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Abstract

We comparatively examined the mechanism by which vitamin K2 (Menatetrenone, MK4) and its side chain component, gera-

nylgeraniol (GGO), inhibited osteoclast formation in the co-culture system of stromal cells with spleen cells. Both MK4 and GGO

inhibited osteoclast formation induced by 1a,25-dihydroxyvitamin D3 (1,25(OH)2D3). MK4, but not GGO, inhibited cyclooxy-

genase-2 (COX-2) expression and prostaglandin E2 (PGE2) production in the co-culture system. To elucidate the precise mechanism

of the inhibitory effect of GGO on osteoclast formation, the co-cultured cells were stimulated with PGE2. GGO, but not MK4,

inhibited osteoclast formation via suppression of the receptor activator of NF-jB ligand (RANKL) expression. Moreover, GGO

abolished the disruption of osteoclastic actin rings induced by nitrogen-containing bisphosphonate (N-BP), whereas MK4 did not

affect it at all. These data suggest that MK4 inhibited osteoclast formation independently of GGO, and that MK4, but not GGO,

has no competitive action on the anti-osteoporotic effect of N-BP.

� 2003 Elsevier Inc. All rights reserved.
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Osteoporosis characterized by loss of bone mass is a

major public health problem, especially in elderly wo-
men. It is widely accepted that osteoporosis is a syn-

drome that may result from a combination of numerous

risk factors such as estrogen loss and aging [1], and many

anti-osteoporosis drugs have therefore been developed.

Among them, estrogen, selective estrogen receptor

modulators (SERM), calcitonin, calcium compounds,

vitamin D, bisphosphonates (BPs), and vitamin K are

widely used throughout the world [1,2]. BPs have been
shown to prevent spine and non-vertebral fractures as-

sociated with osteoporosis, and the molecular targets

of nitrogen-containing bisphosphonates (N-BPs) have

recently been identified [3,4]. They inhibit cholesterol

biosynthesis pathway enzymes, farnesyl diphosphate

(FPP) synthetase, and geranylgeranyl diphosphate

(GGPP) synthase. By inhibiting these enzymes in oste-

oclasts, N-BPs interfere with the geranylgeranylation of
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small GTPases such as Ras, Rho, and Rac. It is well

known that small GTPases are important signaling
proteins regulating a variety of cell processes important

for osteoclast formation, including cell morphology.

Hence, N-BPs indirectly prevent the protein prenylation

of small GTP-binding proteins, disrupt the cytoskeleton,

abolish the ruffled border, and induce apoptosis in

osteoclasts [5–7] and preosteoclasts [8] in vivo and in

vitro.

Vitamin K1 (2-methyl-3-phenyl-1,4-naphthoquinone)
and K2 (MK4) are also used as anti-osteoporosis drugs.

Vitamin K is essential for the c-carboxylation of oste-

ocalcin, that is, it converts glutamic acid residue (Glu)

into c-carboxyglutamic acid residue (Gla) in osteocalcin

molecules [9]. c-Carboxylation of osteocalcin is impor-

tant for bone metabolism, because it is impossible for

non-carboxylated osteocalcin to bind to hydroxyapatite

[10,11]. Therefore, the serum level of osteocalcin is re-
garded as a biochemical marker of bone turnover [12].

MK4 is a potent homologue of vitamin K2 in preventing

bone loss induced by ovariectomy and prednisolone
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treatment in rats [13,14]. MK4 affects metabolism by
stimulating bone formation and inhibiting bone re-

sorption [15,16]. We have already reported that MK4

inhibited osteoclastogenesis in the mouse bone marrow

culture system [17] and co-culture system [18]. In these

reports, we found that GGO, a side-chain component of

MK4 at the 3-position of naphthoquinone, inhibited

osteoclast formation to the same degree as MK4 [18].

Collectively these results suggest that the GGO chain of
MK4 plays an important role in the inhibitory effect of

MK4 on bone resorption. These findings lead us to

speculate that treating osteoporosis with MK4 causes a

decrease in the potency of N-BPs.

In this paper, we comparatively examined the mech-

anism by which MK4 and GGO inhibited osteoclast

formation, in order to clarify the involvement of GGO

in the anti-osteoporotic effects of MK4.
Materials and methods

Materials

a-Minimum essential medium (a-MEM) and fetal bovine serum

were obtained from Gibco (Life Technologies, Grand Island, NY), and

1a,25-dihydroxyvitamin D3 (1,25(OH)2D3) was obtained from Teijin

(Tokyo, Japan). Menatetrenone (all-trans form), geranylgeraniol, and

Alendronate were kindly provided by Eisai (Tokyo, Japan). Risedro-

nate was kindly provided by Ajinomoto (Tokyo, Japan). Prostaglandin

E2 was kindly provided by Ono Pharmaceutical (Osaka, Japan). The

soluble receptor activator of the NF-jB ligand (sRANKL) was pur-

chased from PeproTech EC (London, UK).

Methods

Osteoclast-like cell formation in the co-culture system of stromal cells

with spleen cells. TMS-12 cells isolated from bone marrow support

osteoclast-like cell formation with bone resorbing factors such as

prostaglandin E2, 1,25(OH)2D3, parathyroid hormone, and interleu-

kin-1 as described previously [19,20]. The spleens of 5- to 7-week-old

male ddy mice (Saitama Experimental Animals, Saitama, Japan) were

minced and a single cell suspension was prepared. The cell suspension

was centrifuged at 1200 rpm, 20 �C for 15min using a density gradient

prepared with Ficoll (type 400, Sigma Chemical) and 60% Urografin

(Nihon Schering K.K., Osaka, Japan). A layer of monocytes was

collected and used for subsequent experiments. TMS-12 cells

(1� 104 cells/well in 24-well tissue culture plates, 0.5� 104 cells/well in

48-well tissue culture plates) were cultured for 24 h. The purified spleen

cells (5� 105 cells/well) were then seeded onto the TMS-12 cells. Either

1,25(OH)2D3 (10�8 M) or PGE2 (10�8 M) was added to the culture

from day 1. sRANKL (30 ng/ml) was added to the culture from day 3.

The cultures were incubated for 7 days, with the medium changed

twice a week (only 65% of the medium was changed each time).

Characterization of osteoclast-like cells formed in the co-culture

system. Numerous osteoclast-like cells were formed in the co-culture

system, and osteoclast-like cell formation was measured by tartrate-

resistant acid phosphate (TRAP) staining. The cells were washed by

phosphate-buffered saline (PBS) without Ca2þ or Mg2þ and fixed with

ethanol:acetone (1:1) for 1min. The well surface was dried and then

stained for TRAP according to the method modified by Burstone [21].

The cells were incubated at 37 �C for 60min in a TRAP-staining so-

lution: 0.1M sodium acetate buffer (pH 5.0) containing 0.1% (w/v) of

naphthol AS-BI phosphate (Wako Pure Chemical Industries) and 0.6%
(w/v) of fast red ITR salt (Sigma Chemical) in the presence of 1.5%

(w/v) sodium tartrate. The staining solution was then removed and the

wells were washed with water and dried. TRAP-positive cells con-

taining three or more nuclei were counted as osteoclast-like MNC. As

reported previously [22], the TRAP-positive MNC observed in this

study possessed calcitonin receptors identified with an auto-radio-

graphic technique using 125I-labeled CT.

Actin ring formation in osteoclasts. Actin rings formed in osteoclast-

like cells were detected by staining actin filaments with fluorescein

isothiocyanate (FITC)-conjugated phalloidin. Osteoclast formation

was induced by 10�8 M of 1,25(OH)2D3 in the co-culture of spleen cells

with TMS-12 cells. After a 6-day incubation, the co-cultured cells were

treated with or without MK4 or GGO (5� 10�6 M) in the presence or

absence of Alendronate and Risedronate (5� 10�5 M) for 24 h. At the

end of incubation, cells were fixed with 3.7% formaldehyde in phos-

phate-buffered saline (PBS) for 10min and permeated with 0.1% Triton

X-100 in PBS for 5min. After washing with PBS, F-actin was stained

with 0.3 lM FITC-conjugated phalloidin. The distribution of F-actin

in the osteoclast was visualized and detected under a fluorescence

microscope.

Measurement of immunoreactive PGE2. The level of PGE2 in the

conditioned medium were measured by using an enzyme immunoassay

kit (Amersham Biosciences, USA) according to the manufacturer’s

protocol.

Reverse-transcription polymerase chain reaction. Total RNA was

extracted from the co-culture of spleen cells and TMS-12 treated with

or without MK4 and GGO in the presence or absence of 1,25(OH)2D3

using TRIZOL Reagent (Invitrogen, USA). Two micrograms of total

RNA was reverse-transcribed using oligo(dT) as a primer (250 nM fi-

nal concentration) in a final 20ll reverse-transcription (RT) solution.

Two microliters of RT solution was amplified by polymerase chain

reaction (PCR) within the exponential phase of amplification. The

specific primer pairs were mouse RANKL (GenBank Accession No.

AB008426), 50-CGCTCTGTTCCTGTACTTTCGAGCG-30 (forward)

and 50-TCGTGCTCCCTCCTTTCAGGTT-30 (reverse), mouse OPG

(GenBank Accession No. U94331), 50-GTGTGAGGAAGGGCGTT

ACC-30 (forward) and 50-TTTTGGGAAAGTGGGATGTT-30

(reverse), and mouse COX-1 (GenBank Accession No. NM008969),

50-CTCACAGTGCGGTCCACC-30 (forward) and 50-CAAGCACC

TGGTACTTAAG-30 (reverse), mouse COX-2 (GenBank Accession

No. NM011198), 50-TCAGCCAGGCAGCAAATCCTTG-30 (for-

ward) and 50-TAGTCTCTCCTATGAGTATGAGTC-30 (reverse).

PCR consisted of 30 cycles of denaturation at 94 �C for 30 s, annealing

at 57 �C (RANKL), 56 �C (OPG), and 55 �C (COX) for 30 s,

and extension at 72 �C for 30 s. The PCR product (8ll) was elec-

trophorosed with 2% agarose gel, which contained 0.2% ethidium

bromide, and specific DNA bands were examined under an ultraviolet

transilluminater.
Results

Effect of MK4 and GGO on osteoclast formation induced

by 1,25(OH)2D3 in cloned TMS-12

In our previous papers, MK4 suppressed osteoclast

formation as well as GGO, a side chain of MK4. We

investigated whether the inhibitory effect of MK4 on

osteoclast formation is dependent on GGO, using a

co-culture system of spleen cells and cloned TMS-12

stromal cells. We isolated two different clones, named

TMS-12A and -B, from TMS-12 cells. In TMS-12A and
the spleen cell co-culture system, either MK4 or GGO

significantly inhibited the osteoclast formation induced



Fig. 1. (A,B) Effect of MK4 (open column) or GGO (filled column) on

TRAP-positive MNC formation induced by 1,25(OH)2D3. TRAP-

positive MNC formation was induced by 1,25(OH)2D3 (10
�8 M) in the

co-culture system of spleen cells with cloned TMS-12 stromal cells

(A, TMS-12A and B, TMS-12B). (C) Effect of MK4 (open column) or

GGO (filled column) on TRAP-positive MNC formation induced by

PGE2. TRAP-positive MNC formation was induced by PGE2

(10�8 M) in the co-culture system of spleen cells with cloned TMS-12A.

The culture continued for 7 days with MK4 (open column) or GGO

(filled column) at the indicated concentration, and the medium was

replaced twice a week. Data are expressed as the number of TRAP-

positive MNC in each dish and represent means� SEM (n ¼ 4).

*p < 0:05, **p < 0:01 vs. VD3 alone.

Fig. 2. (A) Effect of MK4 and GGO on PGE2 production induced by

1,25(OH)2D3 in the co-culture system. Mouse spleen cells were co-

cultured with TMS-12A in the presence or absence of 10�8 M

1,25(OH)2D3. The coculture was treated with 4� 10�6 M MK4 (open

column) or 4� 10�6 M GGO (filled column) for 5 days. The media

were collected for the last two days. Data are expressed as the im-

munoreactive PGE2 concentration of the conditioned medium and

represent means� SEM (n ¼ 3). **p < 0:01 vs. without VD3,
##p < 0:01 vs. VD3 alone. (B) Effect of MK4 and GGO on COX

mRNA expression induced by 1,25(OH)2D3 in the co-culture system.

After TMS-12A cells were cultured for 24 h, spleen cells were co-cul-

tured with or without MK4 in the presence or absence of 10�8 M

1,25(OH)2D3 for the following 24 h. The mRNA levels of COX-1,

COX-2, and GAPDH were estimated by RT-PCR. The results are

representative of three independent experiments. (C) Effect of MK4

(open column) or GGO (filled column) on TRAP-positive MNC for-

mation induced by PGE2. TRAP-positive MNC formation was in-

duced by PGE2 (10�8 M) in the co-culture system of spleen cells with

cloned TMS-12A. The culture continued for 7 days with MK4 (open

column) or GGO (filled column) at the indicated concentration, and

the medium was replaced twice a week. Data are expressed as the

number of TRAP-positive MNC in each dish and represent means�
SEM (n ¼ 4). **p < 0:01 vs. PGE2 alone.
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by 1,25(OH)2D3 (Fig. 1A). This result supported the

hypothesis that the inhibitory effect of MK4 on osteo-

clast formation is dependent on GGO, as previously

reported [18]. Surprisingly, in TMS-12B and the spleen

cell co-culture system, only GGO did not inhibit

1,25(OH)2D3-induced osteoclast formation (Fig. 1B).

These data strongly suggested that the inhibitory
mechanism of MK4 on osteoclast formation differed

from that of GGO.

Effects of MK4 and GGO on the PGE2 production of cells

stimulated by 1,25(OH)2D3

PGE2 is a potent substance inducing osteoclast for-

mation and is induced by 1,25(OH)2D3. To reveal the

different mechanisms by which MK4 and GGO inhibit

1,25(OH)2D3-induced osteoclast formation, we mea-

sured the PGE2 production of the co-cultured cells of

TMS-12A with spleen cells in the presence or absence of

MK4 or GGO. 1,25(OH)2D3 increased the PGE2 pro-
duction of the co-cultured cells �8-fold. MK4 inhibited

1,25(OH)2D3-induced PGE2 production at the basal

level. In contrast, GGO did not affect 1,25(OH)2D3-

induced PGE2 production at all (Fig. 2A). These find-
ings suggest that MK4, but not GGO, inhibits osteoclast

formation via the suppression of PGE2 production in-

duced by 1,25(OH)2D3.

Effect of MK4 on COX-1 and COX-2 expressions induced

by 1,25(OH)2D3

To investigate the mechanism by which MK4 inhib-

ited PGE2 production, we examined the effect of MK4



Fig. 3. (A) Effect of MK4 and GGO on the expression of RANKL and

OPG mRNA induced by 1,25(OH)2D3 in the co-culture system. The

co-culture of TMS-12 cells with spleen cells was treated with or

without MK4 and GGO at a concentration of 5� 10�6 M in the

presence or absence of 1,25(OH)2D3 (10�8 M) for 48 h. The mRNA

levels of RANKL, OPG, and GAPDH were estimated by RT-PCR.

The results are representative of three independent experiments. (B)

Effect of sRANKL on TRAP-positive MNC formation inhibited by

GGO. The co-culture of TMS-12A with spleen cells was treated with

GGO (5� 10�6 M), in the presence of 1,25(OH)2D3 (10�8 M) for 3

days. The cells were then successively treated with GGO (5� 10�6 M)

and 1,25(OH)2D3 in the presence or absence of sRANKL (30 ng/ml)

for 4 days. The medium was replaced three times a week. Data are

expressed as the number of TRAP-positive MNC in each dish and

represent means� SEM (n ¼ 4). **p < 0:01 vs. VD3 alone, ##p < 0:01

vs. VD3 +GGO.
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on the expression of COX-1 mRNA and COX-2 mRNA
in the co-culture system using a RT-PCR technique.

Both COX-1 and COX-2 mRNA levels were measured

in the co-culture system 24 h after treatment with

1,25(OH)2D3. 1,25(OH)2D3 induced COX-2 mRNA

expression, however, it did not affect COX-1 mRNA

expression. MK4 decreased the expression of COX-2

mRNA induced by 1,25(OH)2D3 in a dose-dependent

manner (Fig. 2B). On the other hand, GGO failed to
decrease the expression of COX-2 mRNA induced by

1,25(OH)2D3 (data not shown). These results suggest

that the decrease in PGE2 production by MK4 is due

to the suppression of the COX-2 mRNA level in co-

cultured cells.

Effect of MK4 and GGO on osteoclast formation induced

by PGE2

To confirm the involvement of PGE2 in the inhibition

of osteoclast formation by MK4, we examined the effect

of MK4 or GGO on the osteoclast formation induced

by PGE2 in the co-culture system. Even the maximal
dose of MK4 (10�5 M) did not inhibit PGE2-induced

osteoclast formation. In contrast, PGE2-induced osteo-

clast formation was significantly inhibited by GGO

(Fig. 2C). These results suggested that the inhibitory

effect of MK4 on osteoclast formation induced by

1,25(OH)2D3 was responsible for the decreased pro-

duction of PGE2. On the other hand, GGO inhibited an

event downstream from the PGE2 signal during osteo-
clast formation in this co-culture system of TMS-12A

with spleen cells.

Effect of MK4 and GGO on RANKL expression and

sRANKL-induced osteoclast formation

To clarify the inhibitory mechanism of GGO on os-

teoclast formation induced by 1,25(OH)2D3, we inves-

tigated the effect of MK4 or GGO on the expression of

RANKL. Using a RT-PCR technique, the expression of

RANKL mRNA was examined in the co-culture system

of spleen cells with TMS-12A or B for 48 h. In the co-

culture system of spleen cells with TMS12-A, GGO, but
not MK4, suppressed the mRNA expression of

RANKL induced by 1,25(OH)2D3 (Fig. 3A). However,

GGO as well as MK4 failed to suppress the mRNA

expression of RANKL induced by 1,25(OH)2D3 in the

co-culture system of spleen cells and TMS-12B. OPG

mRNA was not affected by 1,25(OH)2D3, and neither

MK4 nor GGO affected the mRNA expression of OPG

(Fig. 3A). To test whether the inhibitory effect of GGO
on 1,25(OH)2D3-induced osteoclast formation is a result

of decreased RANKL expression, GGO alone or in

combination with soluble RANKL (sRANKL) was

added to the co-cultured spleen cells with TMS-12A.

sRANKL restored the inhibitory effect of GGO on
osteoclast formation induced by 1,25(OH)2D3 (Fig. 3B).

These findings suggested that the effect of GGO

on osteoclast formation was closely related to the
expression of RANKL.

Effect of MK4 and GGO on osteoclast apoptosis induced

by N-containing bisphosphonate

It has been reported that GGO can rescue the N-BP-

induced apoptosis of osteoclasts [23]. Therefore, we next

examined whether or not MK4 or GGO prevents the

disruption of actin rings in osteoclasts induced by N-BP.

Osteoclast formation was induced by 10�8 M of

1,25(OH)2D3 in the co-culture system of spleen cells

with TMS-12A. After a 6-day incubation, these cells

were treated with MK4 or GGO (5� 10�6 M, respec-
tively) in the presence or absence of N-BPs (alendronate

or residronate; 5� 10�5 M, respectively) for 24 h. MK4

did not abolish residronate- and alendronate-induced

actin disruption, but GGO abolished actin disruption as

expected (Figs. 4A and B). These results suggest that an



Fig. 4. (A) Effect of MK4 and GGO on actin disruption in osteoclasts

induced by N-BP. TRAP-positive MNC formation was induced by

10�8 M of 1,25(OH)2D3 in the co-culture of spleen cells with TMS-12

cells. After a 6-day culture, the cells were treated with or without MK4

(5� 10�6 M) and GGO (5� 10�6 M), in the presence or absence of

risedronate (RIS, 5� 10�5 M) or alendronate (ALD, 5� 10�5 M) for

24 h. F-actin distribution was observed by staining with FITC-conju-

gated phalloidin. (a) control, (b) MK4, (c) GGO, (d) risedronate, (e)

risedronate+MK4, and (f) risedronate +GGO. (B) Effect of MK4 and

GGO on the number of live osteoclasts. Experimental conditions were

identical to those described above. Intact F-actin-distributed MNC

and actin-disrupted MNC were counted up to 35 cells in each dish

ðn ¼ 4Þ. Data are expressed as the number of intact MNC and rep-

resent means�SEM. **p < 0:01 vs. cont, ##p < 0:01 vs. N-BP alone.
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additive effect of MK4 and N-BP on osteoporosis is

predicted.
Discussion

Osteoporosis occurs most commonly in menopausal

women as a result of lowered estrogen levels [1]. Of

various types of fractures, bone fractures of the vertebra
and femoral neck were associated with pronounced
morbidity, resulting in high mortality. Thus, the pre-

vention and treatment of osteoporosis should be inves-

tigated. Combination therapy using an inhibitor of bone

resorption and a stimulator of bone formation is

thought to be useful for the treatment of osteoporosis. It

has been reported that VK2-induced bone formation

through the effect of c-carboxylation [9] and inhibited

bone resorption through the suppression of osteoclast
formation. With regard to osteoclast formation, we have

already reported that the inhibitory effect of VK2 (MK4)

on bone resorption may be related to its side chain,

geranylgeraniol. However, in a recent study, Tabb et al.

[24] demonstrated that the regulation of bone homeo-

stasis by VK2 is mediated by the steroid and xenobiotic

receptor, SXR. This report led us to the hypothesis that

the mechanism for the inhibition of osteoclast formation
by MK4 differs from that by GGO. To examine this

possibility, we cloned mouse stromal cells, which are

able to support osteoclast formation in co-culture with

spleen cells. As a result, we were able to clone two types

of stromal cells; in one, both MK4 and GGO suppressed

osteoclast formation induced by 1,25(OH)2D3 (TMS-

12A), and in the other, it was suppressed by MK4, but

not GGO (TMS-12B). As shown in Fig. 1, MK4 in-
hibited 1,25(OH)2D3-induced osteoclast formation, but

MK4 failed to suppress PGE2-induced osteoclast for-

mation. These results suggest that MK4 suppresses os-

teoclast formation via the inhibition of PGE2

production. PGE2 has long been considered to play a

crucial role in bone physiology [25], and it has recently

been reported that PGE2 bound to the EP2/EP4 subtype

in stromal cells, resulted in the induction of osteoclast
formation [26] via stimulation of the RANKL expres-

sion. Moreover, it has been reported that PGE2 can

enhance RANKL-induced osteoclast formation [27],

indicating that PGE2 produced by 1,25(OH)2D3 will

enhance osteoclast formation. The marked decrease in

the 1,25(OH)2D3-mediated PGE2 production and no

change of RANKL mRNA expression by MK4 indicate

the possibility that MK4 abolishes only the synergisti-
cally effect of PGE2 on osteoclast formation induced by

1,25(OH)2D3. PGE2 synthesis is mediated by COX-1

and COX-2. COX-1 is constitutively expressed in cells

and COX-2 is an inducible enzyme in response to vari-

ous cytokines. According to recent experiments using

COX-2 knocked out mice, COX-2 is required for os-

teoclast formation [28]. As shown in Fig. 2, MK4, but

not GGO, inhibited PGE2 production induced by
1,25(OH)2D3. The inhibition of PGE2 production by

MK4 is dependent on the inhibition of COX-2 expres-

sion (Fig. 2B). We concluded that the inhibitory effect of

MK4 on osteoclast formation was a result of the sup-

pression of COX-2 induced by 1,25(OH)2D3.

GGO as well as MK4 inhibited osteoclast formation

induced by 1,25(OH)2D3 in the co-culture system of
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spleen cells and TMS-12A (Fig. 1A), but GGO sup-
pressed neither the PGE2 production induced by

1,25(OH)2D3 (Fig. 2A) nor the expression of COX-2

(data not shown). On the other hand, GGO inhibited

the expression of RANKL induced by 1,25(OH)2D3 in

the co-culture system of spleen cells with TMS-12A

(Fig. 3A). Moreover, GGO inhibited PGE2-induced

osteoclast formation, but it could not inhibit sRANKL-

induced osteoclast formation (Figs. 2C and 3B). These
data suggest that MK4 and GGO, a side chain com-

ponent, inhibited osteoclast formation in a different

manner. This hypothesis was supported by data in

which MK4, but not GGO, suppressed osteoclast for-

mation in other stromal cells (TMS-12B) co-cultured

with spleen cells (Fig. 1B). It has not been clarified why

GGO inhibited RANKL expression induced by

1,25(OH)2D3. However, it has been reported that RAS-
transformed keratinocytes were resistant to the growth

inhibitory action of 1,25(OH)2D3 [29]. Considering this

report, it is likely that geranylgeranylated RAS by GGO

results in the inhibition of RANKL expression mediated

by vitamin D signaling.

N-BP induces osteoclast apoptosis via the inhibition

of small GTP-binding proteins [30]. We examined

whether GGO prevented N-BP-induced osteoclast ap-
optosis. As expected, N-BP dramatically induced actin

ring disruption in osteoclasts. Moreover, GGO signifi-

cantly restored the actin ring disruption induced by

N-BP (Fig. 4). The different mechanisms for suppressing

osteoclast formation between MK4 and GGO lead us to

propose that MK4 cannot prevent N-BP-induced os-

teoclast apoptosis. As shown in Fig. 4, MK4 did not

affect N-BP-induced osteoclast apoptosis.
In conclusion, we found that the anti-bone-resorptive

effects (apoptosis and the inhibition of osteoclast

formation) of MK4 differ from those of GGO. We

observed no competitive action of MK4 on the anti-

osteoporotic effect of N-BP. Therefore, our data suggest

that combination therapy with BP and MK4 will be

useful in the future.
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