
Biochem. J. (1998) 336, 491–500 (Printed in Great Britain) 491

Stimulatory and inhibitory actions of lysophosphatidylcholine, depending on
its fatty acid residue, on the phospholipase C/Ca2+ system in HL-60
leukaemia cells
Fumikazu OKAJIMA*1, Koichi SATO*, Hideaki TOMURA*, Atsushi KUWABARA*, Hiromi NOCHI†, Koichi TAMOTO†, Yoichi KONDO*,
Yukiko TOKUMITSU‡ and Michio UI§
*Laboratory of Signal Transduction, Institute for Molecular and Cellular Regulation, Gunma University, 3-39-15 Showa-machi, Maebashi 371-8512, Japan, †Department of
Microbiology, Faculty of Pharmaceutical Sciences, Health Sciences University of Hokkaido, Ishikari-Tobetsu, Hokkaido 061-02, Japan, ‡Department of Physiological
Chemistry, Faculty of Pharmaceutical Sciences, Hokkaido University, Sapporo 011, Japan, and §The Tokyo Metropolitan Institute of Medical Science, Honkomagome
3-18-22, Tokyo, Japan

We examined the mechanism of action of lysophospha-

tidylcholine (LPC), which is suggested to be involved in the

pathogenesis of atherosclerosis and inflammatory disorders, in

HL-60 leukaemia cells. Extracellular 1-palmitoyl LPC increased

the intracellular Ca#+ concentration in association with pro-

duction of inositol phosphate. These actions of LPC were

markedly inhibited by treatment of the cells with pertussis toxin

and U73122, a phospholipase C inhibitor. The lipid-induced

stimulation of the phospholipase C}Ca#+ system was also attenu-

ated in the dibutyryl cAMP-induced differentiated (neutrophil-

like) cells, in which phospholipase C activation induced by NaF

or formyl-Met-Leu-Phe was enhanced. In contrast with the

stimulatory action of 1-palmitoyl LPC, 1-stearoyl LPC was

inhibitory for the phospholipase C}Ca#+ system stimulated by

INTRODUCTION

It has been shown that secretory phospholipase A
#

(PLA
#
)

released into the circulation can contribute to the development of

haemorrhagic and inflammatory disorders, including acute pan-

creatitis, arthritis and septic shock [1,2]. Recent study revealed

that the enzymic generation of lysophosphatidylcholine (LPC) is

essential for the secretory PLA
#
-mediated inhibition of platelet

activation, which can result in haemorrhagic diseases [3,4]. The

secretory PLA
#
might also be present in low-density lipoprotein

(LDL) in the circulation and activated during oxidation [2].

Oxidized LDL has been shown to be an atherogenic lipoprotein

[5–7], and LPC generated by PLA
#

has recently been suggested

to be a major component inducing atherosclerosis [2]. Thus LPC

is accumulated in inflammatory and atherosclerotic lesions and

involved in the pathogenesis of a variety of inflammatory

disorders and vascular atherosclerosis. Actually, LPC acts on

several types of cell involved in atherosclerosis and inflammation.

For example, the lipid is a chemoattractant for monocytic cells

[8] and T-lymphocytes [9] and is also a regulator of proliferation

of T-lymphocytes [10] and macrophages [11,12]. In endothelial

cells it induces the expression of several growth factors [13] and

adhesion molecules such as intercellular adhesion molecule 1,

vascular cell adhesion molecule 1 and P-selectin [14–16]. The

lipid also impairs the endothelial release of nitric oxide, resulting
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inositol monophosphate ; IP2, inositol bisphosphate ; IP3, inositol trisphosphate ; LDL, low-density lipoprotein ; LPC, lysophosphatidylcholine ; PAF,
platelet-activating factor ; PLA2, phospholipase A2 ; PTX, pertussis toxin ; S1P, sphingosine 1-phosphate ; SPC, sphingosylphosphocholine.
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NaF as well as by 1-palmitoyl LPC or other Ca#+-mobilizing

agonists. In a cell-free system, only an inhibitory effect on

phospholipase C activity was observed even by 1-palmitoyl LPC;

1-stearoyl LPC was more inhibitive than 1-palmitoyl LPC. Taken

together, these results suggest that atherogenic and inflammatory

LPC exerts both stimulatory and inhibitory actions on the

phospholipase C}Ca#+ system depending on the species of fatty

acid residue of the lipid; the stimulatory effect is possibly

mediated through G-protein-coupled receptors ; the inhibitory

effect might be caused by dysfunction of the components involved

in the enzyme system owing to the amphiphilic nature of the

lipid. 1-Palmitoyl LPC prefers the former receptor stimulation at

least in intact cells, but 1-stearoyl LPC preferentially exerts the

latter inhibitory action.

in the inhibition of arterial relaxation in response to hormones

and neurotransmitters [17–21], although the opposite actions,

namely the stimulation of nitric oxide synthesis [22–24] and nitric

oxide synthase induction [25,26], have also been reported in

response to the lipid in the same type of cells. In platelets, the

lipid induces an increase in cAMP levels, resulting in the

inhibition of aggregation [4]. LPC also increases cytoplasmic free

Ca#+ concentration ([Ca#+]
i
) in several types of cell including

endothelial cells [18,24], smooth-muscle cells [27,28], leucocytes

[29] and macrophages [30], although the lipid has been reported

to inhibit agonist-induced [Ca#+]
i
increase [18,19].

Thus a variety of actions have been reported in response to the

lipid. However, as mentioned above, they seem to be con-

tradictory in some cases, i.e. synthesis of nitric oxide and

regulation of cellular Ca#+. In addition, the action mechanism of

LPC has not yet been characterized. The lipid is amphiphilic, so

it can incorporate into the plasma membranes or penetrate into

the cells. Thus the lipid might alter membrane fluidity or interact

directly with intracellular signalling molecules, resulting in the

modification of cellular functions. However, the ability of LPC

to incorporate into plasma membranes or to penetrate into the

cells does not always mean that the lipid acts primarily on the

intracellular target molecules to exert its biological actions.

Recent studies have suggested that amphiphilic lysosphingolipids

such as sphingosine 1-phosphate (S1P) and sphingosylphos-
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phocholine (SPC) can stimulate cell surface receptors to modulate

a variety of signalling pathways [29,31–37]. For LPC as well,

results favouring the presence of cell surface receptors have also

been reported. For example, LPC activated adenylate cyclase by

a mechanism involving G
s
-protein in platelets [4]. In mouse

macrophages [38] or HL-60 leukaemia cells [29], oxidized LDL

or LPC induced Ca#+ mobilization and these Ca#+ responses were

markedly inhibited by treatment of the cells with pertussis toxin

(PTX), suggesting an involvement of PTX-sensitive G-proteins

in lipid signalling. In relation to this, a G-protein-coupled

receptor with LDL-binding motifs has been cloned [39]. However,

in these studies, the mechanism by which LPC increased [Ca#+]
i

has not yet been characterized. Furthermore, whether LPC

activated the G-proteins directly or indirectly has not been

examined yet. In the present study we focused on the cellular

Ca#+ regulatory action of LPC and extended the previous HL-60

study [29] on its action mechanism.

We found that LPC-induced Ca#+ mobilization in HL-60 cells

was associated with activation of phospholipase C. Several lines

of evidence suggested that the enzyme activation was mediated

through G-protein-coupled receptors. Furthermore we showed

that LPC also inhibited the phospholipase C}Ca#+ system in

some cases. Whether the lipid induces stimulation or inhibition

depends on the species of fatty acid residue of LPC; 1-palmitoyl

(C
"'

:
!
) LPC is stimulatory but 1-stearoyl (C

")
:
!
) or 1-oleoyl

(C
")

:
"
) LPC is inhibitory for the phospholipase C}Ca#+ system.

EXPERIMENTAL

Materials

1-Stearoyl (C
")

:
!
) LPC, 1-oleoyl (C

")
:
"
) LPC, 1-palmitoyl (C

"'
:
!
)

LPC, 1-myristoyl (C
"%

:
!
) LPC, 1-lauroyl (C

"#
:
!
) LPC, 1-decanoyl

(C
"!

:
!
) LPC, 1-hexanoyl (C

'
:
!
) LPC, SPC, thapsigargin, formyl-

Met-Leu-Phe (FMLP), 1-oleoyl-sn-glycerol 3-phosphate (lyso-

phosphatidic acid) and platelet-activating factor (PAF) were

purchased from Sigma; Fura 2 acetoxymethyl ester was from

Dojindo (Tokyo, Japan) ; and myo-[2-$H]inositol (23.0 Ci}mmol)

was from Du Pont–New England Nuclear. U73122 and U73343

were generously provided by Upjohn Co. (Kalamazoo, MI,

U.S.A.). The sources of all other reagents were the same as

described previously [29,31,40–42].

Cell cultures

HL-60 leukaemia cells were routinely cultured in an RPMI 1640

medium (Sigma) supplemented with 10% (v}v) fetal calf serum

(Life Technologies) in a humidified air}CO
#
(19:1) atmosphere.

Two days before the experiments, the cells were sedimented

(250 g for 5 min) and transferred to fresh medium for measure-

ment of [Ca#+]
i
. For the inositol phosphate response and mem-

brane phospholipase C assay, the cells were transferred to an

inositol-free RPMI 1640 medium containing 10% (v}v) fetal calf

serum and myo-[2-$H]inositol (4 µCi}ml). Unless specified other-

wise, these undifferentiated cells were used. In some experiments

(those shown in Figures 3, 4b, 7 and 9), however, HL-60 cells

were cultured for 5 days (unless specified otherwise) in a medium

containing 500 µM dibutyryl cAMP to differentiate into neutro-

phil-like cells. Other culture conditions were the same as those

for undifferentiated cells. Treatment of the cells with PTX was

performed by adding the toxin (100 ng}ml) to the medium 16 h

before the experiments.

Measurement of [3H]inositol phosphate production

The [$H]inositol-labelled cells were washed by sedimentation

(250 g for 5 min) and resuspension with Hepes-buffered medium

consisting of 20 mM Hepes, pH 7.5, 134 mM NaCl, 4.7 mM

KCl, 1.2 mM KH
#
PO

%
, 1.2 mM MgSO

%
, 2 mM CaCl

#
, 2.5 mM

NaHCO
$
, 5 mM glucose and 0.1% BSA (fraction V). The

washing procedure was repeated and the cells were finally

resuspended in the same medium. The cells (approx. 2¬10')

were preincubated for 10 min with 10 mM LiCl in polypropylene

vials (20 ml) in a final volume of 1.5 ml. The test agents (from

100-fold concentrated stock solutions) were then added to the

medium and the cells were incubated for 10 min unless stated

otherwise. The cell suspension (0.5 ml) in duplicate was trans-

ferred to tubes containing 1 ml of CHCl
$
}MeOH}HCl (100:

100:1, by vol.). $H-labelled total inositol phosphates [inositol

monophosphate (IP
"
)inositol bisphosphate (IP

#
)inositol tris-

phosphate (IP
$
)] were separated from other labelled compounds

including glycerophosphoinositol and inositol as described pre-

viously [40,41]. In the experiments shown in Figure 1(c) the cells

were incubated for the indicated duration and $H-labelled inositol

polyphosphates (IP
#
IP

$
) were measured. Where indicated, the

results were normalized to 10& d.p.m. total radioactivity in-

corporated into the cellular inositol lipids. The radioactivity of

the trichloroacetic acid (5%)-insoluble fraction was measured as

the total radioactivity.

Measurement of [Ca2+]i
The cells were sedimented, resuspended in Ham’s 10 medium

containing 0.1% BSA and then incubated for 20 min with 1 µM

Fura 2 acetoxymethyl ester. [Ca#+]
i

was estimated from the

change in the fluorescence of the Fura 2-loaded cells as described

previously [40,41].

Membrane preparation and assay of phospholipase C

This was performed by a procedure similar to that for the

enzyme assay of FRTL-5 thyroid cell membranes as described

previously [42]. The cells cultured with [$H]inositol were washed

twice with Ca#+- and Mg#+-free PBS containing 1 mM EGTA.

The cells were then suspended in 50 mM Hepes, pH 7.4, con-

taining 50 mM sucrose, 1 mM EGTA and 100 units}ml aprotinin

and homogenized in a Physcotron homogenizer (NS-310E; Niti-

on, Tokyo, Japan) for 30 s. The homogenate was then centrifuged

at 500 g for 5 min, the supernatant was recentrifuged at 10000 g

for 15 min, and the resultant pellet was used as the crude plasma

membranes. These membranes (approx. 100 µg of protein),

containing 3¬10& d.p.m. in 100 µl, were incubated at 37 °C for

10 min in a final volume of 200 µl in the incubation medium [final

concentrations : 700 µM CaCl
#
(unless otherwise specified), 1 mM

EGTA, 50 mM sucrose, 100 units}ml aprotinin, 2.5 mM MgCl
#
,

100 mM KCl, 10 mM LiCl, 0.1 mg}ml BSA, 50 mM Hepes, pH

7.4, and various agents tested]. Free Ca#+ concentration was

measured by Quin 2 fluorescence and was approx. 200 nM under

these conditions. In some experiments, the membranes were

incubated with 2 mM Ca#+ instead of 700 µM Ca#+ in the

absence of any guanine nucleotide to estimate the catalytic

activity of the enzyme. Under these conditions, the free Ca#+

concentration was estimated to be approx. 1 mM. The reaction

was terminated by adding first 1 ml of CHCl
$
}MeOH}HCl

(100:100:1, by vol.) and then 0.3 ml of water. Because in a

preliminary experiment we noticed that the radioactive IP
#

and

IP
$

were changed in a similar fashion in response to various

agents, the sum of the production of labelled IP
#

and IP
$

was

measured as the phospholipase C activity. Data were normalized

to 10& d.p.m. radioactivity in the membranes.
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Data presentation

All experiments were performed in duplicate or triplicate. The

results of multiple observations are presented as the represen-

tative or means³S.E.M. for at least three separate experiments

unless otherwise stated.

RESULTS

Extracellular LPC increases [Ca2+]i depending on phospholipase C
activation

As shown in Figure 1(a), 1-palmitoyl LPC induced a biphasic

increase in [Ca#+]
i
, i.e. a rapid increase followed by a sustained

increase, in undifferentiated HL-60 cells. An addition of excess

EGTA over 2 mM extracellular Ca#+ to the incubation medium

inhibited the response of the sustained phase but hardly affected

the peak response induced by LPC, suggesting that the [Ca#+]
i

increase in the early phase was derived predominantly from

intracellular pools.

One of the mechanisms of intracellular Ca#+ mobilization is

the activation of phospholipase C. Actually, LPC increased

inositol phosphate production (Figure 1c). In this experiment we

measured inositol polyphosphates (IP
#
IP

$
), which were tran-

siently increased by LPC with a peak at approx. 1–2 min. In

contrast, IP
"

increased gradually in response to LPC; IP
"

accumulation was 220³9% and 261³12% of the initial value

at 5 and 10 min respectively (four observations). To confirm an

involvement of phospholipase C activation in the LPC-induced

[Ca#+]
i

increase, we examined the effect of U73122, a potent

phospholipase C inhibitor, on these LPC actions. The inhibitor

markedly inhibited the increase in [Ca#+]
i
(Figures 1a and 1b) and

phospholipase C activation (Figure 1c) as induced by LPC. The

inhibition seems to be related to the nature of the drug to inhibit

phospholipase C. First, U73343, an inactive analogue of U73122,

failed to inhibit the LPC actions on the increase in [Ca#+]
i

(Figures 1a and 1b) and phospholipase C activation (Figure 1c).

Secondly, U73122, with a potency similar to that for the LPC

action, inhibited the [Ca#+]
i
increase as induced by UTP, a P

#
-

purinergic agonist, whose effect has already been shown to be

due to phospholipase C activation (Figure 1b). These results

clearly indicate that phospholipase C is involved in the LPC-

induced increase in [Ca#+]
i
, at least at the early phase.

Suppression of 1-palmitoyl LPC-induced actions by PTX treatment

The effect of PTX on the 1-palmitoyl LPC-induced actions is

examined in Figure 2. The toxin markedly suppressed the LPC-

induced increase in [Ca#+]
i

(Figure 2a) and the lipid-induced

inositol phosphate production (Figure 2b). The toxin effect was

not due to a non-specific action, because NaF-induced inositol

phosphate production was hardly affected by treatment with

toxin (see Figure 6d). These results suggest an involvement of

PTX-sensitive G-proteins in the 1-palmitoyl LPC-induced ac-

tivation of the enzyme system.

Suppression of 1-palmitoyl LPC-induced actions by dibutyryl
cAMP-induced differentiation

Differentiation into neutrophil-like cells has been reported to be

associated with an increase in content of PTX-sensitive G-

proteins [29,43]. We next examined whether LPC actions were

influenced under such conditions in which the content of G-

proteins was increased. The cells were treated with dibutyryl

cAMP. Differentiation under these conditions was evidenced by

the induction of responses of Ca#+ (Figure 3a) and inositol

Figure 1 Effect of a phospholipase C inhibitor on LPC-induced Ca2+

mobilization and inositol phosphate production

Undifferentiated HL-60 cells were used. (a) Representative traces of time-dependent [Ca2+]i
changes. The cells were first incubated with the indicated agents [DMSO, U73122 (4 µM),

U73343 (4 µM) or EGTA (5 mM)], and 2 min or 10 s (for the EGTA experiment) later 1-

palmitoyl LPC (30 µM) or vehicle (water) was then added to the incubation medium. (b) Ca2+

experiments performed similarly to those in (a) in the cells treated with the indicated doses of

U73122 (D,E) or U73343 (^,_). UTP (300 nM; E,_) was also employed for the

comparison with 1-palmitoyl LPC (30 µM; D,^). The results are expressed as percentages

of the maximal increment (peak value minus basal value) obtained at approx. 10 s after the

addition of LPC or UTP in the absence of the enzyme inhibitor or its derivative. The 100% values

were 224³14 nM and 206³21 nM for LPC and UTP respectively. (c) Time course of change

in inositol phosphate (IP2IP3) production in response to 1-palmitoyl LPC (30 µM)

(E,_,+) or vehicle (D,^,*) in the cells treated with vehicle (D,E), 4 µM U73122

(^,_) or 4 µM U73343 (*,+). The enzyme inhibitor or its derivative was added 2 min

before LPC addition. Results are expressed as percentages of the initial value taken as 100%.

The normalized initial value was 475³14 d.p.m. Results in (b) and (c) are means³S.E.M.

for three separate experiments.

phosphate (Figure 3b) to FMLP. The effects of thapsigargin, an

inhibitor of Ca#+-ATPase, on [Ca#+]
i
(Figure 3a) and NaF, a non-

selective G-protein activator, on inositol phosphate production

(Figure 3b) were also slightly enhanced by dibutyryl cAMP-
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Figure 2 Effect of PTX on 1-palmitoyl LPC-induced increase in [Ca2+]i and
production of inositol phosphate

Undifferentiated HL-60 cells were used. (a) Control cells (D) or PTX-treated cells (E) were

incubated with the indicated concentrations of 1-palmitoyl LPC to monitor [Ca2+]i. The maximal

increment (peak value minus basal value) was plotted. The inset shows representative traces

of the [Ca2+]i change in control cells and PTX-treated cells. At the arrow, 30 µM LPC was added

to the incubation medium. (b) Control cells (D) or PTX-treated cells (E) were incubated for

10 min with the indicated concentrations of 1-palmitoyl LPC to measure inositol phosphate

(IP1IP2IP3) production. The results are expressed as percentages of the respective basal

value. The normalized basal value was 1157³26 and 939³89 d.p.m. for control cells and

toxin-treated cells respectively.

induced differentiation, possibly reflecting an increase in the

content of G-proteins. Thus the activities of the steps beyond G-

proteins in the signalling pathways leading to phospholipase C

activation and Ca#+ mobilization seem to be normal under the

differentiated conditions. Nevertheless the LPC-induced [Ca#+]
i

increase (Figure 3a) and inositol phosphate production (Figure

3b)were not enhanced but weremarkedly suppressed by dibutyryl

cAMP treatment. These results ruled out the possibility that 1-

palmitoyl LPC activates G-proteins directly and therefore sug-

gested that the LPC target is located before the G-protein step in

the signalling pathway.

Figure 3 Differentiation into neutrophil-like cells attenuates 1-palmitoyl
LPC-induced activation of the phospholipase C/Ca2+ system

(a) Undifferentiated cells (open column) or differentiated cells (hatched column) cultured for 5

days with dibutyryl cAMP were incubated with the indicated agents (30 µM 1-palmitoyl LPC,

3 nM FMLP or 300 nM thapsigargin) to monitor [Ca2+]i. The maximal increment of [Ca2+]i, i.e.

the peak value (at approx. 10 s for LPC, at approx. 30 s for FMLP or at approx. 3 min for

thapsigargin) minus the basal value, is shown. (b) Cells were cultured with dibutyryl cAMP for

the indicated durations and assayed for inositol phosphate response. The cells were incubated

for 10 min with 30 µM 1-palmitoyl LPC (D), 30 µM SPC (^), 20 mM NaF (E) or 3 nM

FMLP (_) to measure the production of inositol phosphate (IP1IP2IP3). The results are

expressed as percentages of the respective basal value obtained without any addition. The

normalized basal value was 1088³97 d.p.m. at zero time, 1046³97 d.p.m. at 2 days and

686³69 d.p.m. at 5 days after treatment with dibutyryl cAMP.

LPC-induced increase in [Ca2+]i seems to be independent of other
putative lipid receptors

Several novel lipid receptors have recently been identified [35–37,

44,45]. We therefore examined the possibility that LPC activates

the phospholipase C}Ca#+ system through the putative receptors

for other lipids that have chemical structures similar to that of

LPC. In undifferentiated HL-60 cells (Figure 4a), S1P and

lysophosphatidic acid were less effective than 1-palmitoyl LPC

for induction of the increase in [Ca#+]
i
, excluding the putative

S1P and lysophosphatidic acid receptors as possible action sites

of LPC. PAF clearly increased [Ca#+]
i
at 10–30 µM, although the

response at 30 µM was significantly weaker than the response at

the same concentration of LPC (Figure 4a). Furthermore, in

contrast with the Ca#+ response to LPC, the response to PAF was
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Figure 4 1-Palmitoyl LPC seems to activate the phospholipase C/Ca2+

system independently of the putative receptors for other lipids with similar
chemical structures

Undifferentiated cells (a) or the neutrophil-like cells differentiated by dibutyryl cAMP (b) were

incubated with the indicated doses of 1-palmitoyl LPC (D), SPC (E), PAF (^), S1P (_)

or lysophosphatidic acid (*) to monitor [Ca2+]i change. The maximal increment at 10–30 s

after the addition of these agents is plotted. (c) The [3H]inositol-labelled undifferentiated cells

were incubated for 10 min without addition (*) or with 30 µM 1-palmitoyl LPC (D), 30 µM

SPC (^) or 20 mM NaF (E) in the presence of the indicated concentrations of suramin. The

production of total inositol phosphate (IP1IP2IP3) was measured and is expressed as

percentages of the basal value obtained without any addition. The normalized basal value was

976³123 d.p.m.

markedly increased by treatment with dibutyryl cAMP (Figure

4b). These results also excluded the PAF receptor as a possible

target for LPC. Finally, we examined whether LPC shares the

same receptor with SPC, as both LPC and SPC have a phos-

phorylcholine residue in their molecule. The responses of Ca#+

(Figures 4a and 4b) and inositol phosphate (Figure 3b) to SPC

were also suppressed by dibutyryl cAMP-induced differentiation

or by treatment with PTX [29]. Therefore the LPC and SPC

signalling pathways are very similar. However, as shown in

Figure 4(c), the action of SPC was inhibited by suramin, a non-

selective receptor antagonist [45,46], whereas LPC- and NaF-

induced actions were insensitive to the drug. This also suggests

the SPC receptor-independent action of LPC.

LPC also inhibits the phospholipase C/Ca2+ system depending on
its fatty acid residue

In the studies described above, we used 1-palmitoyl (C
"'

:
!
) LPC

to characterize the LPC action. This species of LPC was as

effective as SPC for activation of the phospholipase C}Ca#+

Figure 5 Role of the fatty acid residue in the LPC molecule in lipid-induced
activation of the phospholipase C/Ca2+ system

Undifferentiated HL-60 cells were used. (a) Dose-dependent change in [Ca2+]i caused by SPC

(D), 1-palmitoyl (C16 :0) LPC (E), 1-stearoyl (C18 :0) LPC (^) or egg yolk LPC (_, composed

predominantly of 1-palmitoyl LPC and 1-stearoyl LPC). Results are expressed as percentages

of the maximal increment as induced by 30 µM 1-palmitoyl LPC. The 100% value was

276³37 nM. (b) Cells were incubated with the indicated species of LPC [1-palmitoyl (C16 :0)

LPC, 1-oleoyl (C18 :1) LPC, 1-stearoyl (C18 :0) LPC, 1-myristoyl (C14 :0) LPC, 1-lauroyl (C12 :0) LPC,

1-decanoyl (C10 :0) LPC or 1-hexanoyl (C6 :0) LPC] at 30 µM to monitor [Ca2+]i change. Results

are expressed as percentages of the maximal increment induced by 1-palmitoyl (C16 :0) LPC. The

100% value was 236³31 nM. (c) [3H]Inositol-labelled cells were incubated for 10 min with

the indicated species of LPC [symbol and concentration as shown in (b)] and total inositol

phosphate (IP1IP2IP3) production was measured. The normalized inositol phosphate

production under basal conditions without any addition was 1827³43 d.p.m. ; this was

increased to 3142³73 d.p.m. by 1-palmitoyl (C16 :0) LPC. Results are expressed as percentages

of the 1-palmitoyl LPC-induced response.

system (Figures 4 and 5a). We have previously shown that egg

yolk LPC increased [Ca#+]
i
but was less effective than SPC in HL-

60 cells [29] ; this is confirmed in Figure 5(a). Egg yolk LPC is

composed of predominantly 1-palmitoyl LPC and 1-stearoyl

(C
")

:
!
) LPC, suggesting that the ability to increase [Ca#+]

i
is

dependent on the fatty acid constituent in the lipid molecule.

Actually, 1-stearoyl LPC was a very weak Ca#+ mobilizer in HL-
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Figure 6 1-Stearoyl LPC and 1-oleoyl LPC are inhibitory for 1-palmitoyl LPC, UTP and NaF-induced activation of the phospholipase C/Ca2+ system

Undifferentiated HL-60 cells were used. (a, b) Ca2+ responses. (a) Representative traces of the [Ca2+]i change : at the arrow, 1-palmitoyl (C16 :0) LPC (30 µM), 1-stearoyl (C18 :0) LPC (30 µM)

or UTP (300 nM) was added to the incubation medium. (b) Cells were incubated for 2 min with the indicated LPC with a different species of fatty acid in its molecule at 30 µM, and the effect of

UTP (300 nM)-induced [Ca2+]i was then examined. The symbol for LPC is the same as in Figure 5. The results are expressed as percentages of the maximal increment obtained by UTP without

LPC pretreatment. The maximal value was 245³24 nM. (c, d) The [3H]inositol-labelled cells were used for measurement of total inositol phosphate (IP1IP2IP3). (c) Cells were incubated

for 10 min without (control) or with the indicated agent (30 µM 1-palmitoyl LPC or 300 nM UTP) in the presence (hatched column) or absence (open column) of 30 µM 1-stearoyl LPC. (d) Control

cells (D,^) or toxin-treated cells (E,_) were incubated for 10 min without (^,_) or with (D,E) 20 mM NaF in the presence of the indicated concentrations of 1-stearoyl LPC. The results

are expressed as percentages of the respective basal value obtained without any addition. The normalized basal value was 941³52 and 676³48 d.p.m. for control cells and PTX-treated cells

respectively.

60 cells (Figure 5a). The effect on the increase in [Ca#+]
i
of other

species of LPC with different fatty acid moieties is examined in

Figure 5(b). 1-Myristoyl (C
"%

:
!
) LPC was as effective as 1-

palmitoyl LPC but other LPCs, including 1-oleoyl (C
")

:
"
) LPC,

1-lauroyl (C
"#

:
!
) LPC, 1-decanoyl (C

"!
:
!
) LPC and 1-hexanoyl

(C
'
:
!
) LPC, were very weak Ca#+ mobilizers, like 1-stearoyl LPC.

Their ability to mobilize Ca#+ was parallel to their ability to

activate phospholipase C (Figure 5c).

LPC has previously been reported to inhibit the thrombin- or

bradykinin-induced activation of phospholipase C and mobili-

zation of Ca#+ in endothelial cells [18,19]. This led us to examine

the effect of these inactive species of LPC on the [Ca#+]
i
increase

induced by active 1-palmitoyl LPC. A prior treatment of the cells

with 1-stearoyl LPC clearly inhibited the 1-palmitoyl LPC-

induced increase in [Ca#+]
i
(Figure 6a). This inhibition was not

specific to 1-palmitoyl LPC; treatment with 1-stearoyl LPC also

inhibited the Ca#+ response to UTP, a P
#
-purinergic agonist

(Figures 6a and 6b). 1-Oleoyl LPC (C
")

:
"
) was also effective but

other species of LPC possessing a lauroyl, decanoyl or hexanoyl

substituent were ineffective in inhibiting UTP-induced action

(Figure 6b). The inhibition by 1-stearoyl LPC was also observed

for the phospholipase C activation induced by 1-palmitoyl LPC

(Figure 6c), UTP (Figure 6c) and NaF (Figure 6d). In contrast

with the stimulatory action of 1-palmitoyl LPC (Figure 2), the

inhibitory action by 1-stearoyl LPC was hardly affected by PTX

treatment (Figure 6d).

In undifferentiated HL-60 cells, evaluation of the ability of 1-

palmitoyl LPC to inhibit phospholipase C is difficult because of
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Figure 7 Comparison of the effects of 1-palmitoyl LPC and 1-stearoyl LPC
on the FMLP- and NaF-induced inositol phosphate production in differentiated
HL-60 cells

The cells were treated with dibutyryl cAMP to differentiate them into neutrophil-like cells. (a)
[3H]Inositol-labelled cells were incubated for 10 min without (^,_) or with (D,E) 3 nM

FMLP in the presence of the indicated concentrations of 1-palmitoyl LPC (D,^) or 1-stearoyl

LPC (E,_). (b) Cells were similarly incubated with 20 mM NaF in the absence or presence

of the indicated species of LPC at 30 µM. The production of inositol phosphate (IP1IP2IP3)

was measured. The results are expressed as percentages of the basal value obtained without

any addition. The normalized basal value was 594³19 d.p.m.

Figure 8 Effect of 1-palmitoyl LPC on phospholipase C (PLC) activity in
membrane preparation

The crude membranes were prepared from [3H]inositol-labelled undifferentiated cells and

assayed for phospholipase C. The membrane preparations were incubated with (D) or without

(^) 1 µM GTP[S] in the presence of 700 µM Ca2+ to estimate guanine nucleotide-dependent

activity or without any guanine nucleotide in the presence of 2 mM Ca2+ (E) to estimate the

catalytic activity of the enzyme. The incubation medium was supplemented with the indicated

doses of 1-palmitoyl LPC. The inset shows the enzyme activity expressed as percentages of the

respective control activity in the absence of LPC.

its stimulatory action. To estimate this activity, experiments were

also performed in differentiated HL-60 cells, in which a stimu-

latory mechanism of LPC was markedly attenuated (see Figure

3). As shown in Figure 7(a), 1-stearoyl LPC at 10 µM significantly

inhibited FMLP-induced inositol phosphate production but 1-

palmitoyl LPC was not effective below 30 µM. The greater

inhibitory action of 1-stearoyl LPC than that of 1-palmitoyl LPC

was also observed for NaF-induced action (Figure 7b). Therefore,

in contrast with the stimulatory action, 1-stearoyl LPC has a

stronger inhibitory action than 1-palmitoyl LPC.

Figure 9 Comparison of the effects of 1-palmitoyl LPC and 1-stearoyl LPC
on phospholipase C (PLC) activity in membranes prepared from differentiated
HL-60 cells

The crude membranes were prepared from [3H]inositol-labelled differentiated cells and assayed

for phospholipase C. (a) Membrane preparations were incubated with (hatched column) or

without (open column) 100 nM FMLP in the presence of 0.3 µM GTP[S]. In the absence of

GTP[S], the enzyme activity was marginal and FMLP alone exerted no significant effect. The

incubation medium also included, variously, vehicle (control), 30 µM 1-stearoyl (C18 :0) LPC or

30 µM 1-palmitoyl (C16 :0) LPC. The results are expressed as percentages of the activity

obtained by GTP[S] alone in the control experiments. The normalized 100% value was

615³78 d.p.m. (b) Membranes were incubated with the indicated concentrations of 1-

palmitoyl LPC (D) or 1-stearoyl LPC (E) in the presence of 1 µM GTP[S]. (c) Membranes

were incubated with LPC similarly to the experiments shown in (b), but without any guanine

nucleotide in the presence of 2 mM Ca2+. The results in (b) and (c) are expressed as

percentages of the activity in the absence of LPC. The normalized 100% value was

974³109 d.p.m. in (b) and 1497³99 d.p.m. in (c).

Analysis of LPC-induced inhibition of phospholipase C in a
cell-free system

Finally, we analysed LPC actions in membranes prepared from

undifferentiated cells (Figure 8) and differentiated cells (Figure

9). As shown in Figure 8, the enzyme activity increased in

response to guanosine 5«-[γ-thio]triphosphate (GTP[S]) in the

membrane preparations, suggesting that this system is at least

good enough for investigating the G-protein-mediated enzyme

regulation. We expected 1-palmitoyl LPC to activate enzyme

activity in a guanine nucleotide-dependent manner; however, it

was inhibitory for the GTP[S]-induced activation. 1-Stearoyl

LPC was also inhibitory for the enzyme activity and a more

effective inhibitor than 1-palmitoyl LPC (results not shown). The
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enzyme activity at high Ca#+ concentration, which might reflect

the catalytic activity of the enzyme, was also inhibited by 1-

palmitoyl LPC; however, the inhibition rate was smaller than for

the GTP[S]-induced activation (Figure 8, inset). Thus 1-palmitoyl

LPC was inhibitory for the activity of G-proteins as well as

phospholipase C itself in membranes prepared from undiffer-

entiated cells.

In the study shown in Figure 9 we employed membranes

prepared from differentiated cells to compare the ability of 1-

palmitoyl LPC and 1-stearoyl LPC to inhibit the enzyme activity.

In this membrane preparation, even though a higher dose of

FMLP was used, the action of FMLP was small compared with

that in the intact cells ; 3 nM FMLP activated phospholipase C

approx. 300–400% over basal in the intact cells (Figure 7a) but

100 nM FMLP only approx. 20% over basal in cell membranes

(Figure 9a). Thus the receptor-mediated enzyme activation is not

easily detected in the membrane preparation. This might explain

why we could not detect an effect of 1-palmitoyl LPC in the

membrane preparation in Figure 8. In any event, we could

observe a significant guanine nucleotide-dependent FMLP ac-

tion, albeit small, on phospholipase C. This FMLP action was

significantly attenuated by either 1-palmitoyl LPC or 1-stearoyl

LPC (Figure 9a). In this case, however, the net increase in the

activity induced by FMLP was not significant between 1-

palmitoyl LPC-treated and 1-stearoyl LPC-treated membranes.

A significant difference was observed for the GTP[S]-induced

action: 1-stearoyl LPC was more inhibitory than 1-palmitoyl

LPC (Figures 9a and 9b), whereas both species of LPC inhibited

the Ca#+-induced activation to a similar extent (Figure 9c). Thus

the greater inhibitory effect of 1-stearoyl LPC than of 1-palmitoyl

LPC on the phospholipase C activity in intact cells as well as in

the cell-free system might be accounted for partly by its stronger

inhibitory action on G-proteins.

DISCUSSION

In this paper we present evidence that LPC activates the

phospholipase C}Ca#+ system, possibly through receptors coup-

ling to one or more PTX-sensitive G-proteins. In addition we

show that the LPC-induced modulation of phospholipase C}Ca#+

system is dependent on its fatty acid constituent ; 1-palmitoyl

(C
"'

:
!
) LPC activates it, but 1-stearoyl (C

")
:
!
) or 1-oleoyl (C

")
:
"
)

LPC suppresses its activation to some extent as induced by Ca#+-

mobilizing agonists. The stimulatory and inhibitory actions of

LPC on the phospholipase C}Ca#+ system might be important

from a pathophysiological view of inflammatory disorders and

vascular atherosclerosis.

An involvement of G-protein-coupled receptors in the 1-

palmitoyl LPC-induced activation of the phospholipase C}Ca#+

system was suggested from experiments with PTX; the LPC-

induced activation of the system was markedly suppressed by a

prior treatment of the cells with the toxin, which ADP-ribosylates

G
i
}G

o
-proteins and thereby blocks the communication between

the receptors and the effector enzymes (Figure 2). Therefore it is

reasonable to assume that the LPC actions are mediated through

G
i
}G

o
-protein-coupled receptors. It is still possible, however,

that amphiphilic LPC is incorporated into the plasma membrane

or penetrates into the cells and then directly activates G
i
}G

o
-

proteins. If this were the case as well, PTX would block the lipid-

induced actions. This possibility, however, is unlikely on the

basis of the following observations. First, in HL-60 crude cell

membranes, 1-palmitoyl LPC never stimulated but inhibited

either Ca#+-induced (possibly reflecting catalyst activity) or

GTP[S]-induced (possibly reflecting the sum of the activities of

G-proteins and catalyst) phospholipase C activity. In this case,

the latter GTP[S]-induced activity was more sensitive to LPC

than the Ca#+-induced one (Figure 8), suggesting that the lipid

suppresses the functions of G-proteins as well as the phos-

pholipase C enzyme itself. Therefore it is unlikely that 1-palmitoyl

LPC is an activator for G-proteins or phospholipase C in intact

cells even if it were to enter the cells. Consistently with this result,

LPC has been suggested to inhibit the function of G
i
-proteins

[20,21]. Secondly, 1-palmitoyl LPC-induced actions were in-

hibited by dibutyryl cAMP-induced differentiation. Under these

differentiated conditions, the downstream region of the G-

protein-mediated signalling cascade leading to phospholipase C

activation and Ca#+ mobilization is fortified (Figure 3). If 1-

palmitoyl LPC were to activate G-proteins directly, the lipid

responses would also be enhanced in the differentiated cells.

Therefore the results in differentiated cells might rule out the

possibility that the lipid directly activates G-proteins and suggest

that 1-palmitoyl LPC acts on the target molecule (possibly

receptors) present in the step before G-proteins in the signalling

pathway. Finally, the stimulatory LPC action was cell-type

specific; in preliminary experiments we observed a similar PTX-

and U73122-sensitive LPC-induced Ca#+ rise in THP-l monocytic

leukaemia cells or human endothelial cells but not in FRTL-5

thyroid cells, human aortic smooth-muscle cells nor 3T3 fibro-

blasts.

Thus 1-palmitoyl LPC seems to stimulate phospholipase C

through a G-protein-coupled receptor, which might in turn

produce IP
$

and mobilize Ca#+ from the intracellular pool. For

phospholipase C-coupled receptor agonists, the dose–response

curve forCa#+ response usually lies to the left of the dose–response

curve for inositol phosphate production [47]. However, the

situation was opposite with 1-palmitoyl LPC: even though

inositol phosphate production was saturated at 20 mM LPC,

[Ca#+]
i

increased further at the higher dose (30 mM) of LPC

(Figure 2). Therefore, especially at higher doses of 1-palmitoyl

LPC, we might not completely rule out the participation of

phospholipase C-independent Ca#+ mobilization.

PAF receptor has recently been proposed as an LPC receptor in

mouse macrophages [30]. In undifferentiated HL-60 cells as well,

we observed a Ca#+ response to PAF; however, the response was

less than that to LPC (Figure 4a). In addition, in contrast with

the action of LPC, which was markedly attenuated by dibutyryl

cAMP-induced differentiation, the response to PAF was mark-

edly enhanced by the same differentiation of the cells (Figure 4b).

These results ruled out the PAF receptor as a possible LPC

receptor, at least in HL-60 cells. The affinity of PAF for its

receptor has usually been reported to be of nanomolar order as

shown in the differentiated cells (Figure 4b). Thus, the micro-

molar response to PAF in undifferentiated cells (Figure 4a)

might be mediated through other lipid receptors. Similarly, on

the basis of the pharmacological characterization (Figure 4)

(such as a long-term differentiation effect or a short-term suramin

effect on theLPCactions), we conclude that the putative receptors

for LPC might be different from lysophosphatidic acid receptors

[45] and lysosphingolipid receptors [35–37] such as S1P and SPC

in HL-60 cells. In addition, the following observations also

support this conclusion. In the previous HL-60 cell study [31] we

detected significant Ca#+ responses to S1P and lysophosphatidic

acid. In the present study we used a different batch of HL-60 cells

in which these lipid responses were marginal (Figure 4a), whereas

responses to SPC and LPC were unchanged between different

batches of the cells. SPC was an effective Ca#+-mobilizing agent

in other cell types including Swiss 3T3 cells and FRTL-5 cells,

whereas LPC was ineffective in these cells (results not shown).

In addition to the activation of the phospholipase C}Ca#+

system by LPC, we also observed that the lipid in some cases
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inhibited Ca#+ mobilizing agonist-induced activation of the

enzyme system depending on its fatty acid constituents ; 1-

palmitoyl (C
"'

:
!
) LPC is stimulatory for phospholipase C}Ca#+

system, but 1-stearoyl (C
")

:
!
) or 1-oleoyl (C

")
:
"
) LPC was

inhibitory for 1-palmitoyl (C
"'

:
!
) LPC or other Ca#+-mobilizing

agonist-induced stimulation of the system. Recent studies have

shown that LPC activates protein kinase C [48,49] ; this enzyme

stimulation has been suggested to be involved in some of the

LPC actions including the inhibition of Ca#+-mobilizing hor-

mone-induced phospholipase C}Ca#+ system activation [19], the

stimulation of P-selectin expression [16], the activation of phos-

pholipase D [50] and the stimulation of expression of intercellular

adhesion molecule 1 [15]. However, protein kinase C assay with

a mixed micellar assay system showed that the enzyme was

activated by 1-palmitoyl LPC and 1-oleoyl LPC but not by 1-

stearoyl LPC [48]. Moreover, in our preliminary experiment we

failed to reverse the 1-stearoyl LPC-induced inhibition of FMLP-

induced Ca#+ increase by GF109203, a potent inhibitor of protein

kinase C, whereas this enzyme inhibitor effectively reversed the

phorbol ester-induced inhibition of the Ca#+ response. These

results make it unlikely that the inhibition of the phospholipase

C}Ca#+ system by 1-stearoyl LPC is mediated by protein kinase

C activation in HL-60 cells.

In the cell-free system in which ATP, a phosphate donor for

protein kinase C, was not included, the inhibitory action of LPC

was also observed. This further excludes the possibility of an

involvement of protein kinase C in the inhibitory action of LPC.

As discussed above, in this cell-free system, LPC seems to affect

at least two components in the enzyme system: phospholipase C

itself and G-proteins. In this cell-free system, 1-palmitoyl LPC

was also inhibitory for the enzyme activity ; this species of LPC

inhibited the former intrinsic enzyme activity to the same extent

as 1-stearoyl LPC, whereas it was a weaker inhibitor than 1-

stearoyl LPC for G-protein-induced enzyme activation. There-

fore when LPC enters into the cells, the lipid exerts an inhibitory

action only on the enzyme system. Although the mechanism of

action of this inhibitory action of LPC remains unclear, the

detergent action of the lipid might participate. This inhibitory

action of 1-palmitoyl LPC might be overcome by the receptor-

mediated stimulatory action in intact cells. With 1-stearoyl LPC,

however, only an inhibitory action is exhibited because of its

weak activity as a receptor agonist.

Here we have focused on the early signalling pathway of LPC

leading to the change in Ca#+ metabolism in leukaemia cells ;

therefore the physiological and pathophysiological roles of the

LPC-induced activation and inhibition of the phospholipase

C}Ca#+ pathway have not been characterized. However, the

actions of LPC on the Ca#+ metabolism might be important from

a pathophysiological view of inflammatory disorders and vas-

cular atherosclerosis ; the normal LPC concentration in serum or

plasma is reported to be approx. 100 µM [27,51,52] ; this value

would increase in these disorders. It should be noticed, however,

that this concentration does not mean free LPC concentration.

LPC is usually present in lipoproteins such as LDL in serum or

plasma and, even when released from the proteins, it binds easily

to albumin. In endothelial cells, LPC-induced increase in [Ca#+]
i

and inhibition of the agonist-induced phospholipase C}Ca#+

system have already been reported. In preliminary experiments

in the same type of cells, we observed a similar PTX-sensitive

increase in [Ca#+]
i
. Inhibition of the phospholipase C}Ca#+ system

might explain the LPC-induced dysfunction of endothelium-

dependent relaxation of arteries possibly through nitric oxide

production [17–21]. In contrast, an increase in Ca#+ might induce

nitric oxide synthesis. Although this is contradictory to the view

of LPC as an atherogenic compound, a few reports have shown

that LPC actually stimulates nitric oxide synthesis in endothelial

cells [22–24]. In relation to this, LPC has also been reported to

induce the transcriptional expression of nitric oxide synthase in

these cells [25,26]. In leucocytes, especially monocytes and T-

lymphocytes, LPC has been reported to be a chemoattractant

factor [8,9]. The change in Ca#+ metabolism might be involved in

the chemotaxis. In macrophages, Ca#+ metabolism might be

involved in the regulation of a cytokine synthesis [38]. The

discovery of the different pharmacological specificity of LPC

depending on its fatty acid constituent might help to explain the

multifunctional nature of the lipid and the apparent contradiction

such as the opposite directions of the responses to the lipid that

have previously been reported. In any event, the newly identified

LPC signalling mechanisms might provide novel insights into the

molecular mechanisms of the multiple actions of LPC in the cells

involved in the inflammatory disorders and vascular athero-

sclerosis.

This work was supported in part by a research grant from the Ministry of Education,
Science, and Culture of Japan and a research grant from Taisho Pharmaceuticals.

REFERENCES

1 Vadas, P. and Pruzanski, W. (1986) Lab. Invest. 55, 391–404

2 Hurt-Camejo, E. and Camejo, G. (1997) Atherosclerosis 132, 1–8

3 Yuan, Y., Jackson, S. P., Newnham, H. H., Mitchell, C. A. and Salem, H. H. (1995)

Blood 86, 4166–4174

4 Yuan, Y., Schoenwaelder, S. M., Salem, H. H. and Jackson, S. P. (1996) J. Biol.

Chem. 271, 27090–27098

5 Ross, R. (1993) Nature (London) 362, 801–809

6 Steinberg, D., Parthasarathy, S., Carew, T. E., Khoo, J. C. and Witztum, J. L. (1989)

New Engl. J. Med. 320, 915–924

7 Witztum, J. L. and Steinberg, D. (1991) J. Clin. Invest. 88, 1785–1792

8 Quinn, M. T., Parthasarathy, S. and Steinberg, D. (1988) Proc. Natl. Acad. Sci. U.S.A.

85, 2805–2809

9 McMurray, H. F., Parthasarathy, S. and Steinberg, D. (1993) J. Clin. Invest. 92,
1004–1008

10 Asaoka, Y., Oka, M., Yoshida, K., Sasaki, Y. and Nishizuka, Y. (1992) Proc. Natl.

Acad. Sci. U.S.A. 89, 6447–6451

11 Sakai, M., Miyazaki, A., Hakamata, H., Sasaki, T., Yui, S., Yamazaki, M., Shichiri, M.

and Horiuchi, S. (1994) J. Biol. Chem. 269, 31430–31435

12 Sakai, M., Miyazaki, A., Hakamata, H., Kodama, T., Suzuki, H., Kobori, S., Shichiri,

M. and Horiuchi, S. (1996) J. Biol. Chem. 271, 27346–27352

13 Kume, N. and Gimbrone, Jr., M. A. (1994) J. Clin. Invest. 93, 907–911

14 Kume, N., Cybulsky, M. I. and Gimbrone, Jr., M. A. (1992) J. Clin. Invest. 90,
1138–1144

15 Sugiyama, S., Kugiyama, K., Ohgushi, M., Fujimoto, K. and Yasue, H. (1994)

Circ. Res. 74, 565–575

16 Murohara, T., Scalia, R. and Lefer, A. M. (1996) Circ. Res. 78, 780–789

17 Kugiyama, K., Kerns, S. A., Morrisett, J. D., Roberts, R. and Henry, P. D. (1990)

Nature (London) 344, 160–162

18 Inoue, N., Hirata, K., Yamada, M., Hamamori, Y., Matsuda, Y., Akita, H. and

Yokoyama, M. (1992) Circ. Res. 71, 1410–1421

19 Kugiyama, K., Ohgushi, M., Sugiyama, S., Murohara, T., Fukunaga, K., Miyamoto, E.

and Yasue, H. (1992) Circ. Res. 71, 1422–1428

20 Flavahan, N. A. (1992) Circulation 85, 1927–1938

21 Freeman, J. E., Kuo, W. Y., Drenger, B., Barnett, T. N., Levine, M. A. and Flavahan,

N. A. (1996) J. Cardiovasc. Pharmacol. 28, 345–352

22 Ohashi, Y., Katayama, M., Hirata, K., Suematsu, M., Kawashima, S. and Yokoyama,

M. (1993) Biochem. Biophys. Res. Commun. 195, 1314–1320

23 Conforto, A., Dudek, R., Hoffmann, M. R. and Bing, R. J. (1994) Life Sci. 16,
1143–1153

24 Fries, D. M., Penha, R. G. and D ’Amico, E. A. (1995) Biochem. Biophys. Res.

Commun. 207, 231–237

25 Zembowicz, A., Tang, J. and Wu, K. K. (1995) J. Biol. Chem. 270, 17006–17010

26 Hirata, K., Miki, N., Kuroda, Y., Sakoda, T., Kawashima, S. and Yokoyama, M. (1995)

Circ. Res. 76, 958–962

27 Tokumura, A., Iimori, M., Nishioka, Y., Kitahara, M., Sakashita, M. and Tanaka, S.

(1994) Am. J. Physiol. 267, C204–C210

28 Chen, Y., Morimoto, S., Kitano, S., Koh, E., Fukuo, K., Jiang, B., Chen, S., Yasuda,

O., Hirotani, A. and Ogihara, T. (1995) Atherosclerosis 112, 69–76

29 Okajima, F. and Kondo, Y. (1995) J. Biol. Chem. 270, 26332–26340



500 F. Okajima and others

30 Ogita, T., Tanaka, Y., Nakaoka, T., Matsuoks, R., Kira, Y., Nakamura, M., Shimizu, T.

and Fujita, T. (1997) Am. J. Physiol. 272, H17–H24

31 Okajima, F., Tomura, H., Sho, K., Nochi, H., Tamoto, K. and Kondo, Y. (1996) FEBS

Lett. 379, 260–264

32 van Koppen, C. J., zu Heringdorf, D. M., Laser, K. T., Zhang, C., Jakobs, K. H.,

Bunemann, M. and Pott, L. (1995) J. Biol. Chem. 271, 2082–2087

33 Igarashi, Y. (1997) J. Biochem. (Tokyo) 122, 1080–1087

34 Spiegel, S. and Merrill, Jr., A. H. (1996) FASEB J. 10, 1388–1397

35 An, S., Bleu, T., Huang, W., Hallmark, O. G., Coughlin, S. R. and Goetzl, E. J. (1997)

FEBS Lett. 417, 279–282

36 Zondag, G. C. M., Postma, F. R., van Etten, I., Verlaan, I. and Moolenaar, W. H.

(1998) Biochem. J. 330, 605–609

37 Lee, M.-J., van Brocklyn, J. R., Thangada, S., Liu, C. H., Hand, A. R., Menzeleev, R.,

Spiegel, S. and Hla, T. (1998) Science 279, 1552–1555

38 Shackelford, R. E., Misra, U.K., Florine-Casteel, K., Sheau-Fung, T., Pizzo, S. V. and

Adams, D. O. (1995) J. Biol. Chem. 270, 3475–3478

39 Tensen, C. P., van Kesteren, E. R., Planta, R. J., Cox, K. J. A., Burke, J. F., van

Herrikhuizen, H. and Vreugdenhil, E. (1994) Proc. Natl. Acad. Sci. U.S.A. 91,
4816–4820

Received 20 July 1998/7 September 1998 ; accepted 30 September 1998

40 Okajima, F., Sho, K. and Kondo, Y. (1988) Endocrinology (Baltimore) 123,
1035–1043

41 Okajima, F., Sato, K., Nazarea, M., Sho, K. and Kondo, Y. (1989) J. Biol. Chem. 264,
13029–13037

42 Okajima, F., Sato, K. and Kondo, Y. (1989) FEBS Lett. 253, 132–136

43 Cowen, D. S., Baker, B. and Dubyak, G. R. (1990) J. Biol. Chem. 265, 16181–16189

44 Honda, Z., Nakamura, M., Miki, I., Minami, M., Watanabe, T., Seyama, Y., Okado, H.,

Toh, H., Ito, K., Miyamoto, T. and Shimizu, T. (1991) Nature (London) 349, 342–346

45 Moolenaar, W. H. (1995) J. Biol. Chem. 270, 12949–12952

46 Tomura, H., Okajima, F. and Kondo, Y. (1992) Eur. J. Pharmacol. 226, 363–365

47 Tobin, A. B., Willars, G. B., Burford, N. T. and Nahorski, S. R. (1995) Br. J.

Pharmacol. 116, 1723–1728

48 Oishi, K., Raynor, R. L., Charp, P. A. and Kuo, J. F. (1988) J. Biol. Chem. 263,
6865–6871

49 Sasaki, Y., Asaoka, Y. and Nishizuka, Y. (1993) FEBS Lett. 320, 47–51

50 Cox, D. A. and Cohen, M. L. (1996) Am. J. Physiol. 271, H1706–H1710

51 Subbaih, P. V., Chen, C.-H., Bagdade, J. D. and Albers, J. J. (1985) J. Biol. Chem.

260, 5308–5314

52 Okita, M., Gaudette, D. C., Mills, G. B. and Holub, B. J. (1997) Int. J. Cancer 71,
31–34


