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Osteoblast-Like Cells

Haruhiko Tokuda, Jun Kotoyori, Atsushi Suzuki, Yutaka Oiso, and Osamu Kozawa

First Department of Internal Medicine, Nagoya University School of Medicine, Nagoya 466, Japan (H.T.,
J.K., A.S., Y.O.); Department of Biochemistry, Institute for Developmental Research, Aichi Prefectural
Colony, Kasugai, Aichi 480-03, Japan (O.K.)

Abstract We investigated the effects of vitamin D; on the signaling pathways by prostaglandin E, (PGE,) in
osteablast-like MC3T3-E1 cells. The pretreatment with 1,25-dihydroxyvitamin D5 (1,25-(OH),D;), an active form of
vitamin D, significantly inhibited cAMP accumulation induced by 10 uM PGE; in a dose-dependent manner in the
range between 1 pM and 1 nM. This effect of 1,25-(OH),D; was dependent on the time of pretreatment up to 8 h.
1,25-(0OH),Dj; also inhibited the cAMP accumulation induced by NaF, a GTP-binding protein activator, or forskolin
which directly activates adenylate cyclase. On the other hand, 1,25-(OH),Dj; significantly inhibited PGE,-induced 1P;
formation in a dose-dependent manner between 10 pM and 1 nM. However, 1,25-(OH),D; had little effect on
NaF-induced IP; formation. The pretreatment with 24,25-dihydroxyvitamin Ds, an inactive form of vitamin D, affected
neither cCAMP accumulation nor IP; formation induced by PGE,. These results strongly suggest that 1,25-(OH),D;
modulates the signaling by PGE, in osteoblast-like cells as follows: the inhibitory effect on the cAMP production is
exerted at a point downstream from adenylate cyclase and the inhibitory effect on the phosphoinositide hydrolysis is

exerted at the point between the PGE, receptor and GTP-binding protein, probably G;.

© 1993 Wiley-Liss, Inc.

Key words: vitamin Ds, prostaglandin E,, cAMP, phosphoinositide, GTP-binding protein, osteoblast

Prostaglandin E, (PGE,) is well known to be a
potent bone resorbing agent as an autacoid
[Raisz and Martin, 1984; Nijweide et al., 1986].
It has been thought that the actions are medi-
ated through the activation of adenylate cyclase
[Atkins and Martin, 1977; Partridge et al., 1981;
Hakeda et al., 1985]. It has recently been re-
ported that PGE, also stimulates phosphoinosi-
tide (PI) hydrolysis in rat osteosarcoma UMR-
106 cells [Yamaguchi et al., 1988]. In a previous
study [Tokuda et al., 1991], we have shown that
a pertussis toxin-sensitive GTP-binding protein,
probably G, is involved in the signaling be-
tween PGE, receptor and phospholipase C which
hydrolyzes phosphoinositides in cloned osteo-
blast-like MC3T3-E1 cells derived from new-
born mouse calvaria [Kodama et al., 1981; Sudo
et al., 1983]. So, it is now considered that the
effects of PGE, are mediated through both cAMP
production and PI hydrolysis in osteoblasts.
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1,25-Dihydroxyvitamin Dy (1,25-(OH),D3) is
also recognized as a bone resorbing hormone
[Raisz et al., 1972; Stern, 1980; DeLuca and
Schnoes, 1983]. It is generally considered that
the effect of 1,25-(OH),D;, as well as other ste-
roid hormones, is exerted through binding to
specific intracellular receptors and subsequent
activating the expression of gene network
[Evans, 1988]. It has been reported that the
receptor for 1,25-(OH),D; exists in osteoblasts
including osteoblast-like MC3T3-E1 cells
[DeLuca and Schnoes, 1983; Kurihara et al.,
19861, and that 1,25-(OH),D, increases alkaline
phosphatase activity and type I collagen produc-
tion in MC3T3-E1 cells {Kurihara et al., 1986].
In addition, it has also been shown that 1,25-
(OH),;D; induces intracellular Ca?* elevation and
the formation of inositol trisphosphate (IPj)
within 1 min in ROS 17/2.8 rat osteosarcoma
cells [Civitelli et al., 1990; Baran et al., 1991],
while 1,25-(OH);D; has been reported to de-
crease adenylate cyclase activity induced by para-
thyroid hormone (PTH), also known as a potent
bone resorbing hormone in rodent osteoblasts
[Chen et al., 1984] and rat osteosarcoma ROS
17/2.8 cells [Catherwood, 1985]. It has also been
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reported that 1,25-(OH),D; suppresses PTH-
induced prostaglandin E production in ostecblas-
tic cells derived from human bone [MacDonald
et al., 1984]. These results suggest that 1,25-
(OH),;D; modulates signaling pathways by other
bone resorbing agents in osteoblasts. However,
the precise mechanism of the 1,25-(OH),D, ef-
fect on the signaling has not yet been fully
elucidated.

In the present study, we examined the effects
of 1,25-(OH),;D; on the two signaling pathways
of PGEs, cAMP accumulation and PI hydrolysis
in osteoblast-like MC3T3-E1 cells. Herein we
show that 1,25-(OH);D; modulates the signal-
ing by PGE; in osteoblast-like cells as follows:
the inhibitory effect on the cAMP accumulation
is exerted at a point downstream from adenylate
cyclase and the inhibitory effect on PI hydrolysis
is exerted at the point between the PGE, recep-
tor and GTP-binding protein, probably G;,.

METHODS
Materials

1,25-(OH),D4 and 24,25-dihydroxyvitamin Dy
(24,25-(OH),;D3) dissolved in ethanol were pro-
vided by Roche Pharmaceutical Co. (Tokyo, Ja-
pan). myo-[2-3H] Inositol (81.5 Ci/mmol) was
obtained from Amersham Japan (Tokyo, Ja-
pan). The cAMP radioimmunoassay kit was
kindly provided by Yamasa Shoyu Co. (Chiba,
Japan). PGE,, NaF, and forskolin were obtained
from Sigma Chemical Co. (St. Louis, MO). The
protein assay reagent kit was purchased from
Pierce (Rockford, IL). Other materials and chem-
icals were obtained from commercial sources.
PGE, and forskolin were dissolved in ethanol.
3-Isobutyl-1-methylxanthine (IBMX) was dis-
solved in dimethy] sulfoxide. The maximum con-
centration of ethanol and dimethyl sulfoxide in
the culture medium was 0.1%, and this affected
neither the assay for cAMP nor the measure-
ment of IP; formation.

Cell Culture

Cloned osteoblast-like MC3T3-E1 cells were
generously provided by Dr. M. Kumegawa (Mei-
kai University, Sakado, Japan) and maintained
in a-minimum essential medium («-MEM) con-
taining 10% fetal calf serum (FCS) at 37°C in a
humidified atmosphere of 5% CO;/95% air. The
cells (5 x 10%) were seeded into 35-mm diameter
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. In experi-
ments for the measurement of the formation of
IP;, the medium was exchanged for 2 ml of
inositol-free a-MEM containing 0.3% FCS.

Assay for cAMP

The cultured cells were pretreated with vari-
ous doses of vitamin D5 (VD,) for the indicated
periods, and then preincubated with 0.5 mM
IBMX for 10 min in 1 ml of an assay buffer (5
mM 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid, pH 7.4 containing 150 mM NaCl, 5
mM KCl, 5.5 mM glucose, 0.8 mM MgSO,, and 1
mM CaCl,) containing 0.01% bovine serum albu-
min (BSA). After the preincubation, the cells
were stimulated by PGE,, NaF, or forskolin at
37°C. The reaction was terminated by aspirating
the medium; then the intracellular cAMP was
extracted with 1 ml of 90% n-propanol [Herr-
mann-Erlee et al., 1983]. cAMP in the extracts
was measured by a radioimmunoassay kit.

Measurement of the Formation of 1P

The cultured cells were labeled with myo-[2-
SH] inositol (3 pCi/dish) for 48 h. After the
pretreatment with various doses of VD3 for the
indicated periods, the labeled cells were preincu-
bated with 10 mM LiCl for 10 min in 1 ml of the
assay buffer containing 0.01% BSA. The cells
were then stimulated by PGE, or NaF at 37°C.
The reaction was terminated by adding 1 ml of
30% trichloroacetic acid. The acid supernatant
was treated with diethyl ether to remove the
acid and neutralized with 0.1 M NaOH. The
supernatant was applied to a column of Dowex
AG1-X8 (100-200 mesh, formate form). To elute
inositol monophosphate and inositol bisphos-
phate, 8 ml of 0.1 M formic acid containing 0.4
M ammonium formate was applied to the col-
umn. The radioactive IP; was then eluted from
the column with 8 ml of 0.1 M formic acid
containing 1 M ammonium formate [Berridge et
al., 1983, 1984].

Determinations

The radioactivity of H samples was deter-
mined with a Beckman LS 6000IC liquid scintil-
lation spectrometer. Protein concentrations were
determined by using a protein assay reagent kit
with BSA as a reference protein.



222 Tokuda et al.

15 :
- 159
2
[+]
G J
o
E
=4
< 10 b
©
£
e
S ]
=
<
05_
T . . T
I~
0 12 11 10 9

-Log (VD3), m

Fig. 1. Effects of VD5 on PGE;-induced cAMP accumulation in
MC3T3-E1 cells The cultured cells were pretreated with vari-
ous doses of 1,25-(OH),D; (@) or 24,25-(0OH),D; (O) for 8 h,
then stimulated by 10 uM PGE; for 5 min Values for unstimu-
lated cells have been subtracted from each data point Each
value represents the mean = S D of triplicate determinations
Similar results were obtained with two additional and different
celf preparations *P < 0 05 compared to the value pretreated
with 24,25-(0OH),;D;

Statistical Analysis

The data were analyzed by Student’s z-test
and P < 0.05 was considered significant. All
data are presented as the mean = S.D. of tripli-
cate determinations.

RESULTS

Effects of VD, on PGE,-Induced cAMP
Accumulation in MC3T3-E1 Cells

In a previous study [Kozawa et al., 1992], we
have shown that PGE, stimulates cAMP accu-
mulation in a dose-dependent manner in the
range between 1 nM and 10 pM in osteoblast-
like MC3T3-E1 cells, and that the cAMP accumu-
lation shows the peak at 5 min. Thus, we first
examined the effects of VD; on cAMP accumula-
tion induced by 10 uM PGE, in these cells. The
8-h pretreatment with 1,25-(OH),D3, an active
form of VD [Stern, 1980; DeLuca and Schnoes,
1983], which by itself had little effect on cAMP
accumulation (data not shown), significantly in-
hibited the PGEs-induced cAMP accumulation
in a dose-dependent manner in the range be-
tween 1 pM and 1 nM (Fig. 1). The maximum
inhibitory effect of 1 nM 1,25-(OH),D3 on the
cAMP accumulation was 53%. On the other
hand, the pretreatment with 24,25-(OH),D;, an
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Fig. 2. Effectof 1,25-(OH);D; on PGEz-induced cAMP accumu-
lation in MC3T3-E1 cells time-course of pretreatment The
cultured cells were pretreated with 1 nM 1,25-(OH),D; for the
indicated periods, then stimulated by 10 pM PGE; for 5 min
Values for unsttimulated cells have been subtracted from each
data point Each value represents the mean = S D of triplicate
determinations Similar results were obtained with two addi-
tional and different cell preparations *P < 0 05 compared to
the value stimulated simultaneously by PGE; and 1,25-(OH); D5

inactive form of VDj [Stern, 1980; DeLuca and
Schnoes, 1983], showed little effect on the PGE,-
induced cAMP accumulation in these cells (Fig.
1). The inhibitory effect of 1,25-(OH);D; was
dependent on the time of pretreatment up to 8 h
(Fig. 2). The pretreatment with 1,25-(OH),D,
had little effect on the protein contents of the
cultured cells up to 8 h (0.377 = 0.015 mg/dish
for control and 0.375 + 0.020 mg/dish for 1 nM
1,25-(OH)9D; for 8 h; there was no significant
difference from control).

Effects of 1,25-(OH),D; on NaF- or
Forskolin-Induced cAMP Accumulation in
MC3T3-E1 Cells

To clarify the point exerted by 1,25-(0OH),D4
in the inhibitory effect on the PGE,-induced
cAMP accumulation, we examined the effects of
1,25-(OH).D; on NaF- or forskolin-induced
cAMP accumulation in MC3T3-E1 cells. We have
previously reported that NaF, a GTP-binding
protein activator [Gilman, 1987], dose depen-
dently induces cAMP accumulation in the range
between 5 and 40 mM in these cells [Kozawa et
al., 1992]. The cAMP accumulation induced by
40 mM NaF was significantly suppressed by 8 h
pretreatment with 1,25-(OH);D; in a dose-
dependent manner between 1 pM and 1 nM (Fig.
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Fig. 3. Effectof 1,25-(OH);D; on NaF-induced cAMP accumu-
lation in MC3T3-ET cells. The cultured cells were pretreated
with various doses of 1,25-(OH),Ds for 8 h, then stimulated by
40 mM NaF for 5 min. Values for unstimulated cells have been
subtracted from each data point. Each value represents the
mean * S.D. of triplicate determinations. Similar results were
obtained with two additional and different cell preparations. *P
< 0.05 compared to control.

3). The cAMP accumulation induced by 50 uM
forskolin, which directly activates adenylate cy-
clase [Seamon and Daly, 1981], was also inhib-
ited by 1,25-(OH),D; in these cells (3,424 + 72
pmol/mg protein for control and 2,326 + 76
pmol/mg protein for 1 nM 1,25-(OH),Ds—treated
cells; the cells were stimulated by 50 uM forsko-
lin for 5 min).

Effects of VD; on PGE,-Induced IP; Formation in
MC3T3-E1 Cells

Previously, we have shown that PGE, stimu-
lates PI hydrolysis in a dose-dependent manner
in the range between 1 nM and 10 pM in
MC3T3-E1 cells, and that PGE,-induced IP;
formation reaches a plateau almost within 10
min and sustains it up to 30 min [Kozawa et al.,
1992]. So, we next examined the effects of VD,
on the IP; formation induced by 10 pM PGE; in
these cells. The 8 h pretreatment with 1,25-
(OH);D3, which by itself had little effect on 1P,
formation (data not shown), significantly inhib-
ited the PGE,-induced IP; formation in a dose-
dependent manner in the range between 10 pM
and 1 nM (Fig. 4). The maximum inhibitory
effect of 1 nM 1,25-(OH),D; on the IP; forma-
tion was 46%. On the other hand, 24,25-(OH);D4
showed little effect on the IP; formation induced
by PGE; in these cells (Fig. 4). The inhibitory
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Fig. 4. Effects of VD3 on PGE;-induced IP; formation in
MC3T3-E1 cells. The [*Hjinositol-labeled cells were pretreated
with various doses of 1,25-(OH),D; (@) or 24,25-(OH),D; (O)
for 8 h, then stimulated by 10 uM PGE, for 5 min. Values for
unstimulated cells have been subtracted from each data point.
Each value represents the mean = S.D. of triplicate determina-
tions. Similar results were obtained with two additional and
different cell preparations. *P < 0.05 compared to the value
pretreated with 24,25-(0OH),Ds.

effect of 1,25-(OH),D; was dependent on the
time of pretreatment up to 8 h (Fig. 5).

Effect of 1,25-(OH),D; on NaF-Induced IP,
Formation in MC3T3-E1 Cells

In a previous study [Tokuda et al., 1991], we
have shown that NaF mimicks PGE, by activat-
ing the formation of inositol phosphates in
MC3T3-E1 cells, and that the effect of 20 mM
NaF is very similar to that of 10 uM PGE,. We
have also demonstrated that a pertussis toxin-
sensitive GTP-binding protein, probably G;s, is
involved in the signaling between PGE, receptor
and phospholipase C [Tokuda et al., 1991]. To
clarify the point exerted by 1,25-(OH),Dj3 in the
inhibitory effect on the PGE,-induced PI hydro-
lysis, we examined the effect of 1,25-(OH),D5 on
the NaF-induced IP; formation. NaF (20 mM)-
induced IP; formation was little affected by 8-h
pretreatment with 1,25-(OH);D; in these cells
(Fig. 6).

DISCUSSION

In the present study, we first examined the
effects of VD3 on the PGEs-induced cAMP accu-
mulation in osteoblast-like MC3T3-E1 cells and
showed that not 24,25-(OH),D;, an inactive form
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Fig. 5. Effect of 1,25-(OH);D; on PGE,-induced IP; formation
in MC3T3-E1 cells time-course of pretreatment The [*H]inost-
tol-labeled cells were pretreated with 1 nM 1,25-(OH),D; for
the indicated periods, then stimulated by 10 pM PGE, for 5
min Values for unstimulated cells have been subtracted from
each data point Each value represents the mean + SD of
triplicate determinations Similar results were obtaned with
two additional and different cell preparations *P < 0 05 com-
pared to the value stimulated simultaneously by PGE, and
1,25-(OH), D5

of VDs, but 1,25-(OH),D3, an active form of VD;
[Stern, 1980; DeLuca and Schnoes, 1983] mark-
edly inhibited the cAMP accumulation in a dose-
dependent manner in these cells. It is well estab-
lished that G, is involved in the signaling between
the receptor and adenylate cyclase [Gilman,
1987]. To clarify the focus of 1,25-(OH),D; in
the inhibitory effect on the PGE;-induced cAMP
accumulation, therefore, we examined the ef-
fects of 1,25-(OH);Ds on NaF- or forskolin-
induced cAMP accumulation in MC3T3-E1 cells.
We demonstrated that 1,25-(OH)yD; signifi-
cantly reduced the cAMP accumulation induced
by these two agents. Since NaF is an activator of
GTP-binding protein [Gilman, 1987} and forsko-
Iin is known to activate adenylate cyclase di-
rectly [Seamon and Daly, 1981], these results
suggest that the inhibitory effect of 1,25-(OH),D5
on the PGE,-induced cAMP production is ex-
erted at a point downstream of the signaling
from adenylate cyclase. It has been reported
that PTH-induced cAMP accumulation is re-
duced by 1,25-(OH);D; in cultured rodent bone
cells [Chen et al., 1984] and rat osteosarcoma
ROS 17/2.8 cells [Catherwood, 1985). In ROS
17/2.8 cells, it has been shown that 1,25-
(OH);D5 had little effect on the cAMP accumula-
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Fig. 6. Effect of 1,25-(OH),;D; on NaF-induced IP; formation
in MC3T3-E1 cells The [3Hlinositol-labeled cells were pre-
treated with various doses of 1,25-(0OH),D; for 8 h, then
stimulated by 20 mM NaF for 10 min Values for unstimulated
cells have been subtracted from each data point Each value
represents the mean = S D of triplicate determinations Similar
results were obtained with two additional and different cell
preparations

tion induced by cholera toxin, an activator for
G,, or forskolin [Catherwood, 1985], and that
the inhibitory effect of 1,25-(OH);D; results from
the reduction of PTH receptor number [Titus et
al., 1991]. These discordances may be due to the
difference of cell species or some experimental
conditions.

We next examined the effects of VD; on the
PGE,-induced PI hydrolysis in MC3T3-E1 cells
and showed that not 24,25-(OH),D; but 1,25-
(OH),D; also reduced the IP; formation induced
by PGE;. To our knowledge, this is probably the
first report on an inhibitory effect of 1,25-
(OH);D; on PI hydrolysis in osteoblasts. In a
previous study [Tokuda et al., 1991], we have
demonstrated that PGE,-induced PI hydrolysis
is mediated through a pertussis toxin-sensitive
GTP-binding protein, probably G,;, in MC3T3-E1
cells. Therefore, to clarify the focus of 1,25-
(OH),D; in the inhibitory effect, we examined
the effect of 1,25-(OH);D; on NaF-induced IP;
formation and showed that 1,25-(OH),D; had
little effect on the IP; formation induced by NaF
in these cells. From this result, it seems unlikely
that 1,25-(OH);D; affects post-G,; signaling in
the PGEg-induced PI hydrolysis. It is well khown
that PGE, receptors are pharmacologically sub-
divided into three subtypes, EP;, EP,, and EP;
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[Coleman et al., 1989], and these subtypes are
considered to be different in their signal trans-
duction; they are presumed to be coupled to
stimulation of phospholipase C, and stimulation
and inhibition of adenylate cyclase, respectively
[Yokohama et al., 1988; Chen et al., 1988; Son-
nenburg and Smith, 1988; Coleman et al., 1989].
In MC3T3-E1 cells, existence of two classes of
PGE, receptors mediating the stimulation of
adenylate cyclase and phospholipase C has re-
cently been reported [Toriyama et al., 1992].
Thus, 1t is most likely that the inhibitory effect
of 1,25-(OH),D3 on PGE,-induced PI hydrolysis
is exerted at the point between the PGE, recep-
tor and GTP-binding protein, probably G,,.

We showed here that 24,25-(OH),D; had Iittle
effect on either cAMP accumulation or IP; forma-
tion induced by PGE, in MC3T3-E1 cells. Since
it is well accepted that 24,25-(OH),D; 1s an
mactive metabolite of VD; in bone resorbing
activity [Stern, 1980; DeLuca and Schnoes,
1983], it is possible that the effects of 1,25-
(OH);D; shown here play a crucial role in bone
metabolism. In addition, we have recently re-
ported that 17 B-estradiol markedly inhibits
PGE,-induced PI hydrolysis without affecting
PGE,-induced cAMP production in these cells
[Tokuda et al., 1992]. This significant difference
between the effects of 1,25-(OH),D, and that of
17 B-estradiol on PGE, signaling may reflect the
different actions of these two steroid hormones
on bone metabolism.

In conclusion, our results strongly suggest
that 1,25-(OH),D; modulates the signaling by
PGE; in osteoblast-like cells as follows: the inhib-
itory effect on the cAMP production is exerted at
a point downstream from adenylate cyclase and
the inhibitory effect on PI hydrolysis is exerted
at the point between the PGE, receptor and
GTP-binding protein, probably G,,.
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