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Abstract

We previously reported that sphingosine 1-phosphate (S-1-P), a sphingomyelin metabolite, activates

p44/p42 mitogen-activated protein (MAP) kinase and p38 MAP kinase in aortic smooth-muscle A10 cells. In the present
study, we investigated the effect of sphingomyelin metabolites on phospholipase C-catalyzing phosphoinositide
hydrolysis induced by arginine vasopressin (AVP) in A10 cells. C,-ceramide and sphingosine had little effect on inositol
phosphate (IP) formation stimulated by AVP. S-1-P, which alone slightly stimulated the IPs formation, dose-dependently
amplified the AVP-induced formation of IPs. Tumor necrosis factor-a enhanced the AVP-induced formation of IPs.
However, S-1-P did not enhance the formation of IPs by NaF, a heterotrimeric GTP-binding protein activator. Pertussis
toxin inhibited the effect of S-1-P. PD98059, an inhibitor of the upstream kinase that activates p44/p42 MAP kinase,
had little effect on the enhancement by S-1-P. SB203580, an inhibitor of p38 MAP kinase, suppressed the effect of S-1-P
on the formation of IPs by AVP. SB203580 inhibited the AVP-induced phosphorylation of p38 MAP kinase. Pertussis
toxin suppressed the phosphorylation of p38 MAP kinase by S-1-P. These results indicate that S-1-P amplifies
AVP-induced phosphoinositide hydrolysis by phospholipase C through p38 MAP kinase in vascular smooth-muscle

cells. J. Cell. Biochem. 80:46-52, 2000."  © 2000 Wiley-Liss, Inc.
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Sphingolipid and its metabolites have re-
cently been implicated in a variety of cellular
functions [Hannun, 1994; Spiegel and Merrill,
1996]. Sphingomyelin is catalyzed by sphingo-
myelinase, resulting in the formation of cer-
amide, which is subsequently metabolized to
sphingosine and sphingosine 1-phosphate (S-
1-P) [Hannun, 1994; Spiegel and Merrill,
1996]. Ceramide has been reported to induce
apoptosis in several types of cells, whereas
sphingosine and S-1-P are mitogenic. Accumu-
lating evidence indicates that these sphingo-
myelin metabolites play an important role as
second messengers and mediate several biolog-
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ical effects induced by extracellular agonists
such as tumor necrosis factor-a (TNF) [Schutze
et al., 1995; Westwick et al., 1995; Kanety et
al., 1996]. Vascular smooth-muscle cells play a
crucial role in the pathogenesis of atheroscle-
rosis and hypertension [Ross, 1993]. TNF re-
portedly induces sphingomyelin hydrolysis by
sphingomyelinase in vascular smooth-muscle
cells [Johns and Webb, 1998]. It has been re-
ported that S-1-P inhibits the chemotactic mo-
tility stimulated by platelet-derived growth
factor (PDGF) in vascular smooth-muscle cells
[Bornfeldt et al., 1995]. We have recently
shown that, among sphingomyelin metabolites,
S-1-P activates p44/p42 mitogen-activated pro-
tein (MAP) kinase and p38 MAP kinase in aor-
tic smooth-muscle A10 cells, and that p38 MAP
kinase is involved in the arginine vasopressin
(AVP)-stimulated induction of heat shock pro-
tein 27 [Kozawa et al., 1999]. However, the
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exact role of sphingomyelin metabolites in vas-
cular smooth-muscle cells is still poorly under-
stood.

AVP is a potent vasoactive agent that stim-
ulates the proliferation of aortic smooth-
muscle cells [Scott-Burden et al., 1992]. As for
intracellular signaling of AVP in vascular
smooth-muscle cells, AVP stimulates phospho-
inositide hydrolysis by phospholipase C
through its binding to the V; receptor [Grillone
et al., 1988]. It has been shown that pertussis-
toxin-sensitive GTP-binding protein is in-
volved in the phospholipase C activation by
AVP in aortic smooth-muscle A10 cells [Xuan
et al., 1987]. In addition, PDGF reportedly in-
duces phosphoinositide hydrolysis in part
through S-1-P in aortic smooth-muscle cells,
and S-1-P alone stimulates phosphoinositide
hydrolysis by phospholipase C in these cells
[Bornfeldt et al., 1995]. In the present study,
we investigated the effects of sphingomyelin
metabolites on AVP-induced phosphoinositide
hydrolysis by phospholipase C in A10 cells. We
show that neither ceramide nor sphingosine
but rather S-1-P amplified AVP-induced phos-
phoinositide hydrolysis by a p38 MAP kinase-
dependent mechanism in these cells.

MATERIALS AND METHODS
Materials

Myo-[*HJinositol (90 Ci/mmol) and an ECL
Western blotting detection system were pur-
chased from Amersham Japan (Tokyo, Japan).
AVP was purchased from Peptide Institute,
Inc. (Minoh, Japan). C,-ceramide was obtained
from BIOMOL Research Laboratories, Inc.
(Plymouth, PA). Sphingosine and S-1-P were
obtained from Sigma Chemical Co. (St. Louis,
MO). TNF and pertussis toxin were purchased
from Funakoshi Pharmaceutical Co. (Tokyo,
Japan). Phospho-specific p38 MAP kinase an-
tibodies and p38 MAP kinase antibodies were
purchased from New England BioLabs, Inc.
(Beverly, MA). PD98059 and SB203580 were
obtained from Calbiochem (La Jolla, CA).
Other materials and chemicals were obtained
from commercial sources. Cy-ceramide, sphin-
gosine, S-1-P, PD98059, and SB203580 were
dissolved in dimethyl sulfoxide. The maximum
concentration of dimethyl sulfoxide was 0.1%,
which did not affect the measurement of inosi-
tol phosphates (IPs) formation or Western blot-
ting analysis.

Cell Culture

Aortic smooth-muscle A10 cells were ob-
tained from the American Type Culture Collec-
tion (Rockville, MD) and were maintained as
previously described [Kozawa et al., 1999]. In
brief, the cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing
10% fetal calf serum at 37°C in a humidified
atmosphere of 5% CO,/95% air. Cells were
seeded into 35-mm (1 X 10°) or 90-mm (5 X
10°) diameter dishes. After 5 days, the medium
was exchanged for serum-free DMEM, and
cells were used for experiments after 48 h. For
measurements of the formation of IPs, the me-
dium was exchanged for inositol-free DMEM.
When indicated, cells were pretreated with
sphingomyelin metabolites or TNF for 20 min
before the stimulation of AVP or NaF. Pre-
treatment of pertussis toxin was performed for
24 h.

Measurement of IP formation

To determine phosphoinositide hydrolysis by
phospholipase C, the cells were labeled with
myo-[*Hlinositol (3 nCi/dish) for 48 h. Labeled
cells were preincubated with 10 mM LiCl for
10 min in 1 ml of an assay buffer (5 mM
HEPES, pH 7.4, 150 mM NaCl, 5 mM KClI,
5.5 mM glucose, 0.8 mM MgSO,, and 1 mM
CaCl,) containing 0.01% bovine serum albu-
min. Cells were then stimulated by AVP or
NaF at 37°C for the indicated periods. The
reaction was terminated by the addition of 1 ml
of 30% trichloroacetic acid, and the acid super-
natant was treated with diethyl ether to re-
move the acid and then neutralized with 0.1 M
NaOH. The supernatant was applied to a 1-ml
Dowex AG1-X8 (100—200 mesh, formate form)
as described previously [Suzuki et al., 1996].
Radioactive IPs were then eluted from the col-
umn with 8 ml of 0.1 M formic acid containing
1 M ammonium formate. When indicated, the
cells were pretreated with PD98059 or
SB203580 for 60 min.

Analysis of p38 MAP Kinase by Western Blotting

Cultured cells were stimulated by S-1-P in
serum-free DMEM for the indicated periods.
They were washed twice with phosphate-
buffered saline and then lysed, homogenized,
and sonicated in a lysis buffer containing
62.5 mM Tris/Cl, pH 6.8, 2% sodium dodecyl
sulfate (SDS), 50 mM dithiothreitol, and 10%
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glycerol. The cytosolic fraction was collected as
the supernatant after centrifugation at
125,000 x g for 10 min at 4°C. SDS-
polyacrylamide gel electrophoresis was per-
formed by the method of Laemmli [Laemmli,
1970] in 10% polyacrylamide gels. Western
blotting analysis was performed as described
previously [Kozawa et al., 1999], using
phospho-specific p38 MAP kinase antibodies or
p38 MAP kinase antibodies, with peroxidase-
labeled antibodies raised in goat against rabbit
IgG being used as secondary antibodies. Perox-
idase activity on the nitrocellulose sheet was
visualized on X-ray film by means of the ECL
Western blotting detection system. When indi-
cated, the cells were pretreated with SB203580
for 60 min.

Statistical Analysis

Data were analyzed by analysis of variance
followed by Bonferroni method for multiple
comparisons between pairs, and a P < 0.05 was
considered significant. All data are presented
as the mean = SD of triplicate determinations.

RESULTS

Effect of C,-Ceramide, Sphingosine or S-1-P on
AVP-Induced Formation of IPs in A10 Cells

We previously found that AVP induces phos-
phoinositide hydrolysis by phospholipase C in
aortic smooth-muscle A10 cells [Tanabe et al.,
1999]. We first examined the effects of sphin-
gomyelin metabolites on the AVP-induced for-
mation of IPs in these cells. C,-ceramide and
sphingosine had little effect on IPs formation
by AVP in the range between 0.1 and 30 pM
(Fig. 1). S-1-P, which alone stimulated the for-
mation of IPs, consistent with a previous report
[Bornfeldt et al., 1995], significantly enhanced
the AVP-induced IPs formation. The effect of
S-1-P on the IPs formation was dose dependent
in the range between 0.1 and 30 uM, and the
maximum effect was observed at 30 pM.

Effect of TNF on AVP-Induced Formation of IPs
in A10 Cells

It has been reported that TNF induces sphin-
gomyelin hydrolysis by sphingomyelinase, re-
sulting in the formation of sphingomyelin me-
tabolites in vascular smooth-muscle cells
[Johns et al.,, 1998]. Thus, to investigate
whether TNF affects the AVP-induced phos-
phoinositide hydrolysis in A10 cells, we exam-
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Fig. 1. Effect of C,-ceramide, sphingosine or S-1-P on AVP-
induced formation of IPs in A10 cells. The cultured cells were
pretreated with various doses of C,-ceramide (filled and open
squares), sphingosine (closed and open triangles) or S-1-P
(fillled and open circles) for 20 min, and then stimulated by
0.1 pM AVP (closed symbol) or vehicle (open symbol) for
30 min. Each value represents the mean = SD of triplicate
determinations. Similar results were obtained with two addi-
tional and different cell preparations. *P < 0.05 vs. AVP alone.

ined the effect of TNF on the AVP-stimulated
formation of IPs. TNF significantly amplified
the IPs formation by AVP (Table I).

Effect of S-1-P on NaF-Induced Formation of IPs
in A10 Cells

It has been reported that pertussis-toxin-
sensitive GTP-binding protein is involved in
AVP-induced phosphoinositide hydrolysis by
phospholipase C in A10 cells [Grillone et al.,
1988]. To investigate whether or not the effect
of S-1-P is exerted at a point upstream from the
GTP-binding protein in these cells, we exam-
ined the effect of S-1-P on the IPs formation
stimulated by NaF, a direct activator of hetero-
trimeric GTP-binding proteins [Gilman, 1987].
S-1-P did not enhance the NaF-induced forma-
tion of IPs (data not shown).
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TABLE I. Effect of TNF on AVP-Induced
Formation of IPs in A10 Cells®

TNF AVP IP formation (cpm)
- - 1,355 = 182

- + 9,515 *= 932

+ - 1,097 = 155

+ + 12,626 = 1,075*

2The cultured cells were pretreated with 0.3 ng/ml TNF or
vehicle for 20 min, and then stimulated 0.1 uM AVP for
30 min. Each value represents the mean = SD of triplicate
determinations. Similar results were obtained with two
additional and different cell preparations. *P < 0.05 vs.
AVP alone.

TABLE II. Effect of Pertussis Toxin (PTX) on
S-1-P Amplification of AVP-Induced
Formation of IPs in A10 Cells®

PTX S-1-P AVP

IP formation (cpm)

- - + 8,092 + 895
- + + 12,168 = 1,012
+ - + 6,156 + 525

+ + + 7,356 = 671*

2The cultured cells were pretreated with 1 pg/ml PTX or
vehicle for 24 h, and then stimulated by 0.1 pM AVP for
30 min. The pretreatment of 10 uM S-1-P was performed
60 min before the stimulation of AVP. Values for AVP-
unstimulated cells were subtracted to produce each data
point. Each value represents the mean + SD of triplicate
determinations. Similar results were obtained with two
additional and different cell preparations. *P < 0.05 vs.
AVP with S-1-P.

Effect of Pertussis Toxin on S-1-P Amplification
of AVP-Induced IP Formation in A10 Cells

It has been shown that S-1-P extracellularly
acts as a ligand for cell surface receptors that
are coupled to pertussis-toxin-sensitive GTP-
binding protein as well as intracellularly act-
ing as a second messenger [von Koppen et al.,
1996; van Brocklyn et al., 1998]. Thus, we ex-
amined the effect of pertussis toxin on the am-
plification by S-1-P of the AVP-induced forma-
tion of IPs in A10 cells. Pertussis toxin, which
suppressed the AVP-induced IP formation con-
sistent with a previous report [Grillone et al.,
1988], significantly reduced the enhancement
by S-1-P (Table II).

Effects of PD98059 or SB203580 on S-1-P
Amplification of AVP-Induced Formation of IPs
in A10 Cells

We have previously reported that S-1-P
phosphorylates p44/p42 MAP kinase and p38

TABLE III. Effects of PD98059 or SB203580
on S-1-P Amplification of AVP-Induced
Formation of IPs in A10 Cells®

S-1-P AVP IP formation (cpm)
— - + 8,277 = 921
— + + 15,135 = 1,122
PD98059 - + 8,352 = 855
PD98059 + + 15,714 = 1,035
SB203580 - + 8,239 = 907
SB203580 + + 10,524 * 936*

2The cultured cells were pretreated with 50 uM PD98059,
30 pM SB203580, or vehicle for 60 min, and then stimu-
lated by 0.1 uM AVP for 30 min. The pretreatment of 10
wM S-1-P was performed 20 min before the stimulation of
AVP. Values for AVP-unstimulated cells were subtracted
to produce each data point. Each value represents the
mean * SD of triplicate determinations. Similar results
were obtained with two additional and different cell prep-
arations. *P < 0.05 vs. AVP with S-1-P.

MAP kinase in A10 cells [Kozawa et al., 1999].
Thus, to explore the role of p44/p42 MAP ki-
nase in the S-1-P amplification of AVP-induced
phosphoinositide hydrolysis in A10 cells, we
investigated the effect of PD98059, a specific
inhibitor of the upstream kinase that activates
p44/p42 MAP kinase [Dudley et al., 1995], on
S-1-P amplification of AVP-induced IP forma-
tion. PD98059, which inhibited the S-1-P-
induced phosphorylation of p44/p42 MAP ki-
nase as previously described [Kozawa et al.,
1999], had little effect on the amplification by
S-1-P (Table IIT). We next examined the effect
of SB203580, a specific inhibitor of p38 MAP
kinase [Cuenda et al., 1995], on the amplifica-
tion by S-1-P. SB203580, which alone did not
affect the basal levels of IPs, significantly sup-
pressed the amplification by S-1-P of AVP-
stimulated IP formation (Table III). We found
that SB203580 suppressed the AVP-induced
phosphorylation of p38 MAP kinase (Fig. 2).

Effect of Pertussis Toxin on the Phosphorylation
of p38 MAP Kinase by S-1-P in A10 Cells

We examined the effect of pertussis toxin on
the p38 MAP kinase phosphorylation by S-1-P
in Al10 cells. Pertussis toxin, which alone did
not affect p38 MAP kinase, significantly re-
duced the phosphorylation of p38 MAP kinase
by S-1-P (Fig. 3).

DISCUSSION

In the present study, we showed that, among
sphingomyelin metabolites, neither ceramide
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Fig. 2. Effects of SB203580 on the phosphorylation of p38
MAP kinase by S-1-P in A10 cells. The cultured cells were
pretreated with 30 wM SB203580 or vehicle for 60 min, and
then stimulated by 30 pM S-1-P or vehicle for 10 min. Extract
of cells were subjected to SDS—polyacrylamide gel electro-
phoresis against phospho-specific p38 MAP kinase antibodies
or p38 MAP kinase antibodies. The results are representative of
triplicate independent experiments.
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Fig. 3. Effect of pertussis toxin (PTX) on the phosphorylation of
p38 MAP kinase by S-1-P in A10 cells. The cultured cells were
pretreated with 1 pg/ml PTX or vehicle for 24 h, and then
stimulated by 30 wM S-1-P or vehicle for 10 min. Extract of cells
were subjected to SDS-polyacrylamide gel electrophoresis
against phospho-specific p38 MAP kinase antibodies or p38
MAP kinase antibodies. The results are representative of tripli-
cate independent experiments.

nor sphingosine but rather S-1-P dose-
dependently enhanced the AVP-induced forma-
tion of IPs in aortic smooth-muscle A10 cells. In
addition, we demonstrated that TNF, a multi-
functional cytokine, amplified the IP formation
by AVP as a physiological agonist in these cells.
It has been shown that TNF induces
sphingomyelinase-catalyzing sphingomyelin
hydrolysis in vascular smooth-muscle cells
[Johns and Webb, 1998]. Thus, it is probable
that AVP-induced phosphoinositide hydrolysis
by phospholipase C is physiologically enhanced
by S-1-P in such cells. It has been shown that
pertussis-toxin-sensitive GTP-binding protein
is involved in the AVP-induced phosphoinosi-

tide hydrolysis by phospholipase C [Grillone et
al., 1988]. In addition, we found that the NaF-
stimulated IPs formation was not enhanced by
S-1-P. Because NaF is well known to be a direct
activator of heterotrimeric GTP-binding pro-
teins [Gilman, 1987], it is probable that the
amplifying effect of S-1-P is exerted at a point
upstream from the heterotrimeric GTP-
binding protein in aortic smooth-muscle A10
cells.

Accumulating evidence indicates that S-1-P
is implicated as a pivotal intracellular second
messenger [Hannun, 1994; Spiegel et al.,
1996]. In addition, S-1-P has also been demon-
strated to act extracellularly as a ligand for cell
surface receptors, which are coupled to
pertussis-toxin-sensitive GTP-binding protein
[von Koppen et al., 1996; van Brocklyn et al.,
1998]. It has been shown that S-1-P is abun-
dantly stored in platelets and released upon
the platelet activation into circulation [Yatomi
et al., 1995]. In the present study, pertussis
toxin markedly suppressed the effect of S-1-P.
It is well known that the ADP-ribosylation of
the a—subunit of GTP-binding proteins such as
Gi and Go by pertussis toxin causes the uncou-
pling of the receptor to the GTP-binding pro-
tein [Gilman, 1987]. Therefore, it is most likely
that S-1-P amplifies AVP-induced phosphoino-
sitide hydrolysis through pertussis-toxin-
sensitive GTP-binding protein-coupled recep-
tors. However, the inhibitory effect of pertussis
toxin was only partial. Taking our results into
account, it is possible that S-1-P acts both in-
tracellularly and extracellularly as a physio-
logical agent, resulting in the amplification of
the phosphoinositide hydrolysis stimulated by
AVP in aortic smooth-muscle A10 cells.

The MAP kinase superfamily plays an im-
portant role in the intracellular signaling sys-
tem by a variety of extracellular stimuli
[Nishida and Goto, 1993; Widmann et al.,
1999]. It has been reported that the MAP ki-
nase superfamily is involved in S-1-P signaling
in several types of cells [Spiegel and Merrill,
1996]. We have previously reported that S-1-P
activates both p44/p42 MAP kinase and p38
MAP kinase in aortic smooth-muscle A10 cells
[Kozawa et al., 1999]. To clarify the involve-
ment of p44/p42 MAP kinase or p38 MAP ki-
nase in the S-1-P amplification of AVP-induced
IP formation, the effect of PD98059 or
SB203580 was then examined. Not PD98059
but SB203580 inhibited the S-1-P amplifying
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effect on phospholipase C-catalyzing phospho-
inositide hydrolysis induced by AVP. We found
that SB203580 actually inhibited the phos-
phorylation of p38 MAP kinase induced by
S-1-P. Furthermore, we have reported that the
phosphorylation of p44/p42 MAP kinase by
AVP is suppressed by PD98059. Additionally,
pertussis toxin suppressed the S-1-P-induced
phosphorylation of p38 MAP kinase. Based on
our findings, it is most likely that S-1-P en-
hanced AVP-induced phosphoinositide hydro-
lysis by a p38 MAP kinase-dependent manner
in aortic smooth-muscle A10 cells.

An intrinsic function of vascular smooth-
muscle cells is their important role in regulat-
ing vascular tone [Ross, 1993]. It is well recog-
nized that phosphoinositide hydrolysis by
phospholipase C leads to the formation of diac-
ylglycerol, a physiological activator of protein
kinase C and IPs [Nishizuka, 1992; Berridge,
1993]. As an element of the intracellular sig-
naling system in vascular smooth-muscle cells,
the activation of protein kinase C has a crucial
role in the induction of vasoconstriction [Nishi-
zuka, 1992; Walsh, 1994]. AVP, a potent vaso-
active peptide, induces vasoconstriction
through protein kinase C activation in vascular
smooth-muscle cells [Scott-Burden et al., 1992;
Nishizuka, 1992]. In the present study, we
showed that the AVP-stimulated formation of
IPs was amplified by S-1-P in A10 cells. Based
on our findings, it is probable that S-1-P en-
hances AVP-induced vasoconstriction in vascu-
lar smooth-muscle cells.

In conclusion, these results strongly suggest
that S-1-P enhances AVP-induced phosphoino-
sitide hydrolysis by phospholipase C via p38
MAP kinase in vascular smooth-muscle cells.
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