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Abstract

Sphingolipid metabolites such as sphingosine 1-phosphate (S1P) and ceramide can mediate many cellular events including apoptosis,
stress responses and growth arrest. Although ceramide stimulates arachidonic acid metabolism in several cells, the effects of sphingosine and
its endogenous analogs have not been established. We investigated the effects of p-erythro-sphingosine and its metabolites on arachidonic
acid release in the two cells and on the activity of cytosolic phospholipase A,a. C2-Ceramide (N-acetyl-p-erythro-sphingosine, 100 pM)
alone stimulated [*H]arachidonic acid release and enhanced the ionomycin-induced release from the prelabeled PC12 cells and L929 cells. In
contrast, exogenous addition of D-erythro-sphingosine inhibited the responses in a concentration-dependent manner in the two cell lines. p-
erythro-sphingosine, p-erythro-N,N-dimethylsphingosine (p-erythro-DMS) and p-erythro-dihydrosphingosine (pD-erythro-DHS) significantly
inhibited mastoparan-, but not Na;VOy,-, stimulated arachidonic acid release in PC12 cells. p-erythro-S1P and pL-threo-DHS showed no
effect on the responses. Production of prostaglandin F,, was also enhanced by C2-ceramide (20 uM) and suppressed by bp-erythro-
sphingosine (10 uM) in PC12 cells. An in vitro study revealed that p-erythro-sphingosine, p-erythro-DMS and p-erythro-DHS directly
inhibited cytosolic phospholipase A,a activity. These findings suggest that ceramide and p-erythro-analogs of sphingosine have opposite

effects on phospholipase A, activity and thus regulate arachidonic acid release from cells.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Ceramide and its intermediate breakdown products
(sphingolipid metabolites) are involved in various cellular
events such as apoptosis, stress responses, and growth arrest
(Hannun, 1996; Levade and Jaffrézou, 1999; Pyne and Pyne,
2000). Ceramide is produced by de novo synthesis or in
response to stress or agonists from sphingomyeline by the
activation of sphingomyelinases, and is metabolized to
sphingosine by ceramidases. Sphingosine is phosphorylated
by sphingosine kinases to sphingosine 1-phosphate (S1P),
and can also be N-methylated to p-erythro-N,N-dimethyl-
sphingosine (p-erythro-DMS) in cells and tissues (Igarashi,
1997; Spiegel, 1999). p-erythro-Dihydrosphingosine (D-
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erythro-DHS) is a processor in de novo synthesis of ceram-
ide and a substrate for sphingosine kinases. These sphingo-
sine metabolites play important roles in the regulation of
mitogenesis, differentiation, cell death and cycle arrest, so on
(Hannun, 1996; Igarashi, 1997; Spiegel, 1999; Pyne and
Pyne, 2000). Although p-erythro-S1P is known to be re-
leased to extracellular spaces and then act as endogenous
agonist for the EDG (endothelial differentiation gene) family
of G protein-coupled cell surface receptors in cells, the
sphingosine metabolites including S1P can act as intracellu-
lar second messengers in various cell types (Hannun, 1996;
Spiegel, 1999; Pyne and Pyne, 2000). In many cases,
however, how sphingosine metabolites regulate activity of
signaling molecules remains to be elucidated.

Stimulation of tumor necrosis factor receptor increased
ceramide levels, cytosolic phospholipase A, (cPLA;) activ-
ity and cell death in L1929 cells (Hayakawa et al., 1993;
Wiegmann et al., 1994). In addition, cPLA, is a necessary
component in sphingolipid metabolism such as ceramide
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accumulation and cell death (Jayadev et al., 1997), and the
ratio of arachidonic acid in phospholipids can represent an
important signal leading to cell death (Surette et al., 1996).
Cell permeable C6-ceramide (N-hexanoylsphingosine) ac-
celerated Ca” "-dependent translocation of ¢PLA, to the
membrane fraction in platelets (Kitatani et al., 2000). C6-
ceramide and sphingosine, which alone showed no effect,
enhanced thromboxane A, analog-stimulated arachidonic
acid release in rabbit platelets (Hashizume et al., 1997,
1999; Sato et al.,1999). In contrast, it was reported that
C6-ceramide prevented cPLA, and production of prosta-
glandin D, in a mast cell line (Kitatani et al., 2001), and
sphingosine inhibited PLA, activities in various tissues such
as neutrophils in vitro (Franson et al., 1992). Thus, the
effects of sphingolipid metabolites such as ceramide and
sphingosine on arachidonic acid release and PLA, activity
have not been well established.

In pheochromocytoma PC12 cells, sphingolipid metabo-
lites showed various responses. Ceramide induced an in-
crease in cytosolic and mitochondrial free Ca®>" concen-
trations and apoptosis (Hartfield et al., 1997; Yoshimura
et al., 1998; Darios et al., 2003). Although exogenous
addition of p-erythro-S1P caused cell rounding and neurite
retraction via cell surface receptors, probably via EDG-5
(Sato et al., 1997; MacLennan et al., 1999; Van Brocklyn
et al., 1999), S1P appeared to act intracellularly to protect
against apoptosis in PC12 cells (Edsall et al., 1997, 2001;
Van Brocklyn et al.,, 1998; Olivera et al., 1999). In the
present study, we investigated the effects of sphingolipid
metabolites on arachidonic acid release in L929 and PC12
cells, and on the activity of cPLA,« in vitro. We propose that
D-erythro-sphingosine and its endogenous analogs, but not
D-erythro-S1P, act as inhibitors of arachidonic acid release
and/or PLA, activity.

2. Experimental procedures
2.1. Materials

[5,6,8,9,1 1,12,14,15-3H]Arachidonic acid (215 Ci/mmol,
7.96 TBg/mmol) and 1-palmitoyl-2-['*C]-arachidonyl
phosphatidylcholine were purchased from Amersham
(Buckinghamshire, UK) and Perkin Elmer (Boston, MA,
USA), respectively. C2-Ceramide (p-erythro-N-acetylsphin-
gosine), D-erythro-sphingosine, D-erythro-DHS, D-erythro-
DMS, bL-threo-dihydrosphingosine (pL-threo-DHS),
ionomycin, mastoparan, phorbol myristate acetate and
4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyr-
idyl)-1H-imidazole (SB203580) were obtained from Sigma
(St. Louis, MO, USA). p-erythro-S1P and 1,6-bis(cyclo-
hexyloximinocarbonyl-amino)hexane (RHC80275) were
purchased from Biomol Res. Lab. (Plymouth Meeting,
PA, USA). 12-(2-Cyanoethyl)-6,7,12,13-tetrahydro-13-
methyl-5-oxo0-5H-indolo(2,3-a)pyrrolo(3,4-c)-carbazole
(G66976) and 1.4-diamino-2,3-dicyano-1,4-bis[2-amino-

phenylthio]butadiene (U0126) were from Calbiochem (La
Jolla, CA, USA) and Promega (Woods Hallow, WI, USA),
respectively. Bromoenol lactone was from Cayman (Ann
Arbor, MI, USA).

2.2. Cell cultures and [>H]arachidonic acid release from
cells

PC12 cells (a rat pheochromocytoma cell line) were
cultured on collagen-coated dishes in Dulbecco’s modified
Eagle’s (DME) medium supplemented with 5% heat-inacti-
vated fetal bovine serum and 5% horse serum, as described
previously (Thang et al., 2000; Someya et al., 2002). L929
cells (a murine fibrosarcoma cell line) were cultured in the
DME medium supplemented with 5% heat-inactivated fetal
bovine serum (Hayakawa et al., 1993). [°’H]Arachidonic acid
release from the prelabeled cells was determined as de-
scribed previously (Mori et al., 2001; Someya et al., 2002).
In brief, subconfluent PC12 cells or L929 cells on dishes
were prelabed with 0.33 uCi (12.2 kBg/ml) of [*H]arach-
idonic acid for 24 h in the DME medium containing 0.2%
serum. The cells were washed and suspended in modified
Tyrode HEPES buffer (137 mM NaCl, 5 mM KCl, 5 mM
glucose, 2 mM MgSO,, 2 mM CaCl,, 20 mM HEPES, pH
7.4). Cell suspensions (30—50 pg protein) were incubated
with the indicated agents for 30 min at 37 °C in the presence
of 0.1% fatty acid-free bovine serum albumin (Sigma A-
7511). In some experiments, cell suspensions were prepared
with the CaCl,-free buffer, and [*H]arachidonic acid release
was measured in the CaCl,-free buffer containing 0.2 mM
EGTA. The total volume was 200 ul and the reaction was
terminated by the addition of 500 pl of ice-cold, Ca® *-free,
Mg? *-free Tyrode buffer containing 5 mM EDTA and EGTA
followed by centrifugation (5000 X g, 30 s) at 4 °C. The
amount of the *H radioactivity released into the supernatant
was expressed as a percentage of the total incorporated
radioactivity (15,000—20,000 dpm per tube).

2.3. Measurements of intracellular free Ca’* concentra-
tions and lactate dehydrogenase leakage in PCI2 cells

Intracellular free Ca>* concentrations in PC12 cells were
determined as described previously (Murayama et al.,
1995). Cell viability was estimated by the leakage of lactate
dehydrogenase as described previously (Yasuda et al.,
1999). The leakage (%) was defined as the ratio of lactate
dehydrogenase activity in the culture medium and total
activity [%=(extracellular activity)/(extracellular activity
and remaining cellular activity) X 100] per well.

2.4. Expression of cPLAyx in human embryonic kidney
(HEK) 293T cells and PLA; activity in vitro

HEK293T cells were transfected with pcDNA4/HisMax
A-human cPLA,a by Lipofect AMINE (Invitrogen, Carls-
bad, CA, USA) according to the manufacturer’s protocols.
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The expression of cPLAo was confirmed by immunoblot-
ting using anti-cPLA,a antibody (Santa Cruz, N-216, Santa
Cruz, CA, USA). PLA, activity was measured using 1-
palmitoyl-2-["*C]-arachidonyl phosphatidylcholine as the
substrate as previously described (Muthalif et al., 1996).
Briefly, 50 pl of 10 uM radiolabeled phospholipid ( ~ 6000
dpm per tube) sonicated in 0.1% Triton X-100 was added to
25 ul of the cell lysate fractions (12.5 png protein) and 175
pl of reaction buffer (50 mM HEPES, 1 mg/ml of bovine
serum albumin, 4 mM CaCl,, 10 mM dithiothreitol, pH 7.4).
The reaction mixture (total 250 pul) was incubated at 37 °C
for 30 min. The reaction was stopped by adding 1.25 ml of
Dole’s reagent (1N H,SO,4/n-heptane/isopropanol =2/20/78
ratio). Then 0.75 ml of n-heptane and 0.5 ml of water were
added and centrifugated (5000 X g, 5 min). The supernatant
(0.75 ml) was collected and 0.75 ml of n-heptane and 100
mg of silica were added to the supernatant. After the
centrifugation, the radioactivity in the n-heptane phase
containing [**CJarachidonic acid was quantified.

2.5. Prostaglandin F», formation in PCI12 cells

PC12 cell suspensions were incubated with the DME
medium containing 0.1% fatty acid-free albumin at 37 °C in
the presence of the indicated agents. The contents of
prostaglandin F,, in the supernatant after centrifugation
(1000 x g, 30 s, 4 °C) were determined using an enzyme
immunoassay kit (Cayman). Although 100 uM (30 pg/ml)
sphingosine solution without PC12 cells cross-reacted with
the kit slightly, the 10 uM sphingosine did not show a
significant cross-reactivity.

2.6. Statistics

Values are means + S.E.M. for three to four independent
experiments performed in triplicate assays. In the case of
multiple comparisons, the significance of differences was
determined using one-way analysis of variance by Dunnett’s
or Tukey’s test. For pairwise comparisons, Student’s two-
tailed #-test was used. P values at <0.05 were considered to
be significant.

3. Results

3.1. Effects of C2-ceramide and D-erythro-sphingosine
analogs on [PHJarachidonic acid release in PCI2 cells
and L929 cells

The addition of cell permeable C2-ceramide at 100 uM
significantly stimulated [*H]arachidonic acid release from
the prelabeled PC12 cells in the presence of 2 mM CaCl,
(Table 1). The effect of C2-ceramide was significant at 10
min, and reached a plateau at 20—30 min after addition. p-
erythro-Sphingosine, D-erythro-DMS and p-erythro-DHS at
100 pM slightly inhibited [*H]arachidonic acid release, and

Table 1
Inhibition of [*H]arachidonic acid release by p-erythro-sphingosine and its
analogs, but not p-erythro-S1P, in PC12 cells

Addition [*H]Arachidonic acid release (% of total)
None Tonomycin
None 0.80+0.17 2.51 £0.24°
C2-Ceramide 2.44 +0.45° 5.47 +0.98*°
D-erythro-Sphingosine 0.25 +0.14* 0.25 £ 0.25°
D-erythro-DMS 0.33+£0.09 1.39+0.13°
Dp-erythro-DHS 0.23+0.23 0.64 £0.18°
D-erythro-S1P 048 +0.17 3.14 £0.31
DL-threo-DHS 0.65 £ 0.12 2.55+0.25

The prelabeled PC12 cells were detached from dishes and washed three
times by centrifugation with the Tyrode-HEPES buffer. For measurement of
[*H]arachidonic acid release, cells were incubated for 30 min with vehicle
or 100 uM of the indicated agents in the presence and absence of 5 uM
ionomycin. Values are means + S.E.M. for three to five independent expe-
riments performed in triplicate.

* P<0.05, significantly different from the vehicle (none).

® P<0.05, significantly different from the value in the presence of 5 pt
ionomycin.

5 uM ionomycin alone stimulated the release significantly.
In the presence of 5 pM ionomycin, 100 pM C2-ceramide
stimulated the release, but p-erythro-sphingosine, D-erythro-
DMS and p-erythro-DHS (100 pM, respectively) inhibited
the release. Addition of 10 pM (data not shown) and 100
UM p-eryhtro-S1P had no effect with and without 5 pM
ionomycin. In addition, pL-threo-DHS showed marginal
effects with and without ionomycin. Addition of p-erythro-
sphingosine and Dp-erythro-DHS, but neither p-erythro-
DMS, p-eryhtro-S1P or pL-threo-DHS, inhibited [*H]arach-
idonic acid release induced by 100 uM C2-ceramide plus 5
puM ionomycin in a concentration-dependent manner (Fig.
1). Similar results were obtained in the C2-ceramide-stim-
ulated cells in the absence of ionomycin. The level of
intracellular free Ca®* concentrations in PCI12 cells was
not modified by C2-ceramide at least in the period of 0—30
min after the addition (data not shown), as reported by
Darios et al. (2003).

Similar experiments were conducted in mouse fibroblast
L929 cells, which were confirmed to express cPLA,«a
(Hayakawa et al., 1993; Jayadev et al., 1997). The addition
of 100 pM C2-ceramide also stimulated [*HJarachidonic
acid release from L929 cells with and without 5 uM
ionomycin (Fig. 2). The addition of 50 puM p-erythro-
sphingosine significantly inhibited basal and 100 uM C2-
ceramide-stimulated [*H]arachidonic acid releases from
L929 cells.

Stimulation of cells with various agents that induce
arachidonic acid release also promotes phosphorylation of
cPLA,a (Leslie, 1997; Hirabayashi and Shimizu, 2000).
However, treatment with the inhibitors of protein kinases
(20 pM UO0126 for extracellular signal-regulated kinase
(ERK) pathway, 10 uM SB203580 for p38 mitogen-activat-
ed protein kinase (MAPK), 10 pM G66976 for protein
kinase C) did not inhibit the stimulatory effect of C2-
ceramide in PC12 cells (data not shown). In addition,
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Fig. 1. Effects of p-erythro-sphingosine and its analogs on C2-ceramide-stimulated [*H]arachidonic acid release in PC12 cells. The prelabeled PC12 cells were
incubated for 30 min with the indicated concentrations of pD-erythro-sphingosine (Panel A), p-erythro-DHS (Panel B), p-erythro-DMS (Panel C), pL-threo-
DHS (Panel D) and p-erythro-S1P (Panel E) in the presence of vehicle (O), 100 uM C2-ceramide (Cer, @) and 100 uM C2-ceramide plus 5 pM ionomycin
(Iono, A). The assay mixture was supplemented with 2 mM CaCl,. Values of [*H]arachidonic acid release are normalized as percentages of the value induced
by 100 pM C2-ceramide plus 5 uM ionomycin. The absolute values are shown in Table 1. Values are means + S.E.M. for three independent experiments done

in triplicate.

treatment with RHC80275 (100 uM, an inhibitor of diac-
ylglycerol kinase) and bromoenol lactone (20 and 50 pM, a
fairly selective inhibitor of Ca” “-independent PLA,) did not
modify the C2-ceramide response (data not shown).

3.2. Effects of D-erythro-sphingosine analogs on mastopa-
ran- and Na3VO ,sstimulated [>H]arachidonic acid release
in PC12 cells

Previously, we reported that mastoparan (a wasp venom
peptide) stimulated [*HJarachidonic acid release from PC12
cells probably by activating cPLA, in the absence of extra-
cellular CaCl, (Thang et al., 2000). Addition of p-erythro-
sphingosine and Dp-erythro-DHS inhibited 20 pM masto-
paran-stimulated [*H]arachidonic acid release in the absence

of CaCl, (Fig. 3). The inhibitory effects by these two analogs
were detected at 10 pM and significant at concentrations
greater than 20 uM. When used mastoparan as a stimulant, D-
erythro-DMS inhibited the response in a concentration-de-
pendent manner from 20 puM. p-erythro-S1P showed no
effect at any concentrations and pL-threo-DHS at 100 pM
showed a slight inhibitory effect ( ~ 30%) on mastoparan-
stimulated [*HJarachidonic acid release. The inhibitory effect
of p-erythro-sphingosine on the C2-ceramide- and masto-
paran-stimulated [*HJarachidonic acid release was observed
in the presence of 100 nM phorbol myristate acetate (an
activator of conventional and novel types of protein kinase C,
data not shown). Orthovanadate (Na;VQ,), an inhibitor of
tyrosine phosphatases, stimulated tyrosine phosphorylation
in several proteins and arachidonic acid release in PC12 cells
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Fig. 2. Inhibition of C2-ceramide-stimulated [*H]arachidonic acid release
by Dp-erythro-sphingosine in L1929 cells. The labeled L929 cells were
incubated for 30 min in the presence of 2 mM CaCl, with vehicle or 100
UM C2-ceramide (Cer) with and without 5 uM ionomycin (Iono). The assay
mixture was further supplemented with (hatched column) and without
(while column) 50 uM p-erythro-sphingosine (Sph). Values of [*H]arachi-
donic acid release are normalized as percentages of the basal release by
vehicle (control). The absolute value of [*H]arachidonic acid release was
5.83+£1.65 (% of total, n=3). Values are means+ S.EM. for three
independent experiments done in triplicate. *P<0.035, significantly different
from the control value. ®P<0.05, significantly different from the value
without p-erythro-sphingosine.

(Kitamura et al., 2000; Mori et al., 2001). In the presence of 5
and 10 mM Na3;VO,, 100 uM C2-ceramide stimulated
[*H]arachidonic acid release (Table 2). Interestingly, neither
100 pM p-erythro-sphingosine nor 100 uM p-erythro-DMS
inhibited Na3VO,-stimulated [*H]arachidonic acid release.
Treatment with the tested sphingosine analogs including
C2-ceramide at 100 pM for 1 h did not stimulate lactate
dehydrogenase leakage from PC12 cells; for instance, the

D-erythro-S1P
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Fig. 3. Effects of p-erythro-sphingosine and its analogs on mastoparan-
stimulated [*H]arachidonic acid release in PC12 cells. The prelabeled PC12
cells were washed two times by centrifugation with CaCl,-free buffer. For
measurement of [*H]arachidonic acid release, the cells were incubated for
30 min with 20 uM mastoparan in the absence of CaCl,. The assay mixture
was further supplemented with the indicated concentrations of p-erythro-
sphingosine (O), p-erythro-DHS (A), p-erythro-DMS (O), pL-threo-DHS
(A) and p-erythro-S1P (@). The absolute value of [H]arachidonic acid
release by 20 uM mastoparan was 8.51 £ 0.33 (% of total, n=5). Values are
means = S.E.M. for three independent experiments done in triplicate.

Table 2
Effects of C2-ceramide, D-erythro-sphingosine and D-erythro-DMS on
Na3VO,-stimulated [*H]arachidonic acid release in PC12 cells

Additions [*H]Arachidonic acid release (% of total)

None 5 mM Na;VO, 10 mM NazVO,
None 0.66+0.10 3.83 +£0.39% 7.27+0.67°
C2-Ceramide 1.59£0.26" 5.11+0.29 11.53 £0.92
D-erythro-Sphingosine  0.29 £0.29  2.34 £ 0.35 8.93+0.53
D-erythro-DMS 047+0.13 4.54+0.21 1091 +1.24

The labeled PC12 cells were incubated for 30 min with the indicated agents

(100 pM) in the presence of 2 mM CaCl,. The assay mixture was further

supplemented with vehicle or 5 and 10 mM Na;VO,. Values are

means = S.E.M. for three independent experiments performed in triplicate.
? P<0.05, significantly different from the value without the agents.

values are 5.7 £ 1.3%, 5.9 £ 2.1% and 5.4 £ 1.8% (n=3) in
the vehicle-, C2-ceramide-and p-erythro-sphingosine-trea-
ted cells, respectively, indicating that these reagents did not
cause cell damage.

3.3. Effects of pretreatment with D-erythro-DMS and D-
erythro-sphingosine on arachidonic acid release in PCI2
cells

The PCI12 cells were treated with 100 uM p-erythro-
DMS or 100 uM p-erythro-sphingosine for 20 min, and
then washed twice by centrifugation in the buffer without
these reagents (Table 3, Experiment I). [*H]Arachidonic
acid release induced by 20 pM mastoparan from the p-

Table 3
Effects of pretreatment with p-erythro-DMS and p-erythro-sphingosine on
[*H]arachidonic acid releases induced by C2-ceramide and mastoparan

D-erythro-DMS

Pretreatment Control D-erythro-Sphingosine

[*H]Arachidonic acid release
(% of control)

Experiment I (Pretreatment)

None 100 134 +33 127 +33

C2-Ceramide 306 + 46" 281 +31° 220 + 187
+ionomycin

Mastoparan 1423 + 191* 936 + 220" 614 +131*°

Experiment II (Pretreatment and assay mixture)

None 100 100.4 £ 16.6 not determined
C2-Ceramide 240 + 17° 748 + 220%° not determined
Mastoparan 1555+ 155 185 £+ 25 not determined

The prelabeled PC12 cells were pretreated with vehicle, 100 uM p-erythro-
DMS or 100 uM p-erythro-sphingosine for 20 min at 37 °C in the presence
of 2 mM CaCl,. The cells were washed with the buffer without the
indicated sphingosine analogs two times, and then incubated for 30 min for
measurement of [*HJarachidonic acid release. In Experiment I, 100 pM C2-
ceramide plus 5 pM ionomycin and 20 uM mastoparan were used as
stimuli. In Experiment II, 300 pM C2-ceramide and 20 pM mastoparan
were used as stimuli, and 100 uM p-erythro-DMS was supplemented in the
assay mixture. Some values in Experiment II are means + S.D. of two
independent experiments (n=2).

? P<0.05, significantly different from the control value.

® P<0.05, significantly different from the vehicle-treated cells.
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erythro-DMS- and p-erythro-sphingosine-treated cells was
much lower compared with that from the control cells. The
release induced by 100 uM C2-ceramide plus 5 pM
ionomycin from the p-erythro-DMS-treated cells was sim-
ilar to that from the control cells, and the release from the p-
erythro-sphingosine-treated cells was slightly inhibited
compared with the control. When 100 pM p-erythro-DMS
was supplemented with the assay mixture again, C2-ceram-
ide-stimulated [*H]arachidonic acid release was markedly
enhanced in the p-erythro-DMS-treated cells, although the
mastoparan response was inhibited in the treated cells
(Experiment II).

3.4. Effects of C2-ceramide and D-erythro-sphingosine on
prostaglandin F, formation in PC12 cells

Next we measured the content of prostaglandin F,, in the
medium of PC12 cells. The basal (non-stimulated) forma-
tion of prostaglandin F,, for 30 min was 79.0 + 21.2 pg/ml
(n=4), although the absolute value was variable depending
on the experiments. The addition of 5 pM ionomycin
significantly (about 2-fold) stimulated prostaglandin F,,
formation (Table 4). Addition of 20 pM C2-ceramide also
stimulated prostaglandin F,, formation (154.0 £ 7.5% of
control, n=4). Co-addition of 10 pM p-erythro-sphingosine
significantly inhibited ionomycin-stimulated prostaglandin
F,, formation, without changing basal prostaglandin F,,
formation. The effects induced by C2-ceramide and bD-
erythro-sphingosine at higher concentrations were not de-
termined because the agents alone slightly cross-reacted
with the prostaglandin F,, kit.

3.5. Effects of D-erythro-sphingosine analogs on cPLAjx
activity in vitro

To investigate the direct effects of sphingosine analogs
on cPLA,«a enzyme, we measured cPLA,« activity in vitro
in the presence of these reagents (Fig. 4). We used the
cytosol fractions of HEK293T cells transiently expressing

Table 4
Inhibition of ionomycin-stimulated prostaglandin F, formation by b-
erythro-sphingosine

Vehicle Net increase by
ionomycin
Prostaglandin F,, formation (pg/ml)

79.0 £21.2 70.0 + 14.3*
92.0+15.1 19.3+10.9°

Vehicle
Sphingosine

PC12 cells were cultured with DME medium without fetal bovine serum in
the presence of vehicle or 5 uM ionomycin for 30 min at 37 °C. The
medium was further supplemented with 10 uM sphingosine. The amount of
prostaglandin F,, in the medium was measured using the EIA kit. Values
are means + S.E.M. for three to four independent experiments performed in
triplicate.

* P<0.05, significantly different from the control value.

b P<0.05, significantly different from the value without sphingosine.
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Fig. 4. Effects of p-erythro-sphingosine and its analogs on the cPLA,a
activity in vitro. The activity of cPLA, in the cytosol fractions from
HEK293T cells expressing human cPLA,a was measured as described in
Materials and Methods. The assays were performed in the presence of
vehicle or the indicated concentrations of p-erythro-sphingosine (e-Sph), b-
erythro-DHS (e-DHS), p-erythro-DMS (e-DMS) or p-erythro-S1P (e-S1P).
Values are means + S.D. of three determinations in a typical experiment.
The data are representative of three independent experiments.

human cPLA,a for this purpose. The PLA, activity in 12.5
ng protein of HEK293T cells expressing cPLA,a was
2000-4000 dpm/30 min depending on each experiment,
whereas cells transfected with the control vector did not
show detectable PLA, activity with under 50 dpm. In the
absence of CaCl,, the PLA, activities in the control and the
transfected cells were very low (100 ~ 200 dpm). The
addition of 20 pM bp-erythro-sphingosine, D-erythro-DMS
and p-erythro-DHS, but not p-erythro-S1P, markedly
inhibited the cPLA,a activity in the cytosol fractions from
HEK293T cells transfected with vector encoding human
cPLA,a. The addition of 20 uM bprL-threo-DHS did not
modify the activity, and C2-ceramide at 5 and 20 pM did not
stimulate the activity in the present conditions (data not
shown).

4. Discussion

4.1. C2-ceramide-stimulated arachidonic acid release and
prostaglandin F,, formation in PC12 cells

In the present study, we showed that the addition of C2-
ceramide stimulated arachidonic acid release in PC12 cells
and L929 cells, and prostaglandin F,, formation in PC12
cells. The effect of C2-ceramide on [*H]arachidonic acid
release was marked in the presence of ionomycin and an
inhibitor of Ca® “-independent PLA, did not inhibit the C2-
ceramide response. Addition of C2- and C6-ceramide
stimulated arachidonic acid release from THP-1 monocytic
cells (Pfau et al., 1998) and from mesangial cells (Huwiler
et al., 2001), and C6-ceramide enhanced thrombin-stimu-
lated arachidonic acid release and cPLA, activity in rabbit
platelets (Sato et al., 1999). In addition, it has been reported
C6-ceramide enhanced Ca” “-ionophore-stimulated arachi-
donic acid release via translocation of cPLA, to membrane



H. Nakamura et al. / European Journal of Pharmacology 484 (2004) 9-17 15

fractions in platelets (Kitatani et al., 2000), and that
ceramide bound to the Ca’®-lipid binding domain of
cPLA, and stimulated its activity in vitro (Huwiler et al.,
2001). These findings suggest that C2-ceramide stimulates
arachidonic acid release from cells probably via activation
of cPLA, activity.

Activation of cPLA,« required phosphorylation of serine
residues by a member of MAPK family (Leslie, 1997;
Hirabayashi and Shimizu, 2000), and the ERK pathway is
involved in the ceramide-induced arachidonic acid release
(Sato etal., 1999). In the present study, however, the inhibitor
of the ERK pathway showed no effect on the release, as
shown in mesangial cells (Huwiler et al., 2001). Another
problem is that high concentrations of C2-ceramide greater
than 100 pM were needed for arachidonic acid release in the
tested cells. One of the reasons may that ceramide was
metabolized to sphingosine and its derivatives in cells. As
described below, some sphingosine analogs such as D-
erythro-sphingosine and p-erythro-DHS inhibited arachi-
donic acid release in cells and/or cPLA,« activity.

4.2. Inhibition of arachidonic acid release from cells and
cPLAu activity by D-erythro-sphingosine and D-erythro-
DHS, not p-erythro-SI1P

p-eryth ro-sphingosine inhibited C2-ceramide- and/or
ionomycin- and mastoparan-stimulated [*H]arachidonic acid
release in PC12 cells and L929 cells, and prostaglandin F,,
formation in PC12 cells. The inhibitory effect of p-erythro-
sphingosine on the release appeared to be irreversible,
because the mastoparan response from PC12 cells preincu-
bated with p-erythro-sphingosine was significantly lower
than that from the control cells. The addition of p-erythro-
DHS to an assay mixture also inhibited C2-ceramide- and
mastoparan-stimulated [*H]arachidonic acid release. The
inhibitory effects of p-erythro-sphingosine and p-erythro-
DHS appeared to be selective, because neither p-erythro-S1P
nor DL-threo-DHS showed the inhibitory effect. Since p-
erythro-sphingosine and p-erythro-DMS did not inhibit the
Naz;VO,-stimulated release in PC12 cells, the effects of these
molecules are not mediated through non-specific disruption
of cell membranes. According to the results of LDH leakage
assay, the stimulatory effect by C2-ceramide and the inhib-
itory effect by p-erythro-sphingosine on arachidonic acid
release were not due to cell damage and/or cell toxicity.
Sphingosine analogs such as D-erythro-sphingosine were
inhibitors of protein kinase Cs (Lee et al., 1996), and
sphingosine at concentrations greater than 20 pM inhibited
arachidonic acid release via protein kinase C inhibition in
platelets (Hashizume et al., 1997). However, the present
results and those of a previous study (Murayama et al., 1995)
suggest no involvement of the conventional and novel types
of protein kinase Cs on the responses induced by C2-
ceramide and p-erythro-sphingosine in PC12 cells. Since
D-erythro-sphingosine and p-erythro-DHS inhibited the
cPLA,« activity in vitro, these sphingosine analogs appeared

to inhibit PLA, activity directly in cells. The effectiveness of
the sphingosine analogs on the Na;VOy4-stimulated response
may help to clarify the inhibitory mechanisms of sphingo-
sine. A possible explanation is that the sphingosine analogs
interact with the Ca”"-lipid binding domain, not with the
catalytic domains having the phosphorylation sites, of the
cPLA,« as described in Section 4.4.

PC12 cells express [EDG-5(H218)] and EDG-8 (Nrg-1)
but not EDG-1 or -3 (Van Brocklyn et al., 1998, 1999). It was
reported that exogenous addition of p-erythro-S1P caused
cell rounding and neurite retraction via cell surface receptors,
probably via EDG-5 (H218), in PC12 cells (Sato et al., 1997;
Edsall et al., 1997; Van Brocklyn et al., 1998, 1999;
MacLennan et al., 1999). Neither p-erythro-sphingosine, p-
erythro-DHS nor p-erythro-DMS bound to EDG receptor
family such as EDG-5 and -8 in these studies. p-erythro-
Sphingosine and p-erythro-DHS are substrates for sphingo-
sine kinases (Kohama et al., 1998), and exogenous addition
of 10 uM sphingosine increased the intracellular S1P level by
sphingosine kinases in PC12 cells (Sato et al., 1997). Thus, it
is probable that the inhibitory effects of p-erythro-sphingo-
sine and p-erythro-DHS on the responses (arachidonic acid
release and cPLA,« activity) are derived from p-erythro-S1P.
However, exogenous addition of p-erythro-S1P showed no
effect on the responses. D-erythro-DMS (an inhibitor of
sphingosine kinases) showed inhibitory effects on the
responses, similar to D-erythro-sphingosine. Thus, the inhib-
itory effects on arachidonic acid release (and probably
prostaglandin F,, formation) by p-erythro-sphingosine and
p-erythro-DHS did not appear to be mediated by at least the
reported EDG family receptors.

4.3. Effect of cellular metabolism of sphingosine analogs on
arachidonic acid release

p-erythro-DMS showed dual (stimulatory and inhibito-
ry) effects on [*HJarachidonic acid release in PC12 cells.
Addition of p-erythro-DMS to the assay mixture inhibited
the ionomycin- and mastoparan-stimulated releases in PC12
cells, and inhibited the cPLA,a activity in vitro. The
inhibitory effect appeared to be irreversible at least partial-
ly. When C2-ceramide was used as a stimulant for arach-
idonic acid release, however, the effect of p-erythro-DMS
by the simultaneous addition (Fig. 1B) or by the pretreat-
ment (Table 3) was marginal. In contrast, pretreatment and
co-addition of p-erythro-DMS enhanced C2-ceramide-stim-
ulated [*H]arachidonic acid release (Table 3, Experiment
II). It was reported that treatment with p-erythro-DMS, an
inhibitor of sphingosine kinases (Pyne and Pyne, 2000),
decreased S1P levels but increased ceramide levels in PC12
cells (Edsall et al., 1998). Thus, p-erythro-DMS appeared
to show two pharmacological effects in PC12 cells depend-
ing on conditions; (1) potentiation of the C2-ceramide
response probably via inhibition of sphingosine kinases,
and (2) inhibition of PLA, activity and thus inhibition of
arachidonic acid release in cells. Ceramide-induced apopto-
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sis of neuronal cells depended on conditions such as the
cell density (Hartfield et al., 1997; Ping and Barrett, 1998),
and the effects of sphingolipid metabolites on arachidonic
acid metabolism are different in the cell types and the
stimuli, as described in the Section 1. Recently, it is
reported that ceramide kinase, via the formation of ceram-
ide 1-phosphate, is an upstream modulator of PLA, acti-
vation (Pettus et al., 2003). These findings and reports
suggest that a balance and the cellular metabolism of
sphingolipid molecules in cells play a regulatory role on
PLA, activity and/or arachidonic acid release. It should be
determined the changes of sphingosine and/or ceramide
levels in cells in response to stimuli in future.

4.4. Summary and problems

We showed that (1) C2-ceramide stimulated but p-erythro-
sphingosine inhibited arachidonic acid release and prosta-
glandin F,, formation in cells, (2) p-erythro-sphingosine , D-
erythro-DHS and p-erythro-DMS, not p-erythro-S1P, inhibit
arachidonic acid release, probably via inhibition of cPLA«a
activity. In our preliminary experiments, sphingosine
inhibited the translocation of the cPLA,a fused with a green
fluorescent protein from the cytosol to the perinuclear region
in response to Ca * in the transfected HEK293 cells (data not
shown). It is reported that ceramide bound to the Ca® *-lipid
binding domain of cPLA, and accelerated the translocation of
cPLA, to the membrane fractions (Kitatani et al., 2000;
Huwiler et al., 2001). Determination of the precise mecha-
nisms for stimulation by C2-ceramide and inhibition by
sphingosine on arachidonic acid release remains to be solved.
From the present results, we still could not exclude the
possibility that sphingosine analogs and ceramide uptaken
into the bilayers of membrane phospholipids modulated
membrane susceptibility to PLA, (Franson et al., 1992;
Klapisz et al., 2000).
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