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Abstract In a previous study, we have shown that endothelin-1 (ET-1) activates phospholipase D independently
from protein kinase C in osteoblast-like MC3T3-E1 cells. It is well recognized that phosphatidylycholine hydrolysis by
phospholipase D generates phosphatidic acid, which can be further degraded by phosphatidic acid phosphohydrolase
to diacylglycerol. In the present study, we investigated the role of phospholipase D activation in ET-1–induced
arachidonic acid release and prostaglandin E2 (PGE2) synthesis in osteoblast-like MC3T3-E1 cells. ET-1 stimulated
arachidonic acid release dose-dependently in the range between 0.1 nM and 0.1 µM. Propranolol, an inhibitor of
phosphatidic acid phosphohydrolase, significantly inhibited the ET-1–induced arachidonic acid release in a dose-
dependent manner as well as the ET-1–induced diacylglycerol formation. 1,6-bis-(cyclohexyloxyminocarbonylamino)-
hexane (RHC-80267), an inhibitor of diacylglycerol lipase, significantly suppressed the ET-1–induced arachidonic acid
release. The pretreatment with propranolol and RHC-80267 also inhibited the ET-1–induced PGE2 synthesis. These
results strongly suggest that phosphatidylcholine hydrolysis by phospholipase D is involved in the arachidonic acid
release induced by ET-1 in osteoblast-like cells. J. Cell. Biochem. 64:376–381. r 1997 Wiley-Liss, Inc.
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Endothelin (ET) is a potent vasoconstrictive
peptide consisting of three isotypes, ET-1, ET-2,
and ET-3 [Yanagisawa et al., 1988; Simonson
and Dunn, 1990; Masaki, 1993]. It is nowadays
recognized that ET has a wide variety of effects
on both vascular and nonvascular tissues
through its binding to specific receptors [Simon-
son and Dunn, 1990; Masaki, 1993]. In bone
tissue, it has been shown that ET receptors
exist in osteoblasts [Takuwa et al., 1990]. ET-1
has been reported to induce bone resorption
and stimulate collagen and noncollagen protein
synthesis andDNAsynthesis in cultured neona-
tal mouse calvaria [Takuwa et al., 1989, 1990;
Sakurai et al., 1992; Tatrai et al., 1992].
As for intracellular signaling system of ET, it

has been reported that ET induces phospho-

inositide hydrolysis by phospholipase C and
mobilizes Ca21 from extra- and intracellular
pools in osteoblast-likeMC3T3-E1 cells [Takuwa
et al., 1989, 1990], which have been derived
from newborn mouse calvaria [Kodama et al.,
1981; Sudo et al., 1983]. Two second messen-
gers, inositol 1,4,5-trisphosphate and diacylglyc-
erol, are produced fromphosphoinositide hydrol-
ysis [Berridge, 1993]. It is well known that
diacylglycerol is a physiological activator of pro-
tein kinase C [Nishizuka, 1986]. However, phos-
phoinositide hydrolysis is not the only pathway
of diacylglycerol formation [Exton, 1990; Zeisel,
1993]. It is recognized that phospholipase D
catalyzes the hydrolysis of phosphatidylcho-
line, resulting in the formation of phosphatidic
acid [Billah and Anthes, 1990; Exton, 1990;
Zeisel, 1993]. Phosphatidic acid, which itself
could be a potential intracellular mediator, can
be further degraded by phosphatidic acid phos-
phohydrolase to diacylglycerol [Billah and An-
thes, 1990; Exton, 1990; Zeisel, 1993]. It is
nowadays recognized that phospholipase D
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plays an important role in modulating cellular
functions through the activation of protein ki-
nase C, since phosphatidylcholine is the princi-
pal phospholipid in cell membranes [Billah and
Anthes, 1990; Exton, 1990; Zeisel, 1993]. We
have recently shown that ET-1 stimulates phos-
phatidylcholine-hydrolyzing phospholipase D
independently of protein kinase C in osteoblast-
like MC3T3-E1 cells [Suzuki et al., 1994].
Prostaglandins (PGs), which are synthesized

from arachidonic acid by cellular enzymes, are
important bioactive substances and modulate
diverse cellular functions in ubiquitous cells
[Samuelsson et al., 1978; Smith, 1989]. In bone
metabolism, it has been reported that PGE2 is a
major eicosanoid product in osteoblasts includ-
ing osteoblast-like MC3T3-E1 cells and that it
is a potent bone resorptive agent [Nijweide et
al., 1986; Raisz and Martin, 1984; Yokota et al.,
1986]. It is generally accepted that arachidonic
acid is released from the esterified stores of
membrane phospholipids by phospholipase A2

[Irvine, 1982]. However, arachidonic acid could
be also released via membrane phospholipids
by other phospholipases [Smith, 1989; Dennis
et al., 1991]. In the present study, we investi-
gated the role of phospholipase D activation in
ET-1–induced arachidonic acid release in osteo-
blast-likeMC3T3-E1 cells. Herein we show that
phosphatidylcholine hydrolysis by phospholi-
pase D is involved in the arachidonic acid re-
lease induced by ET-1 in osteoblast-like cells.

METHODS
Materials

[5,6,8,9,11,12,14,15-3H]arachidonic acid (208
Ci/mmol) and the sn-1,2-diacylglycerol assay
system and PGE2[125I]assay system were pur-
chased from Amersham Japan (Tokyo, Japan).
ET-1 was purchased from Peptide Institute Inc.
(Minoh, Japan). dl-propranolol hydrochloride
(propranolol) was purchased from Wako Pure
Chemical Industries (Osaka, Japan). 1,6-bis-
(cyclohexyloximinocarbonylamino)-hexane
(RHC-80267) was purchased from Funakoshi
Pharmaceutical Co. (Tokyo, Japan). Other ma-
terials and chemicals were obtained from com-
mercial sources. Propranolol and RHC-80267
were dissolved in dimethyl sulfoxide. Themaxi-
mum concentration of dimethyl sulfoxide in the
culture medium was 0.1%, and this did not
affect the measurement of arachidonic acid re-
lease, diacylglycerol formation, and assay for
PGE2.

Cell Culture

Cloned osteoblast-like MC3T3-E1 cells were
maintained as previously described [Kozawa et
al., 1994]. In brief, the cells were cultured in
a-minimum essential medium (a-MEM) con-
taining 10% fetal calf serum (FCS) at 37°C in a
humidified atmosphere of 5% CO2/95% air. The
cells (5 3 104) were seeded into 35 mm diam-
eter dishes in 2 ml of a-MEM containing 10%
FCS. After 5 days, the medium was exchanged
for 2 ml of a-MEM containing 0.3% FCS. The
cells were used for experiments after 48 h.
When indicated, the cells were pretreated with
propranolol or RHC-80267 for 20 min.

Measurement of Arachidonic Acid Release

The measurement of arachidonic acid release
was performed as previously described [Suzuki
et al., 1993]. In brief, the cultured cells were
labeled with [3H]arachidonic acid (0.5 µCi/dish)
for 24 h. The medium was removed, and the
cells were then washed four times with 1 ml of
the assay buffer (10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, pH 7.4, 135 mM
NaCl, 5 mM KCl, 1 mM MgSO4, and 1 mM
CaCl2). The cells were preincubated subse-
quently with 1ml of the assay buffer containing
0.1% essentially fatty acid–free bovine serum
albumin (BSA) at 37°C for 20 min, and the cells
were then stimulated by various doses of ET-1.
After the indicated periods, the medium was
collected, and the radioactivity of the medium
was determined.

Measurement of Diacylglycerol Formation

The cultured cells were incubated in the as-
say buffer containing 0.01% BSA at 37°C for 20
min and then stimulated by ET-1 for 20 min.
The reaction was terminated by adding 0.75 ml
of ice-cold methanol, and the lipids were ex-
tracted as previously described [Bligh andDyer,
1959]. Diacylglycerol was quantitated using the
sn-1,2-diacylglycerol assay reagent system. The
radioactive spot corresponding to phosphatidic
acid was analyzed by a BAS2000 (Tokyo, Ja-
pan) equipped with imaging plates used as pre-
viously described [Amemiya and Miyahara,
1988].

Assay for PGE2

Procedures were done as described under
Measurement of Arachidonic Acid Release ex-
cept for using unlabeled cells. The cultured
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cells were pretreated with propranolol or RHC-
80267 for 20 min and then stimulated by ET-1.
After 2 h, themediumwas collected, and PGE2 in
themediumwasmeasuredwitharadioimmunoas-
say kit.

Determination

The radioactivity of 3H-labeled samples was
determined with a Beckman LS-6000IC liquid
scintillation spectrometer (Fullerton, CA). The
radioactivity of 125I samples was determined
with an Aloka ARC-600 autowell gamma sys-
tem (Tokyo, Japan).

Statistical Analysis

The data were analyzed by Student’s t-test,
and P , 0.05 was considered significant. All
data are presented as the mean 6 S.E. of tripli-
cate determinations.

RESULTS
Effect of ET-1 on Arachidonic Acid Release

in MC3T3-E1 Cells

ET-1 (0.1 µM) significantly stimulated arachi-
donic acid release, compared to the control, in a

time-dependent manner up to 20 min in osteo-
blast-like MC3T3-E1 cells (Fig. 1). The effect of
ET-1 on arachidonic acid release was dose-
dependent in the range between 0.1 nM and 0.1
µM (Fig. 2). The maximum effect of ET-1 was
observed at 0.1 µM.

Effect of Propranolol on ET-1–Induced
Arachidonic Acid Release and Diacylglycerol

Formation in MC3T3-E1 Cells

We examined the effect of propranolol, an
inhibitor of phosphatidic acid phosphohydrol-
ase [Pappu and Hauser, 1983], on ET-1–in-
duced arachidonic acid release in MC3T3-E1
cells. The pretreatment with propranolol, which
by itself had little effect on arachidonic acid
release, significantly inhibited the ET-1–in-
duced arachidonic acid release in these cells
(Fig. 3). The effect of propranolol was dose-
dependent in the range between 100 and 300
µM. The inhibitory effect of propranolol (300
µM) on the arachidonic acid release was 51%.
In addition, we examined the effect of propra-
nolol on the diacylglycerol formation induced
by ET-1 in MC3T3-E1 cells. ET-1 (0.1 µM)–

Fig. 1. Time-dependent effect of ET-1 on arachidonic acid
release in MC3T3-E1 cells. The [3H]arachidonic acid–labeled
cells were stimulated by 0.1 µM ET-1 (W) or vehicle (X) for the
indicated periods. Values represent the means 6 S.E. of tripli-
cate determinations of a representative experiment carried out
three times. *P , 0.05 vs. control values.

Fig. 2. Dose-dependent effect of ET-1 on arachidonic acid
release in MC3T3-E1 cells. The [3H]arachidonic acid–labeled
cells were stimulated by various doses of ET-1 for 20min. Values
for control cells have been subtracted from each data point.
Values represent the means6 S.E. of triplicate determinations of
a representative experiment carried out three times.
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induced diacylglycerol formation was also re-
duced by propranolol (300 µM) aswell as arachi-
donic acid release in these cells (Table I). The
inhibitory effect of propranolol on the diacylglyc-
erol formation was 53%.

Effect of RHC-80267 on ET-1–Induced
Arachidonic Acid Release in MC3T3-E1 Cells

Diacylglycerol is recognized to be an impor-
tant cellular source of arachidonate which may

be generated subsequently by diacylglycerol li-
pase [Bell et al., 1979]. RHC-80267 has been
reported to inhibit selectively diacylglycerol li-
pase activity [Sutherland andAmin, 1982]. Pre-
treatment with 30 µM RHC-80267, which by
itself had little effect on arachidonic acid re-
lease, significantly suppressed the ET-1–in-
duced arachidonic acid release in MC3T3-E1
cells (Fig. 4).
The inhibitory effect of RHC-80267 (30 µM)

on the arachidonic acid release was about 44%.

Effects of Propranolol or RHC-80267 on
ET-1–Induced PGE2 Synthesis in MC3T3-E1 Cells

We next examined the effect of propranolol or
RHC-80267 on PGE2 synthesis induced by ET-1
in these cells. The pretreatment with proprano-
lol, which by itself had no effect on PGE2 synthe-
sis, significantly inhibited PGE2 synthesis in-
duced by ET-1 in MC3T3-E1 cells (Table II).
The inhibitory effect of propranolol (300 µM)
was about 85%. Pretreatment with RHC-80267,
which by itself had no effect on PGE2 synthesis,
also suppressed PGE2 synthesis induced byET-1

Fig. 3. Effect of propranolol on ET-1–induced arachidonic acid
release in MC3T3-E1 cells. The [3H]arachidonic acid–labeled
cells were pretreated with various doses of propranolol for 20
min and then stimulated by 0.1 µM ET-1 (W) or vehicle (X) for
20 min. Values represent the means 6 S.E. of triplicate determi-
nations of a representative experiment carried out three times.
*P , 0.05 vs. value of ET-1 without propranolol pretreatment.

TABLE I. Effect of Propranolol on
ET-1–Induced Diacylglycerol Formation in

MC3T3-E1 Cells*

Diacylglycerol formation
(pmol/dish)

ET-1 1,069 6 128
Propranolol 1 ET-1 566 6 74

*The cultured cells were pretreated with 300 µM proprano-
lol or vehicle for 20min and then stimulated by 0.1 µMET-1
for 20 min. Diacylglycerol formation was quantitated as
described in Methods. Each value represents the mean 6

S.E. of triplicate determinations. Similar results were ob-
tained with two additional and different cell preparations.

Fig. 4. Effect of RHC-80267 on ET-1–induced arachidonic
acid release in MC3T3-E1 cells. The [3H]arachidonic acid–
labeled cells were pretreated with 30 µM RHC-80267 or vehicle
for 20 min and then stimulated by 0.1 µM ET-1 or vehicle for 20
min. Values represent the means 6 S.E. of triplicate determina-
tions of a representative experiment carried out three times. *P
, 0.05 vs. value of ET-1 without RHC-80267 pretreatment.
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in MC3T3-E1 cells (Table II). The inhibitory
effect of RHC-80267 (30 µM) was about 79%.

DISCUSSION

In the present study, we showed that ET-1
stimulated arachidonic acid release time- and
dose-dependently in osteoblast-like MC3T3-E1
cells, and propranolol, a phosphatidic acid phos-
phohydrolase inhibitor [Pappu and Hauser,
1983], significantly inhibited arachidonic acid
release induced by ET-1. We previously re-
ported that ET-1 stimulates phosphatidylcho-
line hydrolysis by phospholipase D indepen-
dently of protein kinase C in these cells [Suzuki
et al., 1994]. Phosphatidylcholine can be hydro-
lyzed by phospholipase D to yield phosphatidic
acid, which is further degraded by phosphatidic
acid phosphohydrolase to diacylglycerol [Billah
and Anthes, 1990; Exton, 1990; Zeisel, 1993].
So, it seems that the conversion of phosphatidic
acid to diacylglycerol is involved in ET-1–
induced arachidonic acid release in MC3T3-E1
cells. In addition, we showed that ET-1 induced
the formation of diacylglycerol and that pro-
pranolol significantly inhibited diacylglycerol
formation induced by ET-1 as well as arachi-
donic acid release in these cells. The degrees of
inhibition by propranolol were similar. Thus,
these findings suggest that diacylglycerol forma-
tion induced by phosphatidylcholine hydrolysis
by phospholipase D is involved in ET-1–induced
arachidonic acid release in MC3T3-E1 cells.
Next, we demonstrated that RHC-80267, which
is known to inhibit selectively diacylglycerol
lipase [Sutherland and Amin, 1982], signifi-
cantly inhibited ET-1–induced arachidonic acid

release in MC3T3-E1 cells. Thus, this finding
suggests that the activation of diacylglycerol
lipase is involved in ET-1–induced arachidonic
acid release in these cells. Therefore, these
results as a whole suggest that ET-1 stimulates
arachidonic acid release via phosphatidylcho-
line hydrolysis by phospholipaseD in osteoblast-
like MC3T3-E1 cells.
PGE2 is well known to be a major eicosanoid

product in osteoblasts includingMC3T3-E1 cells
[Raisz and Martin, 1984; Yokota et al., 1986]
and to be a potent bone resorbing agent [Nij-
weide et al., 1986; Zeisel, 1993]. In the present
study, we demonstrated that ET-1 stimulated
PGE2 synthesis in MC3T3-E1 cells and that
both propranolol and RHC-80267 suppressed
ET-1– induced PGE2 synthesis as well as arachi-
donic acid release in these cells. Our findings
suggest that phosphatidylcholine hydrolysis by
phospholipase D is involved in the mechanism
of ET-1–induced arachidonic cascade in osteo-
blast-like MC3T3-E1 cells.
In conclusion, our findings strongly suggest

that phosphatidylcholine hydrolysis by phospho-
lipase D is involved in arachidonic acid release
induced by ET-1 in osteoblast-like cells.
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