (EC) differentiation
in vitro [Hla andMaciag, 1990]. The other EDG
isoforms that bind S1P as a high affinity ligand
are EDG-3/S1P3, EDG-5/S1P2, EDG-6/S1P4,
and EDG-8/S1P5 [Spiegel and Milstein, 2003].

Once secreted, S1P is metabolically stable
in plasma, remains bound to albumin [Yatomi
et al., 1995] and is involved in a variety of phy-
siological processes, including thrombosis and
hemostasis [English et al., 2001]. However,
recent works have shown that S1P is capable
of inducing angiogenesis which can lead to the
pathogenesis of vascular diseases characterized
by the growth of newblood vessels, such as athe-
rosclerosis and tumor growth [Folkman, 1991;
Lee et al., 1999]. On the other hand, angiogen-
esis is a highly desirable event in settingswhere
revascularization is sought, for instance in
infarcted myocardium. Several angiogenic fac-
tors, such as vascular endothelial growth factor
(VEGF), have been identified and investigated
allowing the design of promising pro- or anti-
angiogenic therapies [Folkman and Klagsburn,
1987]. As S1P is suspected to induce both ther-
apeutic and pathologic angiogenesis, a better
comprehension of the mechanisms by which
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S1P mediates its angiogenic activity is of great
interest.

Compelling data have shown that angiogen-
esis is often initiated through a local increase in
vascular permeability closely followed by the
migration and proliferation of EC [Senger et al.,
1983; Connolly et al., 1989; Dvorak et al., 1995].
Interestingly, others have shown that S1P is
likely to take part in the induction of inflamma-
tion in vivo [Ammit et al., 2001] and that it is a
potent regulator of EC survival, migration, and
proliferation, which are all directly linked to
blood vessel growth and assembly [Lee et al.,
1999; Boguslawski et al., 2000]. Though these
recent works have extensively described the
mitogenic and chemotactic effect of S1P on EC,
the mechanisms by which S1P may promote
inflammation are unknown.

We have recently shown that VEGF-driven
inflammation is mediated through the synth-
esis by EC of platelet-activating factor (PAF), a
potent inflammatory mediator also capable of
promoting EC migration [Sirois and Edelman,
1997; Bernatchez et al., 1999]. Furthermore, we
have reported that VEGF catalyzes the conver-
sion of EC membrane phospholipids into
PAF through group V secreted phospholipase
A2 (sPLA2-V) and lyso-PAF acetyltransferase
(lyso-PAF-AT) [Bernatchez et al., 2001a], and
that the latter enzymes are regulated by p42/
44 and p38 mitogen-activated protein kinases
(MAPK), and phosphatidylinositol 3-kinase
(PI3K) [Bernatchez et al., 2001b]. As S1P was
shown to activate p42/44, p38MAPK, and PI3K
in EC [Lee et al., 1999; Morales-Ruiz et al.,
2001],we tested thehypothesis that stimulation
of ECwith S1P triggers PAF synthesis and that
S1P-induced EC migration is PAF-dependent.

MATERIALS AND METHODS

Chemicals

All chemicals were purchased from Sigma
(St. Louis, MO) or J.T. Baker (Philipsburg, NJ)
unless stated otherwise. Kinase inhibitors were
purchased from Calbiochem (San Diego, CA),
whereas PLA2 inhibitors were purchased from
Cayman Chemicals (Ann Arbour, MI). S1P,
BN 52021, and CV3988 were purchased from
Biomol Research Laboratories, Inc. (Plymouth
Meeting, PA). LAU8080 (formerly knownasBN
50730) was kindly provided by Dr. Nicolas G.
Bazan (LSU Health Sciences Center, New
Orleans, LA). SB203347 was kindly provided

by Dr. James D.Winkley (SmithKline Beecham
Pharmaceuticals, King of Prussia, PA).

Cell Culture

Bovine aortic EC (BAEC) were isolated from
freshly harvested aortas, cultured in Dulbecco’s
modified Eagle medium (DMEM; Life Technol-
ogies, Burlington, Canada) containing 5% fetal
bovine serum (FBS; Hyclone Lab., Logan, UT)
and antibiotics. BAEC were characterized by
their cobblestone monolayer morphology, Fac-
tor VIII immunohistochemistry and by diiodo-
indocarbocyanide acetylated LDL uptake as
described previously [Sirois and Edelman,
1997; Bernatchez et al., 1999].

Measurement of PAF Synthesis

PAF production by BAEC was measured by
incorpration of 3H-acetate into lyso-PAF as des-
cribed previously [Sirois and Edelman, 1997;
Bernatchez et al., 1999]. Briefly, confluent
BAEC (6-well tissue culture plate) were rinsed
with Hank’s balanced salt solution (HBSS)þ
HEPES (10�2 M; pH 7.4) and stimulated for
variousperiods of time in1ml ofHBSS–HEPES
(10�2 M, pH 7.4)þCaCl2 (10

�2 M)þ 3H-acetate
(2.5� 10�5 Ci) (New England Nuclear, Boston,
MA)þPBSwithbovine serumalbumin (BSA) or
S1P (10�10–10�6 M). The reaction was stopped
by the addition of acidified methanol, polar
lipids were isolated by the Bligh and Dyer
method [Bligh and Dyer, 1959], evaporated
under a stream of N2 gas and purified by a
silica-based normal-phase HPLC column. Frac-
tions corresponding to 3H-PAF were quantified
by counting radioactivity with a b-counter. The
authenticity of synthesized 3H-PAF was con-
firmed by the similar HPLC elution pattern as
standard 3H-PAF (New England Nuclear), and
by its ability to induce platelet aggregation as
standard PAF (Avanti Polar Lipids, Alabaster,
AL) [Sirois and Edelman, 1997].

Chemotaxic Assays

Cell migration was evaluated using a micro-
chamber apparatus (Neuroprobe, Cabin John,
MD). Subconfluent BAEC (100 mm tissue
culture plate) were trypsinized using trypsin–
EDTA and resuspended in DMEM containing
5% FBS. Cells were centrifuged for 1 min at
2,000 rpm and resuspended at a concentration
of 1� 106 cells/ml in DMEMþ 1% FBS. Fifty
microliters of this solution was added in the
upper chamber of the system,whereas the lower
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chamber was filled with DMEMþ 1% FBSþ
S1P (10�10–10�6 M). The two sections of the
system were assembled and separated by a
polycarbonate filter (5 mm pores) coated with a
gelatin solution (1.5 mg/ml). Five hours post-
incubation at 378C, the apparatus was dis-
mantled, the non-migrated cells were scraped
with a plastic policeman and the migrated cells
were stained by using Quick-Diff solutions
(Shandon Lipshaw, Pittsburg, PA). The filter
was mounted on a glass slide using immersion
oil and migrated cells were counted using a
microscope.

Western Blot Analyses of sPLA2, cPLA2 iPLA2,
and PAFR Expression

Confluent BAEC (100 mm tissue culture
plate) were rinsed with DMEM, lysed with
PMSF 10�3 M, 0.15 U/ml aprotinin, 10 mg/ml
leupeptin, and Na2VO3 10�3 M. Plates were
scraped by using a plastic policeman and total
proteins (50 mg) were separated by a SDS–
PAGE gel and transblotted onto a Immobilon-P
PVDF membrane (Millipore, Bedford, MA).
Membranes were blocked with 5% BSA for 1 h
at room temperature with gentle agitation.
Membranes were then incubated for 1 h in
TTBS containing 3% BSA and either a mono-
clonal anti-cPLA2 antiserum (dilution 1:500), a
monoclonal anti-group V sPLA2 antiserum
(dilution 1:200) which does not cross-react with
group IIA sPLA2, a monoclonal anti-group IIA
sPLA2 antiserum (dilution 1:200) which does
not cross-reactwith groupV sPLA2, a polyclonal
anti-iPLA2 (dilution 1:500) or a goat polyclonal
anti-PAFR antiserum (dilution 1:500) (all from
Cayman Chemicals). Membranes were washed
three times with TTBS and incubated with
horseradishperoxidase-coupled secondaryanti-
bodies (dilution 1:1,000 to 2,500; Santa Cruz
Biotechnologies, Santa Cruz, CA) for 1 h.
Membranes were washed three times with
TTBS and horseradish peroxidase was revealed
by chemiluminesence (ECL kit, Amersham,
Baie D’urfé, Canada). Kaleidoscope molecular
weight marker proteins (Bio-Rad, Hercules,
CA) were used as standards for SDS–PAGE.

Western Blot Analyses of p42/44 MAPK,
p38 MAPK, and Akt Phosphorylation

Confluent BAEC (100 mm tissue culture
plate) were serum-starved for 12 h in DMEM
and then stimulated with S1P (10�6 M) for
various periods of time with or without inhibi-

tors as described above. Cell lysing, SDS–
PAGE, and immunoblotting were performed
as described previously [Bernatchez et al.,
2001b] by using anti-phospho-p42/44 MAPK,
anti-phospho-p38 MAPK, or anti-phospho-Akt
rabbit polyclonal antiserum (New England Bio-
labs, Beverley, MA). Kaleidoscope prestained
standards (Bio-Rad) were used for SDS–PAGE.

Immunofluorescence Analysis of PAFR
Expression and Distribution

BAEC were cultured on glass coverslips
(18 mm) in 12-well culture plates. At 50% con-
fluence, cells were fixed in 3% paraformalde-
hyde (pH 7.3) for 15 min at room temperature
andwashedwithPBS orwith PBS-TritonX-100
(0.5%) solution (permeabilization) for 10 min
and incubated overnight with 10% normal
donkey serum (NDS) at 408C. The cells were
rinsedwithPBS, incubatedwith goat polyclonal
anti-PAFR antibodies (1:200 in 1% NDS) at
room temperature for 1 h, incubated with don-
key anti-goat Alexa 488 antibodies (1:500 in 1%
NDS) (Molecular Probes, Eugene, OR) at
room temperature for 1 h, then washed with
PBS. Glass coverslips were mounted using a
1,4-diazabicyclo-2-2-2-octane (DABCO)/glyce-
rol (1:1) solution. Finally, cells were observed
on a Zeiss Axiovert 100 M microscope adapted
with a LSM 510 confocal system. Images were
captured with the LSM 510 software and
analyzed with Adobe Photoshop.

RESULTS

Effect of S1P on EC PAF Synthesis

As several data support the hypothesis that
S1P may promote EC PAF synthesis, confluent
BAEC were challenged with S1P at a concen-
tration known to induce significant biological
activities, and PAF synthesis was quantified
by the incorporation of [3H]-acetate into lyso-
PAF. Stimulation of confluent BAEC with S1P
(10�6 M) for 5, 10, 15, 20, or 30 min induced a
significant time-dependent increase in PAF
synthesis (Fig. 1A), raising the basal radio-
activity counts from 175� 48 dpm (time 0) to
1,540� 166 dpm (20 min; P< 0.001), which
represents a 3.1-fold increase as compared to a
similar PBS stimulation.

In order to determine the optimal concentra-
tion of S1P for the stimulation of PAF synthesis
inBAEC,we challenged the cells for 20minwith
various concentrations of S1P ranging from
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10�10 to 10�6 M. We observed that stimula-
tion of BAEC with S1P (10�10, 10�9, 10�8, 10�7,
10�6 M) induced PAF synthesis in a dose-
dependent manner, with maximal increases of
0.7-, 2.1-, 2.0-, 2.4-, and 3.3-fold, respectively, as
compared to PBS-treated cells (Fig. 1B).

Effect of MAPK and PI3K Inhibitors
on S1P-Induced PAF Synthesis

We recently reported that VEGF-induced
PAF synthesis by BAEC is regulated by the
activation of p42/44 MAPK, p38 MAPK, and
PI3K pathways [Bernatchez et al., 2001b].

Having the knowledge that S1P activates
these three intracellular pathways, we sought
to investigate their contribution to S1P-induced
PAF synthesis by pretreating BAEC with a
range of selective inhibitors. This approach
allowed the use of native non-transfected EC
which possess the intracellular pathways found
in normal vascular endothelium. Pretreatment
of BAEC with a MAPK kinase inhibitor
(PD98059; 10�5 M; IC50¼ 10�6 M) [Pang et al.,
1995] did not block but rather potentiated S1P-
induced PAF synthesis by 95% (Fig. 2A). In
contrast, inhibition of p38 MAPK (SB203580;

Fig. 1. Sphingosine1-phosphate (S1P) effect on endothelial cell
(EC) platelet-activating factor (PAF) synthesis. S1P effect on PAF
synthesis is time-dependent (A), and concentration-dependent
(B). Confluentbovine aortic EC (BAEC)were incubatedwith [3H]-
acetate and were stimulated with S1P 10�6 M or with vehicle
(PBS) for 5–30 min (A), or with various concentrations of SIP for
20min (B). The radioactive polar lipid sampleswere extracted by
the Bligh and Dyer procedure and purified by HPLC. Fractions
were collected every minute after injection, and radioactivity
was determinedwith ab-counter. The values aremeansof at least
four experiments in duplicate. **P<0.01; ***P<0.001 as
compared to vehicle (PBS) with similar treatment time as
determined by analysis of variance followed by an unpaired
Student’s t-test.

Fig. 2. Effect of kinase and phospholipase A2 (PLA2) inhibitors
on S1P-induced PAF synthesis. A: Effect of mitogen-activated
protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)
inhibitors on PAF synthesis. Confluent BAEC were pretreated
with MAPKK inhibitor PD98059 (PD, 10�5 M), p38 MAPK
inhibitor SB203580 (SB, 10�5 M), PI3K inhibitors LY294002 (LY,
10�5 M), and Wortmannin (Wort, 10�7 M), and stimulated for
20minwith either S1P 10�6M or vehicle alone (PBS).B: Effect of
PLA2 inhibitors on PAF synthesis. Confluent BAEC were
pretreated with cPLA2 inhibitor AACOCF3 (10

�5 M), cPLA2 and
iPLA2 inhibitor MAFP (10�5 M), sPLA2 inhibitor Scalaradial
(10�5 M), groups IIA and V sPLA2 inhibitor SB203347 (10�5 M)
and stimulated for 20 min with S1P 10�6 M or vehicle (PBS). The
values are means of at least four experiments in duplicate.
*P< 0.05; *** P<0.001 as compared to vehicle (PBS) and
{P< 0.05; {P< 0.01 as compared with S1P 10�6 M determined
by analysis of variance followed by an unpaired Student’s t-test.
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10�5M; IC50¼ 6� 10�7M) [Cuenda et al., 1995]
almost completely blocked S1P-mediated PAF
synthesis.Finally, pretreatmentwith twostruc-
turally unrelated inhibitors of PI3K (LY294002;
10�5 M and Wortmannin; 10�7 M; IC50¼ 1.4�
10�6 and 5� 10�9, respectively) [Bonser et al.,
1991; Vlahos et al., 1995] did not significantly
modulate S1P-induced PAF synthesis.

Effect of PLA2 Inhibitors on S1P-Induced
PAF Synthesis

Considering that EC can synthesize the
precursor of PAF, lyso-PAF, through the activa-
tionofPLA2,wepretreatedBAECwithdifferent
PLA2 inhibitors to characterize the intracellu-
lar pathways by which S1P triggers PAF
synthesis. Pretreatment of BAEC with a cPLA2

inhibitor (AACOCF3; 10
�5 M; IC50¼ 10�7 M for

human recombinant cPLA2and15mMfor semi-
purified iPLA2) [Ackermann et al., 1995]
reduced significantly S1P-mediated PAF synth-
esis by 28% (P< 0.05) (Fig. 2B). Pretreatment
with methyl arachidonyl fluorophosphate
(MAFP; 10�5 M; IC50¼ 6� 10�7 M for recombi-
nant cPLA2 and 500 nM for iPLA2) [Balsinde
and Dennis, 1997; Leslie, 1997] which provides
an inhibitory activity on cytosolic and calcium-
independent phospholipases A2 (cPLA2 and
iPLA2) did not significantly modulate S1P-
induced PAF synthesis, whereas the specific
inhibition of iPLA2 with bromoenol lactone
(BEL; 10�5 M; IC50¼ 6� 10�8 M) [Ackermann
et al., 1995] increased by 1.55-fold the synthesis
of PAF synthesis mediated by S1P treatment
(Fig. 2B). As sPLA2 can also synthesize lyso-
PAF, we used specific inhibitors of sPLA2

activity. Inhibition of sPLA2 activity with
Scalaradial (10�5 M) [De Carvalho and Jacobs,
1991; Marshall et al., 1995] prevented by up to
62% S1P effect on PAF synthesis. More inter-
estingly, pretreatment of BAEC with a specific
inhibitor of groups IIA and V sPLA2 (SB203347;
10�5 M IC50¼ 5� 10�7 M) [Marshall et al.,
1995] attenuated S1P-induced PAF synthesis
by up to 60% (Fig. 2B).

S1P Effect on Intracellular Kinase Activation

As p38 but not p42/44MAPK or PI3K appears
to regulate positively S1P-induced PAF synth-
esis, we sought to determine their activation
pattern in BAEC by Western blot analyses.
Treatment with S1P (10�6 M) promoted a
transient time-dependent activation of the p42/
44 and p38 MAPK pathways peaking within

10 min post-stimulation (Fig. 3A,B). S1P also
induced the activation of the PI3K pathway as
revealed by the phosphorylation of Akt, a
substrate of PI3K. At 10 min post-stimulation,
we observed a marked increase in Akt phos-
phorylation, followed by a time-dependent
decrease (Fig. 3C).

Effect of MAPK and PI3K Inhibitors on
Intracellular Pathways Activation

We next sought to confirm that the inhibitors
used in our studies blocked their respective
kinases in a selective fashion. Hence, we
pretreated BAEC with the inhibitors of p42/44
MAPK kinase, p38 MAPK, and PI3K and
investigated their effect on S1P-induced pho-
phorylation of these kinases. As expected, the
p42/44 MAPK inhibitor (PD98059, 10�5 M)
attenuated only p42/44 MAPK activation and
the p38 MAPK inhibitor (SB203580, 10�5 M)
attenuated only p38 MAPK phosphorylation.
Finally, the PI3K inhibitors (Wortmannin,
10�7 M; LY294002, 10�5 M) almost completely

Fig. 3. Effect of S1P on p42/44 MAPK, p38 MAPK, and Akt
phosphorylation. S1P effect on p42/44MAPK (A), p38MAPK (B),
and Akt phosphorylation (C) is time-dependent. Confluent BAEC
(100mmculture plates)were stimulated for 2.5–30minwith S1P
10�6 M. Proteins were isolated, separated by SDS–PAGE,
transblotted onto a PVDF membrane and probed by using either
an anti-phospho-p42/44 MAPK, anti-phospho-p38 MAPK, or
anti-phospho-Akt antibodies. The histogram represents the
increase in fold activation in function of the time as illustrated
on the Western blot.
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blocked Akt phosphorylation induced by S1P
treatment (Fig. 4).

Role of PAF in S1P-Induced Migration

As the present data demonstrate that S1P
promotes PAF synthesis, and that PAF has a
chemotactic activity on ECs, we hypothesized
that S1P-induced EC migration could be PAF-
dependent. By using a modified Boyden cham-
ber assay, we observed that addition of S1P
(10�10, 10�9, 10�8, 10�7, 10�6 M) to the lower
compartment of the Boyden chamber increased
dose-dependently the migration of BAEC (0.9-,
1.0-, 2.2-, 3.8-, and 6.7-fold, respectively) as
compared to PBS-treated cells (Fig. 5A). Pre-
treatment with a selective intracellular and ex-
tracellular PAF receptor antagonist (CV-3988,
10�6M; IC50¼ 254nM) [Marcheselli et al., 1990;
Bazanet al., 1991] reducedby42% (P< 0.01) the
migration of BAEC mediated by SIP (10�6 M).
Similarly, pretreatment with a selective anta-
gonist of extracellular PAF receptor (BN52021;
10�5M; IC50¼ 164nM) [Marcheselli et al., 1990;
Bazan et al., 1991] resulted in a 41% reduction
(P< 0.01) in S1P-induced BAEC migration,
whereas the blockade of the intracellular pool

of PAF receptors with LAU8080 (10�7M; IC50¼
590 pM) [Marcheselli and Bazan, 1994] had no
significant inhibitory effect on S1P-induced
BAECmigration (Fig. 5B). The basal migration
of BAEC was not affected by pretreatment with
these PAF receptor antagonists (Fig. 5B).

Role of Intracellular Pathways
in S1P-Induced Migration

We next investigated the contribution of p42/
44 MAPK, p38 MAPK, and PI3K pathways on
S1P-induced EC migration. Pretreatment with
the p42/44 MAPK kinase inhibitor (PD98059;
10�5 M) failed to attenuate S1P-induced cell
migration, whereas the inhibition of p38MAPK
(SB203580; 10�5 M) decreased by 42% the
S1P (10�6 M) chemotactic activity on BAEC.
However, inhibition of PI3K with LY294002
(10�5 M) or Wortmannin (10�7 M) did not pre-
vent S1P chemotactic effect on EC (Fig. 5C).

Expression of Phospholipases A2 in BAEC

Considering that pretreatment of BAECwith
Scalaradial (10�5 M), SB203337 (10�5 M), or
AACOCF3 (10�5 M) attenuated S1P-induced
PAF synthesis and that a pretreatment with

Fig. 4. Effect of kinase inhibitors on p42/44MAPK, p38MAPK, and Akt phosphorylation. Confluent BAEC
were pretreated with kinase inhibitors as described in Figure 2A. Cells were stimulated with S1P 10�6, lysed
and p42/44 MAPK, p38 MAPK, and Akt phosphrylation was determined as described in Figure 3.
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BEL increased PAF synthesis, we sought to
confirm that theBAECare expressing sPLA2-V,
cPLA2, and iPLA2. Moreover, as previous
studies have confused sPLA2-V and sPLA2-IIA
expression and activities, we also sought to
determine if BAEC express sPLA2-IIA. Conflu-
ent BAEC were lysed, total proteins were

isolated and separatedbySDS–PAGE.Western
blot analyses were performed with monoclonal
antibodies recognizing specifically sPLA2-V,
sPLA2-IIA, or cPLA2, andwith a goat polyclonal
antibody recognizing specifically iPLA2. Our
data confirm the expression of sPLA2-V, cPLA2,
and iPLA2 but not sPLA2-IIA in BAEC (the
latter negative result being confirmed by the
use of human synovial fluid as positive control)
(Fig. 6).

Expression of PAF Receptors in BAEC

As our results suggest a role for PAF and its
extracellular receptor in S1P-induced migra-
tion of BAEC, we sought to confirm the expres-
sion of PAF receptor (PAFR) in BAEC. By
Western blot analysis, we detected a 39 kDa
band which corresponds to PAFR molecular
weight [Ihida et al., 1999] (Fig. 7A). In addition,
we performed immunofluorescence analyses of
PAFR. By confocal microscopy, we detected
in non-permeabilized BAEC the expression of
PAFR at the cell membrane surface (Fig. 7B).
Cell permeabilization allowed the labeling of
intracellular and extracellular PAFR, which
resulted in a greater immunofluorescence
(Fig. 7D). The specificity of PAFR expression
in BAEC was confirmed by replacing the goat
polyclonalanti-PAFRantibodiesbynormalnon-
specific goat IgG antibodies, which led to no or
marginal immunofluorescence in non-permea-
bilized and permeabilized ECs (Fig. 7C,E).

DISCUSSION

Angiogenesis is a tightly regulated process
that is essential to both physiological andpatho-
logical situations. Crucial steps in the angio-
genic process support an early increase in
vascular permeability, closely followed by mig-
ration ofEC [Connolly et al., 1989;Dvorak et al.,
1995; Jackson et al., 1997; Bergers and Benja-
min, 2002]. Recent studies have shown that S1P
is involved in the induction of angiogenesis in
part by promoting EC migration [Lee et al.,
1999]. Herein, we demonstrate that S1P is also
capable of promoting the synthesis of PAF, a
highly potent vascular permeability mediator,
in a time- and dose-dependent fashion, and
that PAF is involved in the induction of EC
migration byS1P.We furthermore demonstrate
that S1P-induced PAF synthesis is driven
through the activation of p38 MAPK, cPLA2,
and sPLA2-V.

Fig. 5. S1P chemotactic effect on BAEC is PAF and p38MAPK-
dependent. A: S1P effect on EC migration is dose-dependent.
BAECwere trypsinized and resuspended in DMEM, 1% FBS, and
antibiotics; 5� 104 cellswere added in thehigher chamber of the
modified Boyden chamber apparatus, and the lower chamber
was filled with DMEM, 1% FBS with various concentrations of
S1P. Five hours post-incubation at 378C, the migrated cells were
stainedand countedbyusing amicroscope adapted to a digitized
video camera. The values aremeans ofmigrating cells/mm2 from
six chambers for each treatment.B: S1P chemotactic effect is PAF
dependent. BAEC were treated as described above, and PAF
receptor antagonists BN52021 (BN, 10�5 M), LAU8080 (LAU,
10�7 M), CV3988 (CV, 10�6 M) were added to the higher cham-
ber prior to S1P stimulation. C: S1P chemotactic effect is p38
MAPK dependent. BAEC were treated as described above, p42/
44 MAPK inhibitor PD98059 (PD, 10�5 M), p38 MAPK inhibitor
SB203580 (SB, 10�5M), PI3K inhibitors LY294002 (LY, 10�5M),
and Wortmannin (Wort, 10�7 M) were added to the higher
chamber prior to S1P stimulation. **P<0.01; ***P<0.001 as
compared with vehicle (PBS), and {P< 0.05 as compared to S1P
10 �6 M as determined by analysis of variance followed by an
unpaired Student’s t-test.
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S1P Is a Rapid Inducer of PAF Synthesis

Resting EC contain low amounts of PAF
[Camussi et al., 1983] which can be increased
when challenged with appropriate stimulus.
PAF synthesis in EC can occur in a very early
(0–10 min), early (10–40 min), or delayed (4–
8 h) manner, depending of the stimulus used
[Camussi et al., 1983; Prescott et al., 1984]. Our
data suggest that the induction of PAF synth-
esis by S1P takes place very early and early
after stimulation since marked increases in
PAF levels were observed from 5 to 20min post-
stimulation.

We previously reported that other agonists,
such as VEGF or ATP, can increase PAF
synthesis by up to 30-fold in BAEC [Sirois and

Edelman, 1997]. However, the 3.3-fold increase
in PAF synthesis observed following S1P treat-
ment suggests that S1P is a more modest
inducer of PAF synthesis.

Effect of MAPK, PI3K, and PLA2 Inhibitors
on S1P-Induced PAF Synthesis

Previous studies have shown that early PAF
synthesis in EC is mediated through the
activation of the enzymatic phospholipid remo-
deling pathway. These enzymes, PLA2 and lyso-
PAF AT, convert membrane phospholipids into
lyso-PAF and lyso-PAF into PAF, respectively
[Bussolino and Camussi, 1995]. Since these
enzymes are thought to be regulated by phos-
phorylation [Xing and Insel, 1996; Nixon et al.,
1999], we investigated the effect of intracellular

Fig. 6. PLA2 expression by BAEC. Confluent BAEC were lysed,
proteins separated by SDS–PAGE and transblotted onto a PVDF
membrane. A: Expression of sPLA2-V by BAEC. The membrane
was probed by using an anti-sPLA2-V monoclonal antibody that
does not cross-react with sPLA2-IIA. B: BAEC do not express
sPLA2-IIA. Themembranewas probedby using an anti-sPLA2-IIA
monoclonal antibody that does not cross-react with sPLA2-V.

Human synovial proteins were used as a positive control for
sPLA2-IIA expression. C: Expression of cPLA2 by BAEC. The
membrane was probed by using an anti-cPLA2 monoclonal
antibody that does not cross-reactwith any other knownPLA2.D:
Expression of iPLA2 by BAEC. The membrane was probed by
using an anti-iPLA2 polyclonal antibody that does not cross-react
with any other known PLA2.
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kinase inhibitors on S1P-induced PAF synth-
esis. Our data show that inhibition of the p42/44
MAPKpathwaywithPD98059potentiates S1P-
induced PAF synthesis, suggesting that p42/44

MAPK acts as a negative regulator of PAF
synthesis induced by S1P. These observations
are in contrastwith a previous report of our own
in which we show that p42/44 MAPK activation

Fig. 7. BAEC express extracellular and intracellular PAFR. A:
Confluent BAEC were lysed, and Western blot analysis was
performed by using an anti-PAFR antibody. B–E: Immunochem-
istry analyses of PAFR localization. The extracellular localization
of PAFR expression in BAEC was performed by incubating non-
permeabilized cells with an anti-PAFR or control goat IgG

antibodies (top left and right panels, respectively). The intra-
cellular and extracellular PAFR distribution was determined in
permeabilized BAEC incubated with the same anti-PAFR or con-
trol goat IgG antibodies (lower left and right panels, respectively).
[Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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is crucial to VEGF-induced PAF synthesis
[Bernatchez et al., 2001a]. These data suggests
that p42/44 MAPK can be both a positive or
negative regulator of PAF synthesis, depending
on the agonist used.However, thep42/44MAPK
target that is responsible for such variations in
the amount of PAF synthesized following
stimulation is unknown. Previous studies have
shown that p42/44MAPK can interact with p38
MAPK and cPLA2, two enzymes known to take
part in EC PAF synthesis. This shows that PAF
synthesis is a complex and tightly regulated
biological response that requires a critical
activation pattern of several key enzymes.

On the other hand, p38 MAPK activation
appears to play a crucial role in S1P-induced
PAF synthesis since its inhibition by SB203580
completely blocked PAF synthesis. Others have
shown that p38 MAPK, known to be activated
by cellular stresses, inflammatory cytokines
and growth factors, is capable of directly phos-
phorylating and activating some PLA2 isoforms
and also lyso-PAF AT [Borsch-Haubold et al.,
1998; Martin-Blanco, 2000]. As p38 MAPK
activation is also crucial for VEGF-induced
PAF synthesis [Bernatchez et al., 2001b], these
data illustrate the importance of p38 MAPK to
EC PAF synthesis following stimulation with
various agonists.

Finally, two structurally unrelated inhibitors
of PI3K had no effect on PAF synthesis. To our
knowledge, PI3K is not capable of phosphor-
ylating the remodeling pathway enzymes,
which rationalizes the lack of effect of PI3K
inhibitors on S1P-induced PAF synthesis. Ta-
ken together, these data show that p38 MAPK
drives S1P-induced PAF synthesis, whereas
p42/44 MAPK acts as a negative regulator of
PAF synthesis.

We then confirmed that S1P can activate p42/
44 MAPK, p38 MAPK, and PI3K by performing
Western blot analyses with antibodies that
recognize the phosphorylated form of these
kinases. Figure 2 reveals that S1P does induce
a transient activation of p42/44 MAPK, p38
MAPK, and Akt, a substrate of PI3K.Moreover,
pretreatment of BAEC with the afore-men-
tioned kinase inhibitors prevented the phos-
phorylation of their respective enzymes in a
selective fashion. This supports our findings
concerning the effect of p42/44 and p38 MAPK
inhibitors on PAF synthesis (Fig. 1) and also
confirms the biochemical activity of the PI3K
inhibitors used in our studies.

S1P Effect on PAF Synthesis Is Both
cPLA2- and sPLA2-Dependent

Phopholipases A2 consist of a superfamily of
enzymes capable of hydrolysing membrane
phospholipids with the concomitant production
of lyso-phospholipids [Murakami and Kudo,
2002]. cPLA2 and iPLA2 are two cell-associated
phospholipases both capable of influencing cell-
ular fatty acid metabolism by increasing free
arachidonic acid levels [Balsinde and Dennis,
1997; Leslie, 1997]. Thus, these two enzymes
could possibly be linked to the synthesis of lyso-
PAF from membrane phospholipids upon sti-
mulation by S1P. Pretreatment with a cPLA2

inhibitor that is also known to interfere slightly
with iPLA2(AACOCF3) [Ackermannetal.,1995;
Leslie, 1997] significantly attenuated PAF syn-
thesis induced by S1P by up to 28%, whereas a
pretreatment with an irreversible inhibitor of
both cPLA2 and iPLA2 with a greater effect on
iPLA2 than cPLA2 (MAFP) [Balsinde and
Dennis, 1997; Leslie, 1997] had no significant
effect. Pretreatment with a specific iPLA2 inhi-
bitor (BEL) potentiated considerably S1P effect
on PAF synthesis. Taken together, these data
clearly demonstrate that cPLA2 and iPLA2 are
both involved in EC lyso-PAF biosynthesis
induced by S1P, but at different levels. cPLA2

activity appears to have a positive role in PAF
synthesis, likely by mediating lyso-PAF synth-
esis and downstream PAF production, whereas
iPLA2 seems to act in a competitive fashionwith
the enzymes involved in PAF synthesis. Hence,
by blocking iPLA2 without affecting cPLA2

(BEL), a pool of membrane phospholipids may
be exclusively hydrolyzed into lyso-PAF, which
will result in a greater amount of PAF synthe-
sized in part through cPLA2 activity. Recent
reports indicated that cPLA2 might have a
minor role in EC PAF synthesis, furthermore,
it has been shown that cPLA2 is not involved in
monocyte or neutrophil PAF biosynthesis
[Leslie, 1997; Marshall et al., 1997; Winkler
et al., 1997]. These findings rationalize our
observation that cPLA2 inhibition causes only a
minor decrease in S1P-induced PAF synthesis,
and that the participation of cPLA2 to PAF
synthesis might be agonist-selective.

Other possible players in EC PAF synthesis
are sPLA2. Hence, we pretreated BAEC with
inhibitors of this enzymatic class. Pretreatment
with a sPLA2 inhibitor that possesses no selec-
tivity towards the different sPLA2 isoforms
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(Scalaradial) greatly attenuated S1P effect on
BAEC PAF synthesis, which suggests that
sPLA2 play an important role in these events.
More importantly, inhibition of both groups IIA
andV sPLA2 (SB203347) blocked similarly S1P-
induced PAF synthesis. Taken together, these
results clearly demonstrate that cPLA2 and
groups IIA and/or V sPLA2 mediate S1P-
induced PAF synthesis. It remains to be deter-
mined how cPLA2, sPLA2-V, and/or sPLA2-IIA
are activated following S1P stimulation. One
interesting hypothesis is that p38MAPKmight
phosphorylate not only lyso-PAF AT but also
cPLA2 and sPLA2. Previous studies have shown
that cPLA2 can be phosphorylated by p38
MAPK [Borsch-Haubold et al., 1998], although
no regulatorymechanismshavebeenuncovered
yet for sPLA2-V.
To confirm the presence of cPLA2, iPLA2,

sPLA2-V, and sPLA2-IIA in BAEC, we per-
formedWestern blot analyses by using selective
antibodies that recognize specifically these
proteins with no cross-reactivity. These experi-
ments reveal that BAEC express cPLA2, iPLA2,
and sPLA2-V, thereby confirming their involve-
ment in S1P-induced PAF synthesis (Fig. 6). On
the other hand, these data show as well that
BAECdo not express detectable levels of sPLA2-
IIA. Consequently, this demonstrates that the
inhibitory effect of SB203347 on PAF synthesis
is mediated through the inhibition of sPLA2-V
and not sPLA2-IIA.
Though cloned only recently, a growing body

of evidence has confirmed that sPLA2-V is
constitutively expressed mainly in the cardio-
vascular system [Chen et al., 1994] and is
indeed an active effector in fatty acid metabo-
lism. It was shown to take part in arachidonic
acid-mediated signal transduction in macro-
phage-like cell lineP388D1 [Balboa et al., 1996],
in eicosanoid formation in mast cells [Reddy
et al., 1997] and is directly involved in VEGF-
induced PAF synthesis [Bernatchez et al.,
2001a]. Moreover, group V rather that group
IIAaspreviouslybelieved, is theprimary14kDa
PLA2synthesizedbyP388D1cells [Balboaet al.,
1996]. Hence, this demonstrates that this newly
characterized enzyme is likely responsible for
S1P-induced PAF synthesis and that it is
expressed in BAEC.

VEGF Chemotactic Effect Is PAF-Dependent

PAF is well-known to be a potent extracellu-
lar agonist capable of stimulating a vast array of

biological functions such as EC migration and
inflammation [Bussolino and Camussi, 1995;
Montrucchio et al., 2000]. These actions were
long thought to be exclusivelymediated through
its 39 kDa extracellular receptor [Ihida et al.,
1999]. However, recent evidence suggest that
PAFmay also act as an intracellular messenger
through an internal pool of PAFR [Ihida et al.,
1999; Honda et al., 2002] which would further-
more emphasize the importance of PAF to
EC biology. Hence, as S1P induces both PAF
synthesis and migration, we tested the hypoth-
esis thatPAFdrivesS1P-inducedECmigration.
To do so, we pretreated BAEC with selective
PAFR antagonists and investigated their effect
on S1P-induced migration. Our data show that
S1P induced a robust, time-dependent increase
in BAEC migration (Fig. 5A) which can be
partially inhibited by a pretreatment with
the extracellular PAFR antagonist (BN52021)
or the extracellular and intracellular PAFR
antagonist (CV3988). In contrast, the blockade
of intracellular PAFR (LAU8080) had no such
effect. Taken together, these data show that the
extracellular pool of PAFR, and not the intra-
cellular pool, participates partially to S1P-
induced migration. These data illustrates the
capacity of PAF synthesized de novo to promote
in an autocrine fashion the activation of its cell-
surface receptor. However, it remains to be
determined what other intracellular effector,
besides PAF, drives S1P-induced migration.

Thep38MAPKpathway is known to takepart
to ECmigration by promoting actin reorganiza-
tion and stress fiber formation [Rousseau et al.,
1997]. Others have shown that it can induce
lyso-PAF AT activation [Nixon et al., 1999].
Hence, it is possible that the p38 MAPK path-
way may also promote EC migration in a PAF-
independent manner. Our data show that p38
MAPK pathway inhibition (SB203580) blocks
only partially (42%) S1P-induced migration,
which is similar to the inhibitory effect of
extracellular PAFR antagonists. These data
suggest that the partial inhibitory effect of
SB203580 on migration is mediated through
the near complete inhibition of S1P-induced
PAF synthesis, as observed in Figure 2. As
PAF plays only a partial role in BAEC migra-
tion, this rationalizes the incomplete inhibition
of S1P-induced migration by SB203580.
Finally, p42/44 MAPK or PI3K pathway in-
hibition had no significant effect on BAEC
migration.
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AsPAF and its extracellular PAFRplay a role
in S1P-inducedmigration, we sought to confirm
that BAEC do express PAFR. The data pre-
sented in Figure 7 show that BAEC do express
PAFR, as shown by Western blot analysis, and
that PAFR are localized both at the membrane
and in the cytoplasm.

In conclusion, S1P is believed to take part to
several pathological situations characterized by
uncontrolled angiogenesis [Lee et al., 1999;
Boguslawski et al., 2000; Ammit et al., 2001;
English et al., 2001]. Studies have shown that
activated platelets adhere to injured tissues,
aggregate and release growth substances,
including S1P, that are capable of promoting
angiogenesis through EC activation. Our data
describe how S1P regulates the synthesis of
PAF, a highly potent inflammatory mediator,
and illustrate its role in S1P-induced EC
migration. Hence, it is possible that EC PAF
synthesis induced by S1Pmay play a role in the
progression of vascular diseases characterized
by local inflammation and angiogenesis such as
atherosclerosis.
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