
431

Journal of Pharmacological Sciences

©2009 The Japanese Pharmacological Society

Full Paper

J Pharmacol Sci 109, 431 – 443 (2009)3

Effects of Synthetic Sphingosine-1-Phosphate Analogs on Cytosolic 

Phospholipase A2α–Independent Release of Arachidonic Acid and Cell 

Toxicity in L929 Fibrosarcoma Cells: the Structure–Activity Relationship

Masaya Shimizu1,†, Yuki Muramatsu2,†, Eiko Tada1, Takeshi Kurosawa1, Erika Yamaura1, 
Hiroyuki Nakamura1, Hiromichi Fujino1, Yuuya Houjyo2, Yuri Miyasaka2, Yuuki Koide2, Atsushi Nishida2, 
and Toshihiko Murayama1,*

1Laboratory of Chemical Pharmacology, Graduate School of Pharmaceutical Sciences, Chiba University, 

Inohana 1-8-1, Chuo-ku, Chiba 260-8675, Japan
2Laboratory of Organic Chemistry, Graduate School of Pharmaceutical Sciences, Chiba University, 

Yayoicho 1-33, Inage-ku, Chiba 263-8522, Japan

Received October 21, 2008; Accepted January 18, 2009

Abstract. Sphingolipid metabolites including ceramide, sphingosine, and their phosphorylated

products [sphingosine-1-phosphate (S1P) and ceramide-1-phosphate] regulate cell functions

including arachidonic acid (AA) metabolism and cell death. The development of analogs of S1P

may be useful for regulating these mediator-induced cellular responses. We synthesized new

analogs of S1P and examined their effects on the release of AA and cell death in L929 mouse

fibrosarcoma cells. Among the analogs tested, several compounds including DMB-mC11S

[dimethyl (2S,3R)-2-tert-butoxycarbonylamino-3-hydroxy-3-(3'-undecyl)phenylpropyl phosphate]

and DMB-mC9S [dimethyl (2S,3R)-2-tert-butoxycarbonylamino-3-hydroxy-3-(3'-nonyl)phenyl-

propyl phosphate] released AA within 1 h and caused cell death 6 h after treatment. The release

of AA was observed in C12 cells [a L929 variant lacking a type α cytosolic phospholipase A2

(cPLA2α)] and L929-cPLAα–siRNA cells (L929 cells treated with small interference RNA for

cPLA2α). Treatment with pharmacological inhibitors of secretory and Ca2+-independent PLA2s

decreased the DMB-mC11S–induced release of AA. The effect of the S1P analogs tested on

the release of AA was comparable to that on cell death in L929 cells, and a high correlation

coefficient was observed. Two analogs lacking a butoxycarbonyl moiety [DMAc-mC11S (dimethyl

(2S,3R)-2-acetamino-3-hydroxy-3-(3'-undecyl)phenylpropyl phosphate] and DMAm-mC11S

[dimethyl (2S,3R)-2-amino-3-hydroxy-3-(3'-undecyl)phenylpropyl phosphate)] had inhibitory

effects on the release of AA and cell toxicity induced by DMB-mC11S. Synthetic phosphorylated

lipid analogs may be useful for studying PLA2 activity and its toxicity in cells.

[Supplementary Fig. 1: available only at http:/ /dx.doi.org /10.1254 / jphs.08284FP]

Keywords: sphingosine-1-phosphate, ceramide-1-phosphate, synthetic analog, phospholipase A2, 

cell death

Introduction

There is increasing evidence that sphingolipids are

involved in regulating various cellular functions such as

the actions of enzymes and receptors, membrane trans-

port, and signaling transduction (1 – 4). Metabolites of

sphingolipids such as ceramide, sphingosine, ceramide-

1-phosphate (C1P), and sphingosine-1-phosphate (S1P)

are produced in response to stress and the activation of

receptors in cells. Once S1P is released into extracellular

spaces, it acts as an endogenous agonist for the S1P

receptors, a family of G protein–coupled cell surface

receptors (5, 6). In addition, S1P acts as an intracellular
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messenger, which is important for the regulation of

cellular functions and various kinases (2, 3). Also,

ceramide, sphingosine, and C1P are reported to act as

intracellular signaling molecules (1, 2, 7, 8). The

development of synthetic analogs of S1P and /or C1P,

which can mimic or inhibit the effects of these mole-

cules, may be useful for studying the cellular functions

of sphingolipid metabolites. Previously, we reported that

some synthetic S1P analogs released arachidonic acid

(AA) in a phospholipase A2 (PLA2)-dependent manner

in L929 mouse fibrosarcoma cells (9). In the present

study, we examined the effects of new synthetic S1P

analogs on the release of AA in L929 cells and variant

cells lacking type α cytosolic PLA2 (cPLA2α, group

IVA).

PLA2 enzymes are esterases that hydrolyze at the sn-2

position of glycerophospholipids, releasing a free fatty

acid and lysophospholipid. The released fatty acid is

mainly AA, which can be metabolized to eicosanoids

including prostaglandins and leukotrienes. The PLA2

family consists of over 20 isoforms that differ in their

Ca2+ requirements and cellular localization including

secretion from cells; secretory PLA2, Ca
2+-independent

PLA2, and Ca
2+-dependent and cytosolic PLA2 (cPLA2,

group IV). cPLA2α (group IVA) plays a pivotal role in

providing AA because of its selectivity for phospholipds

containing AA at the sn-2 position (4, 10). In group IV,

cPLA2β (IVB), and cPLA2γ (IVC) require Ca
2+ for their

activity, and newly identified isoforms of cPLA2 includ-

ing δ, ε, and ζ subtypes did not appear to have a

preference for AA in phospholipids (10, 11). So far, the

Ca2+-independent PLA2 (group VIA and VIB) family

and some of the Group IV family show Ca2+-independent

activity (12, 13). Secretory PLA2s require Ca
2+ at mM

concentrations for their activity and contain an even

number of cysteine residues at characteristic positions,

each of which pairs with another specific cysteine to

form a disulfide bridge, thus producing an adequate

ternary structure (14). The PLA2 enzymes and /or release

of AA are involved in various cellular functions

including cell survival and growth (11, 12, 15, 16). C1P

triggered the translocation of cPLA2α from the cytosol

to the perinuclear region in cells via interaction with its

C2 domain and increased the enzyme activity (17, 18).

Several reports including those from our laboratory

showed that sphingolipid-related compounds such as

sphingomyelin, ceramide, C1P, and S1P analogs regu-

lated the activities of PLA2s, including secretory PLA2

(19, 20) and cPLA2α (9, 21 – 23). Thus, synthetic analogs

of S1P /C1P that can regulate the release of AA are

potential therapeutic agents for AA-related diseases,

including immunological disorders and neuronal death

(13, 16).

In the present study, we synthesized various new

analogs of S1P and examined their effects on the release

of AA in L929 cells. The effects of the synthetic

compounds on cell death were also examined. The

potency of the effect on the release of AA was com-

parable to that on cell death in L929 cells. The relation

between the release of AA and cell death is discussed.

Materials and Methods

Materials

[5,6,8,9,11,12,14,15-3H]AA (7.92 TBq /mmol) was

from Amersham (Buckinghamshire, UK). Pyrrophenone

was kindly provided by Dr. Hanasaki (Shionogi Pharm.,

Ltd., Osaka). Bromoenol lactone (BEL), thioetheramide-

phosphorylcholine (TEAPC), secretory PLA2III

(No. 60500, from bee venom), and dithiothreitol (DTT)

were from Cayman (Ann Arbor, MI, USA). 4β-Phorbol

12-myristate 13-acetate and A23187 were from Sigma

(St. Louis, MO, USA). The S1P analogs tested were

synthesized by standard methods in our laboratories and

details of the synthesis will be reported elsewhere. The

formula, structural abbreviation, and compound number

(GS series shown as bold numbers, order of synthesis in

our Lab., No. 1 – 3 and No. 11 were excluded) of each

analog are shown in Fig. 1 (and Supplementary Fig. 1:

available in the online version only). The effects of the

compounds were examined at pharmacological concen-

trations (10 and 30 μM). The concentrations of other

reagents including enzyme inhibitors were the same as

those in previous reports (18, 24, 25). The S1P analogs

having a dimethylated phosphate group were dissolved

in dimethyl sulfoxide, and the final concentration of

dimethyl sulfoxide was under 0.5%. The S1P analogs

having a dihydrogen phosphate group were dissolved in

acetic acid and used after neutralization. The vehicles

containing dimethyl sulfoxide and acetic acid did not

cause release of AA for 1 h, cell toxicity for 6 h, or

morphological changes in L929 cells.

Cell culture and measurement of release of [3H]AA

L929 cells (a murine fibrosarcoma cell line) and

their variant C12 cells lacking cPLA2α were cultured in

Dulbecco’s modified Eagle’s medium supplemented

with 5% heat-inactivated fetal bovine serum. A clone of

L929 cells treated with small interference RNA directed

against mouse cPLA2α (L929-cPLA2α–siRNA cells) was

established as described previously (26). When the cells

achieved 70% – 80% confluence (sub-confluent stage),

they were used for assays [release of AA and lactate

dehydrogenase (LDH) leakage]. The morphological

changes were examined when the cells achieved 40% –

50% confluence. The release of AA was determined as
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described previously (18, 26). Briefly, cells on 12-well

plates were loaded overnight with medium containing

0.2% serum, 0.1% fatty acid-free bovine serum albumin,

and [3H]AA. The labeled and washed cells were stimu-

lated with the tested compounds at 30 μM for 1 h in the

medium. In some cases, cells were cultured with the

respective inhibitors, such as pyrrophenone, for 30 min

before the assay. Then, the medium was collected and

centrifuged at 8,000 × g for 2 min. The 3H content of the

supernatant was estimated, and data are calculated as

percentages of all the radioactivity incorporated

(20,000 – 30,000 dpm per well). The release of AA

without stimuli was dependent on each experiment and

was 2% – 4% of the total incorporated in cells. For

quantitative analyses of the data, in some cases, the

values of fold-stimulation were normalized as a percent-

Fig. 1. Formula, structural abbreviation, and compound number of each S1P analog. [DM] shows the dimethylated phosphate

group. [B], [Ac], and [Am] show the butoxycarbonyl (Boc) moiety, acetylated form, and free form on the amino group at C2,

respectively. C11, C9, and C6 show the length of the carbon chain on the phenyl group. The analogs are classified by the

following criteria (Class). [m] and [p] show the position (meta and para) of the carbon chain on the phenyl group. [S] shows the

saturated form, and [D] and [T] show the existence of double and triple bonds, respectively, in a carbon chain. [OBn] and [F]

show benzylether on the OH group and F on a carbon chain, respectively. MW: molecular weight of the analog and CLogP: the

log P values of the analogs calculated by the CLOG P program (parameter of lipophilicity).
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age of the respective value without stimuli. As a positive

control, release of AA induced by 100 nM 4β-phorbol

12-myristate 13-acetate plus 10 μM A23187 was

measured (25). It is reported that there is release of 3H-

labeled membrane vesicles and fragments as compo-

nents of apoptotic bodies in apoptotic cells (27). In some

experiments, the supernatant was further centrifuged at

10,000 × g for 30 min in order to precipitate the pellet

containing the vesicles and fragments as described

previously (27). In the GS13-treated cells, however, a

large part of the radioactivity was detected in the

supernatant that was collected by the high-speed

centrifugation (data not shown). Thus, the 3H content of

the supernatant appeared to be non-esterified AA or the

soluble metabolites.

Cell viability and morphological changes

The quantification of cell viability was based on the

LDH leakage method as previously described (9). Since

almost all the tested S1P analogs at 30 μM slightly or

markedly caused LDH leakage 6 h after treatment, we

examined the effects at 10 μM. None of the analogs at 10

and 30 μM caused LDH leakage from L929 cells 2 h

after treatment. For observations of morphological

change, L929 cells were cultured with the analogs at

30 μM for 2 h and then washed and cultured with

compound-free medium for 4 h. The morphological

changes were observed 6 h after the stimulation. Treat-

ment with the S1P analogs tested at 30 μM for 6 h caused

morphological changes without exceptions, and the

changes induced by the analogs at 10 μM for 6 h were

quite variable and depended on the experiment. Thus,

we changed the method of application of the S1P

analogs for observations of morphological change.

PLA2 assay in vitro

PLA2 activity in bee venom secretory PLA2 (type III,

Cayman, No 60500; Cayman Chemical Co., Ann Arbor,

MI, USA) was measured using phospholipid vesicles

containing 1-palmitoyl-2-[14C]-arachidonyl phosphatidyl-

choline (1776 MBq /mmol; Perkin Elmer, Boston, MA,

USA) as described previously (25).

Data presentation

Values are means ± S.E.M. for more than three

independent experiments, and the number of experi-

ments is shown in parentheses. Some data are means ±

S.D. for a typical experiment, representative of two or

three independent experiments. In the case of multiple

comparisons, the significance of differences was deter-

mined using a one-way analysis of variance followed

by the Bonferroni test. For pairwise comparisons,

Student’s two-tailed t-test was used. P-values <0.05

were considered significant. The Pearson correlation

coefficient and Spearman ρ were used for measuring

the linear and rank correlation, respectively, between

two variables (28).

Results

Effects of S1P analogs on release of AA from L929 cells

First, we examined the effects of the indicated S1P

analogs (Fig. 1 and Supplementary Fig. 1), having a

dimethylated phosphate group at position C1, a butoxy-

carbonyl (Boc) moiety on the amino group at C2, and a

phenyl group containing a saturated or unsaturated alkyl

chain at C3 of 2-amino-1,3-propanediol as a mimic of

the trans double bond in S1P, at 30 μM on the release of

[3H]AA for 1 h from labeled L929 cells (Table 1). The

log P values of the analogs calculated by the CLOG P

program (Bio-Loom for Windows, ver. 1.0; BioByte) as

parameters of lipophilicity are shown in Fig. 1. DMB-

mC11S (GS13) and DMB-pC11S (GS6), which have a

C11 saturated alkyl chain, and DMB-mC11T (GS26)

and DMB-pC11T (GS25), which have a C11 side chain

with a triple bond, significantly (P<0.01, about 2-fold)

released AA. The responses to DMB-mC11D (GS18)

and DMB-pC11D (GS17), which have a double bond in

the C11 chain, were much less extensive compared with

those to (GS13), (GS6) etc. Among the C9 chain

compounds, DMB-mC9S (GS20), DMB-pC9S (GS19),

DMB-mC9T (GS14), and DMB-pC9T (GS8) signifi-

cantly released AA, and the responses to DMB-mC9D

(GS27) and DMB-pC9D (GS24) were limited. DMB-

mC6T (GS15) and DMB-pC6T (GS10), which have a

triple bond in the C6 chain, had no effect. DMB-H

(GS4), which has a phenyl group without a carbon chain,

had no effect. The release of AA induced by 30 μM

DMB-mC11S (GS13) was not marked for 15 and 30 min

after stimulation, and treatment with DMB-mC11S

(GS13) at 10 μM for 1 h showed a moderate response

(150% – 200% of the control response), although the

response at 5 μM was marginal (data not shown). The

responses by the effective S1P analogs including DMB-

mC11S (GS13) were less than that of the positive

control, which is co-stimulation with 4β-phorbol 12-

myristate 13-acetate and A23187, a strong releaser of AA

via cPLA2α activation in L929 cells (25). To examine a

possible interaction between the compounds, DMB-

mC11S (GS13) was used in the following experiments

since that was a strongest compound in the tested

analogs.

In the presence of 30 μM DMB-mC11S (GS13),

treatment with DMB-mC11T (GS26), but not DMB-

pC11T (GS25), released AA over the additive value.

Treatment with DMB-pC11S (GS6) did not enhance the
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DMB-mC11S (GS13)-induced response. In the presence

of DMB-mC11S (GS13), treatment with DMB-mC9S

(GS20), DMB-pC9S (GS19), DMB-mC9T (GS14), and

DMB-pC9T (GS8), which have a C9 carbon chain

(saturated or triple bond), synergistically released AA

(P<0.05). DMB-mC11D (GS18), DMB-pC11D (GS17),

DMB-mC9D (GS27), and DMB-pC9D (GS24), which

have a double bond in the C11 or C9 carbon chain, did not

change the DMB-mC11S (GS13)-induced release of

AA. Treatment with DMB-mC6T (GS15) or DMB-

pC6T (GS10) inhibited the DMB-mC11S (GS13)-

induced release of AA, although the effect was not

Table 1. Effects of S1P analogs on the release of AA in L929 cells

Compounds (GS-No)
Alone With 30 μM DMB-mC11S (GS13)

Release of AA (% of control)

Vehicle 100% (15) 270 ± 16a (10)

DMB-H (4) 103 ± 7 (5) 209 ± 20 (3)

C11 compounds

DMB-mC11S (13) 270 ± 16a (10) —

DMB-pC11S (6) 163 ± 10a (10) 246 ± 23 (6)

DMB-mC11D (18) 129 ± 5 (6) 329 ± 64 (3)

DMB-pC11D (17) 120 ± 5 (4) 227 ± 32 (3)

DMB-mC11T (26) 241 ± 27a (3) 540 ± 68 (3)

DMB-pC11T (25) 193 ± 13a (4) 375 ± 39 (3)

C9 compounds

DMB-mC9S (20) 234 ± 10a (10) 692 ± 73b (7)

DMB-pC9S (19) 213 ± 13a (6) 611 ± 78b (3)

DMB-mC9D (27) 136 ± 14 (3) 358 ± 41 (3)

DMB-pC9D (24) 124 ± 3.2 (4) 394 ± 66 (3)

DMB-mC9T (14) 169 ± 11a (6) 650 ± 82b (6)

DMB-pC9T (8) 171 ± 7a (10) 578 ± 34b (4)

C6 compounds

DMB-mC6T (15) 115 ± 7 (5) 201 ± 17 (5)

DMB-pC6T (10) 119 ± 7 (5) 196 ± 34 (4)

DMB-mC11S analogs

DMAc-mC11S (22) 100 ± 6 (7) 154 ± 3c (6)

DMAm-mC11S (23) 91.1 ± 5.3 (6) 169 ± 13c (6)

DMB-mC11D analog

DMB-mC11DF5 (21) 179 ± 13a (5) 308 ± 11 (3)

DMB-pC9T analog

DMB-OBn-pC9T (12) 173 ± 17a (5) 254 ± 30 (4)

Native S1P analog

DMB-S1P (16) 136 ± 8 (4) 194 ± 21 (5)

Dihydrogen phosphate analogs

DHAm-H (5) 107 ± 11 (3) 216 ± 13 (3)

DHAm-pC11S (7) 120 ± 9 (5) 314 ± 65 (4)

DHAm-pC9T (9) 106 ± 12 (5) 317 ± 55 (4)

4β-PMA + A23187 463 ± 36 (Ref. 25) Not determined

Labeled L929 cells were treated with the indicated S1P analogs at 30 μM in the presence or absence of 30 μM DMB-

mC11S (GS13) for 1 h. Data are means ± S.E.M. for the indicated number (n) of experiments, each performed in

duplicate or triplicate. aP<0.01, significantly different from the control (vehicle-treated) cells; bP<0.05, significantly

different from the additive values; cP<0.05, significantly different from DMB-mC11S (GS13)-induced values. As a

positive control for release of AA, labeled L929 cells were stimulated with 100 nM 4β-phorbol 12-myristate 13-

acetate (4β-PMA) plus 10 μM A23187 for 30 min (Ref. 25).
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significant because of large variation.

Next, we investigated several modified S1P analogs

(Table 1). DMAc-mC11S (GS22) and DMAm-mC11S

(GS23), which are analogs of DMB-mC11S (GS13)

having different structures on the amino group at posi-

tion C2, did not release AA. Interestingly, both the

compounds significantly (P<0.05) inhibited the DMB-

mC11S (GS13)-induced release of AA. Treatment with

10 μM A23187 (Ca2+ ionophore) released AA via activa-

tion of cPLA2α in L929 cells (18, 24). Treatment with

30 μM DMAc-mC11S (GS22) and DMAm-mC11S

(GS23) did not inhibit the A23187-induced release of

AA in L929 cells; the release was 199 ± 24 (% of

control, n = 6) on treatment with A23187 alone, 276 ±

22% (n = 3) with A23187 /DMAc-mC11S, and 181 ±

8% (n = 3) with A23187 /DMAm-mC11S. Treatment

with DMB-mC11DF5 (GS21, an analog of DMB-

mC11D) and DMB-OBn-pC9T (GS12, DMB-pC9T

analog) alone released AA from L929 cells, and the

response by DMB-S1P (GS16, native S1P analog) was

limited. Treatment with DMAm-H (GS5), a simplified

analog of DMB-H (GS4), had no effect on the release of

AA with and without DMB-mC11S (GS13). DHAm-

pC11S (GS7) and DHAm-pC9T (GS9), which are lack-

ing a N-Boc moiety, and the non-methylated forms of

DMB-pC11S (GS6) and DMB-pC9T (GS8), respec-

tively, had no effect.

S1P analog-induced release of AA via PLA2, but not

cPLA2α

Previously, we reported that some synthetic S1P

analogs at pharmacological concentrations released AA

from cells in a PLA2-dependent, but not cPLA2α-

dependent, manner (9). Next, we examined the S1P

analog-induced release of AA in two types of L929

variants expressing no and /or extremely low levels of

cPLA2α. We have established a clone of L929 cells

lacking cPLA2α by the siRNA method (L929-cPLA2α–

siRNA cells, Ref. 26). Table 2 shows the analog-induced

release of AA from L929-cPLA2α–siRNA cells. The

analogs that released AA from native L929 cells

including DMB-mC11S (GS13) and DMB-mC9S

(GS20) significantly released AA from L929-cPLA2α–

siRNA cells, and the less effective compounds in L929

cells such as DMB-mC6T (GS15), DMB-pC6T (GS10),

DMAc-mC11S (GS22), and DMAm-mC11S (GS23) did

not release AA from the siRNA cells. The release of AA

induced by the S1P analogs was very similar between

Table 2. Effects of S1P analogs on release of AA in L929-cPLA2α–siRNA cells and C12 cells

Compounds (GS-No)
L929-cPLA2α–siRNA cells C12 cells

Alone with DMB-mC11S (13) Alone

Release of AA (% of control)

Vehicle 100% (12) 197 ± 5a (12) 100%

DMB-mC11S (13) 197 ± 5a (12) — 254, 148 (2)

DMB-pC11S (6) 148 ± 14 (6) 208 ± 13 (3) 190 ± 21a (6)

DMB-mC11T (26) 178, 151 (2) 328, 264 (2) ND

DMB-pC11T (25) 129 ± 8a (6) 230 ± 30 (5) ND

DMB-mC9S (20) 182 ± 23a (10) 414 ± 34b (6) ND

DMB-pC9S (19) 190 ± 15a (4) 441 ± 39b (4) ND

DMB-mC9D (27) 139, 124 (2) 253, 260 (2) ND

DMB-mC9T (14) 127 ± 4a (6) 335 ± 30 (6) 141 (1)

DMB-pC9T (8) 132 ± 3a (5) 391 ± 47b (3) 180 ± 11a (5)

DMB-mC6T (15) 109 ± 2 (4) 199 ± 9 (5) 103 (1)

DMB-pC6T (10) 116 ± 11 (5) 240 ± 10 (3) 117 ± 10 (3)

DMAc-mC11S (22) 93.9 ± 5.1 (5) 116 ± 8c (5) 90.6 (1)

DMAm-mC11S (23) 80.4 ± 2.4a (5) 130 ± 8c (5) ND

DMB-mC11DF5 (21) 155 ± 17 (4) 232 ± 20 (3) 165 (1)

DMB-OBn-pC9T (12) 125 ± 9 (3) 213 ± 17 (3) 143 (1)

DMB-S1P (16) 111, 128 (2) 183, 165 (2) ND

Labeled L929-cPLA2α–siRNA cells and C12 cells were treated with the indicated S1P analogs at 30 μM in the presence and

absence of 30 μM DMB-mC11S (GS13) for 1 h. Data are means ± S.E.M. for the indicated number (n) of experiments, each

performed in duplicate or triplicate. In some cases, values from one or two independent experiments are shown (n = 1 – 2).
a
P<0.01, significantly different from the control (vehicle-treated) value in the respective cells; bP<0.05, significantly different

from the additive value; cP<0.05, significantly different from the DMB-mC11S (GS13)-induced value. ND, not determined.



Release of AA by Synthetic S1P Analogs 437

L929-cPLA2α–siRNA cells and native L929 cells, with a

high correlation coefficient [Pearson r = 0.929 (Fig. 2)

and Spearman ρ = 0.895]. Treatment with DMB-mC9S

(GS20), DMB-pC9S (GS19), and DMB-pC9T (GS8)

synergistically enhanced the DMB-mC11S (GS13)-

induced release of AA, and both DMAc-mC11S (GS22)

and DMAm-mC11S (GS23) significantly inhibited the

DMB-mC11S (GS13)-induced response in the siRNA

cells. The L929 variant C12 cell line expresses no

and /or undetectable levels of cPLA2α (24, 26). DMB-

mC11S (GS13), DMB-pC11S (GS6), and DMB-pC9T

(GS8) markedly or significantly released AA from C12

cells, like from L929 cells. Treatment of L929 cells with

10 μM pyrrophenone, which is reported to be a selective

inhibitor of cPLA2α (26, 29) and to inhibit cPLA2α-

mediated release of AA in L929 cells (25), did not

inhibit the DMB-mC11S (GS13)- and DMB-mC9S

(GS20)-induced release of AA (Table 3). The data

shown above exclude the involvement of cPLA2α in the

S1P analog–induced release of AA from cells.

Ca2+-independent PLA2 enzymes are inhibited by

BEL, which does not inhibit secretory PLA2 or cPLA2α

at similar concentrations (12). Treatment with 10 μM

BEL partially, but significantly, inhibited the DMB-

mC11S (GS13)- and DMB-mC9S (GS20)-induced

release of AA from L929 cells (Table 3). Treatment

with 10 μM TEAPC, an inhibitor of secretory PLA2 (30),

inhibited the analog-induced release of AA. Also,

treatment with the inhibitors decreased the S1P analog-

induced responses in L929-cPLA2α–siRNA cells. Treat-

ment with 2 mM DTT, which inhibited secretory PLA2

Fig. 2. Positive correlation between S1P analog–stimulated release

of AA in L929 cells and that in L929-cPLA2α–siRNA cells. The

release of AA stimulated by the analogs at 30 μM for 1 h in L929

cells and the release in L929-cPLA2α–siRNA cells are shown on

the x axis and y axis, respectively. Data are presented as a percentage

of the control (vehicle-treated) value, and data from over three

independent experiments were used for the analysis.

Table 3. Effects of PLA2 inhibitors on S1P analog–induced release of AA in L929 cells and L929-

cPLA2α–siRNA cells

Inhibitors
Release of AA (% of net release by the analogs)

DMB-mC11S (GS13) DMB-mC9S (GS20)

L929 cells

Vehicle 100% (4) 100% (4)

BEL 42.8 ± 3.4a (3) 57.0 ± 7.6a (3)

TEAPC 64.6 ± 2.4a (3) 69.8 ± 7.0a (3)

Pyrrophenone 92.8 ± 9.4 (3) 119 ± 3 (3)

L929-cPLA2α–siRNA cells

Vehicle 100% (4) 100% (3)

BEL 14.3, 14.2 (2) 24.2, 44.9 (2)

TEAPC 50.4 ± 6.2a (3) 21.2, 52.1 (2)

Pyrrophenone 126 ± 19 (3) Not determined

Labeled and washed L929 cells or L929-cPLA2α–siRNA cells were incubated for 30 min with vehicle or

the respective inhibitor (10 μM BEL, 10 μM TEAPC, or 10 μM pyrrophenone) and then stimulated with

30 μM DMB-mC11S (GS13) or 30 μM DMB-mC9S (GS20) for 1 h in the presence of the same concentra-

tions of the inhibitors. The release of AA was 206 ± 24 (% of control, n = 4) and 216 ± 15 (n = 4) in the

DMB-mC11S (GS13)- and DMB-mC9S (GS20)-treated L929 cells, respectively, and the values without

the analogs in the inhibitor alone–treated cells were 95 – 105 (% of control, n = 6). The release of AA was

187 ± 13 (% of control, n = 4) and 248 ± 47 (n = 3) in the DMB-mC11S (GS13)- and DMB-mC9S (GS20)-

treated L929-cPLA2α–siRNA cells, respectively. In order to clarify the effects of the inhibitors, the net

increase of S1P analog–induced release of AA release is normalized as a percentage of the control value in

each experiment. Data are means ± S.E.M. for the indicated number (n) of experiments, each performed in

duplicate or triplicate. aP<0.05, significantly different from the control value without the inhibitors.
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activity in vitro (14) and the release of AA via activation

of secretory PLA2 in intact cells (31), markedly inhibited

the analog-induced release of AA; the values were

224 ± 31 (% of control, mean ± S.D. of three determina-

tions) by 30 μM DMB-pC11S (GS6), 124 ± 4% by

DMB-pC11S /DTT, 200 ± 24% by DMB-pC9T (GS8),

108 ± 4% by DMB-pC9T /DTT, and 96.1 ± 8.3% by

DTT alone in a typical experiment. These findings

suggest that analogs such as DMB-mC11S (GS13) are

likely to release AA in secretory PLA2– and /or Ca
2+-

independent PLA2–mediated pathways, although the

exact mechanism(s) of activation induced by the analogs

remained to be solved. Whether the analogs directly

interact with the PLA2 enzymes or not remained to be

elucidated. In preliminary experiments, addition of

DMB-mC11S (GS13) at 5 – 30 μM did not change the

activity of secretory PLA2 (type III, 0.01 μg /mL) from

bee venom under our experimental conditions using

phospholipids vesicles. In a typical experiment, the

values were 6800 ± 155 dpm / tube with vehicle and

7500 ± 250 with 10 μM DMB-mC11S (GS13).

Morphological changes and LDH leakage induced by

synthetic S1P analogs

Figure 3 shows the morphological changes induced

by the S1P analogs in L929 cells. In this experiment,

L929 cells were treated with 30 μM of analog or vehicle

for 2 h, and then the medium was removed and further

cultured with fresh medium without analogs for 4 h. The

morphological changes were observed by phase contrast

microscopy. The cells treated with DMB-mC11S

(GS13), DMB-pC11S (GS6), and DMB-mC9S (GS20)

Fig. 3. S1P analog-induced morphological changes in L929 cells. L929 cells were treated with vehicle or the indicated analogs

at 30 μM for 2 h. Then, the cells were washed and cultured with fresh medium without the analogs for 4 h. The morphological

changes were observed by phase contrast microscopy. Data are from a representative experiment repeated three times with similar

results. The results concerning morphological changes induced by other analogs are summarized in Table 4.
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appeared round with vacuoles. Treatment with DMB-H

(GS4), DMB-pC11D (GS17), DMB-mC6T (GS15),

DMB-pC6T (GS10), and DMB-S1P (GS16) had no

effect on morphology at 6 h after treatment. Table 4

shows the degree of morphological change induced by

the analogs. Most of the analogs that caused morpho-

logical changes released AA within 1 h and LDH

leakage after 6 h by treatment in L929 cells, although

some compounds such as DMB-OBn-pC9T (GS12) and

DMB-S1P (GS16) caused the release of AA but not

morphological changes. Similar morphological changes

were observed in C12 cells; DMB-mC11S (GS13)

showed a strong effect, but DHAm-pC11S (GS7) did

not (data not shown).

Next, we investigated LDH leakage from L929 cells

at 6 h and 24 h after treatment with the S1P analogs at

10 μM (Table 4). Treatment with DMB-mC11S (GS13),

DMB-mC11T (GS26), DMB-pC11T (GS25), DMB-

mC9S (GS20), and DMB-pC9S (GS19) markedly and /or

significantly caused LDH leakage within 6 h. Although

the effects of DMB-pC11S (GS6), DMB-mC9T (GS14),

and DMB-pC9T (GS8) were not clear within 6 h, these

compounds markedly caused leakage 24 h after treat-

ment. DMB-mC11D (GS18), DMB-pC11D (GS17),

DMB-mC9D (GS27), and DMB-pC9D (GS24), which

have a double bond in the carbon chain on the phenyl

group and were less effective in the release of AA,

appeared to cause LDH leakage markedly and /or

Table 4. Effects of S1P analogs on LDH leakage and morphological changes in L929 cells

Compounds (GS-No)
LDH leakage (% of total)

Morphological changes
6 h 24 h

Vehicle 3.58 ± 0.34 (9) 3.65 ± 0.58 (9) −

DMB-H (4) 4.01 ± 1.18 (3) 6.76 ± 1.29 (3) −

C11 compounds

DMB-mC11S (13) 53.0 ± 5.7b (4) over 90 (4) +++

DMB-pC11S (6) 13.6 ± 5.3 (4) 77.6 ± 7.4b (4) ++ ~ +++

DMB-mC11D (18) 30.1 (1) ~ 90 (1) −

DMB-pC11D (17) 55.5 (1) ~ 80 (1) −

DMB-mC11T (26) 68.8, 76.9 (2) over 90 (2) +++

DMB-pC11T (25) 58.9 ± 11.3b (4) over 90 (4) +++

C9 compounds

DMB-mC9S (20) 87.7 ± 1.7b (3) over 90 (3) +++

DMB-pC9S (19) 70.5 ± 8.4b (3) over 90 (3) ++ ~ +++

DMB-mC9D (27) 9.91, 4.34 (2) 57.0 ± 2.2b (3) + ~ ++

DMB-pC9D (24) 36.9 ± 2.2a (3) ~ 80 (3) −

DMB-mC9T (14) 29.7 ± 12.2 (7) 67.7 ± 16.5b (6) −

DMB-pC9T (8) 29.8 ± 12.0 (4) 84.3 ± 7.2b (4) +/−

C6 compounds

DMB-mC6T (15) 5.66 ± 1.55 (4) 7.63 ± 4.13 (4) −

DMB-pC6T (10) 4.40 ± 1.31 (4) 5.37 ± 1.27 (4) −

DMAc-mC11S (22) 8.63 ± 2.52 (4) 29.7 ± 9.8a (4) −

DMAm-mC11S (23) 4.72 ± 1.28 (3) 3.90 ± 0.39 (3) −

DMB-mC11DF5 (21) 56.7 ± 3.0b (3) over 90 (3) ++

DMB-OBn-pC9T (12) 20.9 ± 4.8a (4) 85.2 ± 4.5b (4) − ~ +/−

DMB-S1P (16) 9.65 ± 3.0 (4) 75.4 ± 3.8b (4) −

DHAm-H (5) 1.39 ± 0.66 (3) 5.64 ± 1.58 (3) −

DHAm-pC11S (7) ND ND +/− ~ +

DHAm-pC9T (9) ND ND −

For the LDH leakage assay, L929 cells were treated with the indicated S1P analogs at 10 μM for 6 and 24 h. Data are means ± S.E.M.

for the indicated number (n) of experiments, each performed in duplicate or triplicate. In some cases, values from one or two

independent experiments are shown (n = 1 – 2). aP<0.05, bP<0.01, significantly different from control (vehicle-treated) cells. ND,

not determined. For the analysis of morphological changes, L929 cells were treated with the analogs as described in Experimental

procedures. The changes were expressed as (−) absent, (+/−) inconclusive, (+) weak, (++) moderate, and (+++) strong.
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significantly 24 h after treatment. By contrast, DMB-H

(GS4), DMB-mC6T (GS15), and DMB-pC6T (GS10)

did not show toxicity even 24 h after treatment. The

effects of DMAc-mC11S (GS22) and DMAm-mC11S

(GS23) on LDH leakage were limited at 6 and 24 h

after treatment, and those of DMB-mC11DF5 (GS21),

DMB-OBn-pC9T (GS12), and DMB-S1P (GS16) were

marked at 24 h after treatment. In the case of treatment

for 6 h, the degree of LDH leakage induced by the

effective S1P analogs seemed to correspond to the

degree of morphological change. Figure 4 shows that

there is a strong positive correlation between the analog-

induced release of AA and the LDH leakage in L929

cells; the coefficient values were 0.839 (Pearson r) and

0.877 (Spearman ρ). The cytotoxicity 24 h after treat-

ment appeared to be complex, since DMB-S1P (GS16),

which had no effect on release of AA and morphological

changes in the short periods (1 – 6 h), caused LDH

leakage.

The LDH leakage induced by 10 μM DMB-mC11S

(GS13) for 6 h was significantly inhibited by 10 μM

TEAPC, but not by 10 μM pyrrophenone (Table 5). The

leakage induced by 10 μM DMB-mC9S (GS20) was also

inhibited by the TEAPC treatment. The effect of 10 μM

BEL on the DMB-mC11S (GS13)-induced LDH leakage

was not determined since the treatment with BEL alone

caused marked leakage 6 h after the treatment (data not

shown). Treatment with 10 μM DMAc-mC11S (GS22)

and DMAm-mC11S (GS23) at least half inhibited the

LDH leakage induced by 10 μM DMB-mC11S (GS13).

In a typical experiment from two representative experi-

ments, LDH leakage (% of total) for 4 h was 20.1 ± 3.0

(mean ± S.D. of three determinations) in 10 μM DMB-

mC11S–treated cells, 6.7 ± 0.9 in DMB-mC11S /DMAc-

mC11S–treated cells, and 12.6 ± 1.2 in DMB-mC11S

/DMAm-mC11S–treated cells. The addition of 100 μM

AA caused LDH leakage from L929 cells 6 h after

treatment; the values in two independent experiments

were 58% and 45%, respectively. The response to 10 μM

AA was limited. The release of AA induced by the

effective S1P analogs such as DMB-mC11S (GS13) and

DMB-mC9S (GS20) was detected in the washed L929

cells that were treated with the analogs for 2 h and then

cultured for 4 h without the analogs (data not shown).

Thus, the S1P analog–induced release of AA appears to

be irreversible, although the release for 4 h (total 6 h

after the treatment) may induce spontaneous release

from the damaged cells.

Discussion

Structure–activity relationship of synthetic S1P analogs

for release of AA

Previously, we reported that synthetic S1P analogs

including D-erythro-N,O,O-trimethyl-S1P that had no

affinity for S1P receptors released AA from C12 cells

and from L929 cells in a cPLA2α-independent manner

(9). In the present study, we synthesized several S1P

analogs in order to study the regulation of this release by

sphingolipid-related molecules. The analogs used in this

study have several modifications; dimethylation of the

C1 phosphate group, N-Boc on the C2 amino-moiety,

and substitution of the C3 phenyl group with or without

a carbon chain that mimics a double bond of S1P. For

example, DMB-mC11S (GS13) having a dimethylated

Fig. 4. Positive correlation between S1P analog–stimulated release

of AA and LDH leakage in L929 cells. The release of AA for 1 h and

the LDH leakage for 6 h induced by the S1P analogs are shown on the

y axis and x axis, respectively. Data for the release of AA and leakage

of LDH were presented as a percentage of the control value and as a

percentage of the total LDH activity, respectively. Data from over

three independent experiments were used for the analysis.

Table 5. Effects of PLA2 inhibitors on DMB-mC11S (GS13)- and

DMB-mC9S (GS20)-induced LDH leakage from L929 cells

Inhibitors
LDH leakage (% of total)

DMB-mC11S (GS13) DMB-mC9S (GS20)

Vehicle 60.3 ± 9.8 (3) 79.8 ± 4.7 (4)

TEAPC 27.0 ± 12.0a (3) 38.9 ± 9.0a (4)

Pyrrophenone 50.4 ± 11.4 (3) 53.5 ± 10.7 (4)

L929 cells were incubated for 30 min with vehicle, 10 μM TEAPC, or

10 μM pyrrophenone and then treated with 10 μM DMB-mC11S

(GS13) or 10 μM DMB-mC9S (GS20) for 6 h in the presence of the

same concentrations of the inhibitors. Treatment with TEAPC or

pyrrophenone alone had no effect on the LDH leakage; the values

were 4% – 6%. Data are means ± S.E.M. for the indicated number (n)

of experiments, each performed in duplicate or triplicate. aP<0.01,

significantly different from the control (vehicle-treated) cells.
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phosphate group, a N-Boc group, and a phenyl group

with a meta C11 saturated carbon chain, could markedly

release AA from L929 cells. D-erythro-O,O-Dimethyl-

S1P is inactive upon binding to cells expressing S1P

receptors such as S1P1-3 receptors (32), and the proto-

nated amino group of S1P is critical for the recognition

of S1P by the S1P1 receptor (33). Methylation of the

C1 phosphate group and the C2 amino-group of S1P

eliminate S1P’s ability to interact with S1P receptors.

Thus, DMB-mC11S (GS13) is not likely to interact with

S1P receptors on L929 cells if the receptors exist in the

cells. Unlike S1P, the compounds tested including

DMB-mC11S (GS13) did not cause a rapid increase

in the intracellular Ca2+ concentration in HeLa cells

expressing S1P1 receptors (data not shown). We could

not rule out the possibility of the involvement of

unknown cell-surface receptors.

The release of AA induced by DMB-mC11S (GS13),

DMB-pC11S (GS6), DMB-mC11T (GS26), and DMB-

pC11T (GS25) was much greater than that by DMB-

mC11D (GS18) and DMB-pC11D (GS17) having a

double bond in the C11 carbon chain. Among the analogs

having a C9 chain, similarly, the response to DMB-

mC9S (GS20) and DMB-mC9T (GS14) was greater

than that to DMB-mC9D (GS27) or DMB-pC9D (GS24)

having a double bond in the alkyl chain. The double

bond may disturb the conformation and /or flexibility of

the compounds for interaction with the target mole-

cule(s) resulting in the release of AA. Furthermore, the

specified carbon chain, which is longer than C6 and does

not have a double bond, appeared to have a critical role

in the analog-induced release of AA. The reasons were

1) DMB-H (GS4), DMB-mC6T (GS15), and DMB-

pC6T (GS10) had no effect, and 2) analogs such as

DMB-mC11T (GS26), DMB-mC9S (GS20), and DMB-

mC9T (GS14) synergistically enhanced the DMB-mC11S

(GS13)-induced response. The position of the carbon

group (meta or para) on the phenyl group of S1P analogs

did not appear to have a critical role in the release of AA.

Treatment with DMB-OBn-pC9T (GS12) having a

benzylether group on the C3 hydroxy group released AA

and did not affect the DMB-mC11S (GS13)-induced

response. Interestingly, modification of the C2 amino

group of DMB-mC11S [DMAc-mC11S (GS22) and

DMAm-mC11S (GS23)] had an antagonistic and /or

inhibitory effect on the DMB-mC11S (GS13)-induced

response. These results suggest that the synthetic S1P

analogs regulate the release of AA in cells with a

structure-activity relationship.

S1P analog induced release of AA via secretory and/or

Ca2+-independent PLA2, not via cPLA2α

S1P analogs such as DMB-mC11S (GS13), DMB-

pC11S (GS6), DMB-mC11T (GS26), and DMB-pC9T

(GS8) released AA not only from L929 cells but also

from L929 cells lacking cPLA2α (L929-cPLA2α–siRNA

cells and C12 cells). The response in L929-cPLA2α–

siRNA cells was very similar to that in native L929

cells, and a higher correlation coefficient was observed.

The release of AA induced by the effective analogs

was at least partially decreased by the inhibitors of PLA2

including DTT and TEAPC, but not by an inhibitor of

cPLA2α (pyrrophenone). Treatment with DMAc-mC11S

(GS22) and DMAm-mC11S (GS23), which alone had

no effect, inhibited the DMB-mC11S (GS13)-induced

release of AA from cells. The analogs that released AA

within 1 h did not cause LDH leakage 2 h after treat-

ment. Thus, the release of AA induced by the effective

S1P analogs for 1 h after treatment is mediated by PLA2-,

but not cPLA2α-, dependent pathways, and the response

is not due to cell toxicity.

Treatment with DTT or TEAPC, general inhibitors of

secretory PLA2s, decreased the DMB-mC11S (GS13)-

and DMB-mC9S (GS20)-induced release of AA

(Table 3). It is reported that ceramide activated secretory

PLA2s including types IIa, V, and X, and the enzymes

with ceramide prefer AA-containing phospholipids (19,

20). Under our conditions with type III secretory PLA2

from bee venom, however, we could not detect direct

activation of the enzyme by DMB-mC11S (GS13).

Since treatment with 10 μM BEL, which does not inhibit

secretory PLA2 or cPLA2α (12), inhibited the S1P

analog–induced responses, the analogs may stimulate

Ca2+-independent PLA2, resulting in the release of AA.

It is reported that free cholesterol loading, which might

be attributable to induction of endoplasmic reticulum

stress, released AA and caused apoptosis of mouse

macrophages in a β-isoform Ca2+-independent PLA2-

mediated pathway (34). The effective S1P analogs for

the release of AA such as DMB-mC11S (GS13), which

are lipophilic compounds with larger log P values, may

interact with intracellular organelles, resulting in the

activation of secretory and Ca2+-independent PLA2s.

Further identification of the molecular target(s) of the

effective S1P analogs including the subtypes of secretory

and Ca2+-independent PLA2s remains to be conducted. In

addition, possible roles of other subtypes of cytosolic

PLA2s such as β and γ types on S1P analogs–induced

release of AA should be determined.

Possible role of release of AA in cell death

In the present study, a higher correlation coefficient

was observed between the S1P analog–induced release

of AA for 1 h and cell death at 6 h after treatment in

L929 cells (Fig. 4). Lipophilicity of the analogs did not

appear to account for variations of AA release, morpho-
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logical changes, and LDH leakage 6 h after treatment.

S1P analogs released AA, which was followed by LDH

leakage in L929 cells (and in C12 cells), and treatment

with some analogs [DMAc-mC11S (GS22) and DMAm-

mC11S (GS23)] inhibited both the AA release and

leakage of LDH induced by DMB-mC11S (GS13).

Treatment with TEAPC at least partially but signifi-

cantly inhibited both the release of AA and leakage of

LDH induced by DMB-mC11S (GS13). The addition of

100 μM AA caused marked toxicity in L929 cells. Thus,

the S1P analog–induced release of AA appears to be

linked with cell death in L929 cells. AA has been known

to regulate the activity and function of many proteins

and cell growth, differentiation, and survival in direct

and indirect manners (16, 34). In L929 cells, AA is

reported to increase ceramide levels via the activation

of sphingomyelinase and resulting cell death (35). Ca2+-

independent PLA2 (β-isofrom) is reported to participate

in endoplasmic reticulum stress-induced apoptosis in

insulinoma cells (36) and in macrophages (34). Secretory

PLA2s play important roles in cell damage under patho-

logical conditions including inflammation and athero-

geneis (14, 16, 20). These findings including our data

suggest the cytotoxicity induced by AA. Under our

conditions, we measured extracellular 3H content and

have not identified the molecules derived from AA. The

eicosanoids produced from AA metabolism in cells may

play a role in cell death. In addition, many enzymes

responsible for metabolizing AA produce hydroperoxides

and other oxidative species, which are highly reactive

and show cytotoxicity at low intracellular concentrations

(4, 37). The identification of the molecule(s) that is

derived from AA and shows cytotoxicity is in progress

in our laboratory. The metabolism of AA and /or

sphingolipids has important roles in physiological and

pathophysiological aspects including immune responses

(1, 8). Synthetic analogs of S1P may be useful for

regulating the release of AA and cell survival.
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