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Abstract

Although risedronate, a nitrogen containing bisphosphonate (BPs), strongly inhibits bone resorption by enhanced apoptosis of
osteoclasts, its mechanism remained unclear. In this study, we investigated the molecular mechanism of risedronate-induced apoptosis of
U937 cells, with a focus on extracellular signal-regulated kinase 1/2 (ERK 1/2) and protein kinase B (Akt) pathways, mitochondria-
mediated apoptosis, and the effect of disruption of the actin cytoskeleton. Risedronate facilitated the relocation of Ras from membrane to
cytosol through inhibited isoprenylation. Accordingly, risedronate suppressed the phosphorylation of ERK 1/2, a downstream survival
signaling kinase of Ras, affected the intracellular distribution of Bcl-xL, and induced the mitochondrial membrane depolarization,
cytochrome c release, activated caspase cascade and DNA fragmentation. The risedronate-induced apoptosis was effectively suppressed
with cyclosporine A plus trifluoperazine, potent inhibitors of mitochondrial membrane permeability transition (MPT). The risedronate-
induced apoptosis was independent of Akt, another cAMP-dependent survival signaling kinase. Risedronate facilitated dephosphorylation
of Bad at Ser112, an ERK phosphorylation site, but not at Ser136, an Akt phosphorylation site. All of these apoptosis-related changes
induced by risedronate were strongly suppressed by cytochalasin B, an inhibitor of actin filament polymerization. These results indicate
that risedronate-induced apoptosis in U937 cells involves Ras/ERK, but not Akt signaling pathway, and is dependent on MPT, and that
disruption of the actin cytoskeleton inhibits the risedronate-induced apoptosis at its early step.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction Paget’s disease, bone metastasis, and other bone diseases
[1]. They are structurally similar to pyrophosphate and
preferentially bind to hydroxyapatite of the bone. Bispho-
sphonates can be divided into two groups with distinct
molecular mechanisms of action depending on the R2
side chain. One group is the BPs that lack nitrogen, such
as clodronate and etidronate. This group does not inhibit

protein prenylation and show weak inhibition of bone

Bisphosphonates (BPs) are potent inhibitors of bone
resorption and are used for the therapy of osteoporosis,

Abbreviations: ERK, extracellular signal-regulated kinase; PS, phos-
phatidylserine; BPs, bisphosphonates; AMC, 7-amino-4-methyl-coumarin;
Ac-IETD-CHO, acetyl-Ile-Glu-Thr-Asp-CHO; JC-1, 5,5',6,6'-tetrachloro-

1,1',3,3'-tetraethylbenzimidazol carbocyanine iodide; FPP, farnesyl pyro-
phosphate; GGOH, geranylgeraniol; s-GTP-bp, small GTP-binding pro-
teins; MPT, membrane permeability transition; pCPT-cAMP, 8-(4-
chlorophenylthio) adenosine 3':5'-cyclic monophosphate
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resorption activity [2,3]. The other group is nitrogen-
containing BPs, such as alendronate, zoledronate and
risedronate. This group strongly inhibits bone resorption
and causes apoptosis of osteoclasts and other cell lines in
vitro.
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The nitrogen containing BPs inhibit FPP synthase,
thereby inhibiting the biosynthesis of farnesyl dipho-
sphate and/or geranylgeranyl diphosphate [4—6]. These
compounds are important membrane-anchoring mole-
cules of small GTP-binding proteins (s-GTP-bp) such
as Ras. Their shortage facilitates dissociation of Ras
from the inner surface of the membrane, and decreases
Ras-mediated growth signal, thereby inhibiting cell pro-
liferation [7,8]. Indeed, zoledronate induced delocaliza-
tion of p2lras (Ras) from the cell membrane in cancer
cells [9,10], and the downstream kinase that mediates
survival signal, namely ERK 1/2, has been reported to be
suppressed [10,11]. In this context, geranylgeraniol
(GGOH) which bypasses inhibition of FPP synthase
and replenishes the cells with a substrate for protein
geranylgeranylation blocked the BP-induced apoptosis
of osteoclasts [2]. Moreover, the protein kinase B (Akt)
pathway has also been suggested to be involved in
zoledronate-induced apoptosis in human pancreatic can-
cer cells and endothelial cells [10,12], but not in other
experimental model using HL-60 cells [11]. These
results indicate that BP-induced apoptosis might depend
on the cell type and the structure of R2 moiety in BPs.

Recent studies showed that mitochondria have an impor-
tant role in the induction of apoptosis. It was reported that
forced expression of the anti-apoptotic protein Bcl-2 atte-
nuated BP-induced loss of cell viability and induction of
DNA fragmentation in MDA-MB-231 cells and that zole-
dronate-mediated apoptosis was associated with a time and
dose-related release of mitochondrial cytochrome ¢ into
the cytosol in two cell lines [13]. Furthermore, BP-induced
mitochondrial membrane depolarization in osteoclasts and
hematopoietic tumor cells was also reported [14,15]. How-
ever, it is not clear whether the BP-induced apoptosis
depends on mitochondrial membrane permeability transi-
tion (MPT).

Nitrogen containing BPs cause disruption of the
ruffled border and actin cytoskeleton of osteoclasts
and induce apoptosis, because nitrogen containing BPs
reduce geranylgeranylated proteins which regulate the
cytoskeleton [16,17]. However, it is currently unknown
whether actin cytoskeleton regulates nitrogen containing
BPs-induced apoptosis. In this context, cytochalasins,
inhibitor of actin filament polymerization, has an ability
to stimulate or suppress cell apoptosis through different
mechanisms [18-22]. Thus, it is interesting to study how
cytochalasin B affect on BP-induced apoptosis of U937
cells.

In this study, therefore, molecular mechanism of
risedronate-induced apoptosis on U937 cells and its
sensitivity to cytochalasin B were investigated. Our
results indicated that the risedronate-induced apoptosis
involved Ras/ERK, but not Akt pathway, and depended
on mitochondrial MPT. We also found that cytochalasin
B strongly suppressed the apoptosis-related changes in
U937 cells by risedronate.

2. Materials and methods
2.1. Chemicals

Cyclosporine A, 8-(4-chlorophenylthio) adenosine
3’:5'-cyclic monophosphate (pCPT-cAMP), cytochalasin
B, demecolcine, farnesol and GGOH were obtained from
Sigma. TACS™ Annexin V-FITC kit is obtained from
Trevigen. 5,5'6,6'-Tetrachloro-1,1’,3,3'-tetraethyl- benzi-
midazolylcarbo-cyanine iodide (JC-1) was from Mole-
cular Probes. Polyclonal antibody of Bid was from
Genzyme-Techne. Monoclonal antibody of actin was
from CHEMICON. Bcl-2 (N-19), Bax (A21) and Bcl-
xL (S-18) polyclonal antibodies were from Santa Cruz
Biotechnology. Polyclonal antibodies against Akt, ERK,
Bad, phospho-Akt (p-Akt) (Ser473), phospho-ERK1/2
(p-ERK) (Thr202/Tyr204), phospho-Elk-1 (p-Elk-1)
(Ser383), phospho-GSK-33 (p-GSK-33) (Ser9), phos-
pho-FKHR (p-FKHR) (Ser256), phospho-Bad (p-Bad)
(Ser112) and p-Bad (Ser136) were from Cell Signaling
Technology. Polyclonal antibody of Bad for intracellular
localization was from BD Transduction Laboratories.
Polyclonal antibody of cytochrome ¢ was from Pharmin-
gen. Monoclonal antibody of Ras was from CALBIO-
CHEM. Can Get Signal™ was from TOYOBO.
Fluorogenic tetrapeptide substrates, such as Ac-
DEVD-MCA (for caspase-3), Ac-IETD-MCA (for cas-
pase-8) and Ac-LEHD-MCA (for caspase-9), and Ac-
IETD-CHO (for caspase-8 inhibitor) were from the
Peptide Institute. Risedronate was donated from Ajino-
moto.

2.2. Cell line

U937 was obtained from RIKEN Cell Bank and was
maintained in RPMI 1640 supplemented with 10% heat-
inactivated fetal bovine serum, 100 U/ml penicillin and
100 pg/ml streptomycin. Cells were grown in a humidified
incubator at 37 °C under 5% CO,/95% air. Cells were
plated onto 35 mm and 100 mm dishes (0.2 x 10° cells/ml)
in 2ml and 20 ml of RPMI 1640 containing 10% fetal
bovine serum, respectively, and incubated for 16 h before
treatment with various reagents.

2.3. Analysis for PS exposure

PS exposed on the outside of the cells was determined by
TACS™ Annexin V-FITC kit. Briefly, cells were washed
with cold PBS, pelleted and resuspended in 100 .1 annexin
V-FITC diluted 3:100 in binding buffer (10 mM Hepes,
100 mM NaCl, 10 mM KCI, 1 mM MgCl,, 1.8 mM CacCl,)
containing propidium iodide (1:10). Cells were incubated
for 15 min at room temperature, then the stained cells were
observed by fluorescence microscopy. Total cells (1000—
1500 cells) and FITC positive cells were counted in the
same field, and annexin V positive rate (%) was calculated.
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2.4. Analysis for DNA fragmentation

The extent of DNA fragmentation was determined
spectrophotometrically by the diphenylamine method as
described in the previous papers [23,24]. DNA ladder
formation was also observed by agarose gel electrophoresis
as described in the previous paper [25].

2.5. Subcellular fractionation

After harvesting cells, 1 x 107 cells were suspended in
50 w1 of ice-cold buffer A [250 mM sucrose, 20 mM
HEPES buffer (pH 7.5), 10 mM KCI, 1.5 mM MgCl,,
1 mM EGTA, 1 mM dithiothreitol and 0.1 mM PMSF]
and homogenized in a Teflon Potter-Elvehjem homogeni-
zer. The homogenate was centrifuged at 750 x g for
10 min at 4 °C. The supernatant was then centrifuged at
16,000 x g for 10 min at 4 °C. The resulting pellet (mito-
chondrial fraction) was resuspended in buffer A to conform
to the volume of cytosolic fraction. The supernatant was
further centrifuged at 100,000 x g for 60 min at 4 °C. The
final supernatant represented the cytosolic fraction (cyto-
sol). Aliquots were used for Western blot analysis of
cytochrome c, Bcl-2, Bel-xL, Bad and Bax.

Analysis of Ras distribution in the cells was carried out
as described in previous paper [26]. Cells were resus-
pended in 40 mM Tris—HCI (pH 7.5) containing 10 mM
MgCl,, 2 mM CaCl,, 250 mM sucrose, and 1 mM PMSEF,
and lysed by three cycles of freezing at —80 °C and
thawing. The lysate was separated into supernatant (cyto-

Annexin-V-FITC
and Pl

100 uM RIS

Oh

36h

48 h

(A)

sol) and precipitate (membrane) fractions by centrifugation
at 200,000 x g for 35 min at 4 °C. Aliquots of 50 pg
protein were used for Western blot analysis of Ras.

2.6. Cell lysates for Western blot analysis

After U937 cells (1 -2 x 106) were harvested, they
were suspended for 30 min in ice-cold lysis buffer
[20 mM Tris—HCI (pH 7.5), 150 mM NaCl, 1% Triton
X-100, 1 mM EDTA, 1 mM EGTA, with the addition of
1 mM Na3VO, and 20 mM sodium -glycerophosphate for
analysis of Akt, p-Akt, ERK, p-ERK, p-Elk-1 (Ser383), p-
GSK-33 (Ser9), p-FKHR (Ser256), Bad, p-Bad (Ser112)
and p-Bad (Ser136)] supplemented with protease inhibitors
(0.1 mM PMSEF, 2 pg/ml aprotinin, 100 pg/ml leupeptin
and 5 pg/ml pepstatin A). Lysates were cleared by cen-
trifugation at 20,000 x g for 10 min at 4 °C. The aliquots
of 50 g supernatant proteins were used for Western blot
analysis of Bid, Akt, p-Akt, ERK, p-ERK, p-Elk-1
(Ser383), p-GSK-3B (Ser9), p-FKHR (Ser256), Bad, p-
Bad (Ser112), p-Bad (Ser136) and actin as described in
previous paper [27]. During immunoreaction of p-Bad
(Ser112) and p-Bad(Ser136), we used Can Get Signal™.
Protein concentration was determined by the method of
Bradford [28] using bovine serum albumin as a standard.

2.7. Assay for caspase activity

Activity of caspase was determined as described pre-
viously [24] in 20 mM HEPES buffer (pH 7.5) containing
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Fig. 1. Risedronate-induced phosphatidylserine exposure in U937 cells. (A) U937cells were treated for the indicated times with 100 uM risedronate, stained
with annexin V-FITC and propidium iodide and observed by light and fluorescence microscopy. (B) In (A), total cells (1000-1500 cells) and FITC positive cells
were counted in the same field, and percentage of annexin V positive rate was calculated. Data showed means £ S.D. from triplicate experiments. PS, RIS and PI

are phosphatidylserine, risedronate and propidium iodide, respectively.
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0.1 M NaCl and 5 mM DTT 37 °C using 10 .M of acetyl-
Asp-Glu-Val-Asp-MCA, acetyl-Leu-Glu-His-Asp-MCA
and acetyl-Ile-Glu-Thr-Asp-MCA for caspase-3, -9 and -
8, respectively. One unit of the enzyme was defined as the
amount of enzyme required for the liberation of 1 nmol of
AMC during 1 h. Fluorescence of released AMC was
measured using a fluorospectrophotometer with the excita-
tion and emission wavelengths of 355 and 460 nm, respec-
tively.

2.8. Assay of intracellular mitochondrial membrane
potential

After incubation with risedronate for 48 h, cells were
washed twice with phosphate buffer saline (PBS) and
stained with 5 pwg/ml of JC-1 for 30 min at 37 °C. Then,
cells were analyzed using a FACS Calibur flow cytometer
(Becton Dickinson) to determine the mitochondrial mem-
brane potential [29].

DNA fragmentation (%)

0.1
(A) RIS (mM)

100 uM RIS

M 0 24 36 48
Time (h)

©)

2.9. Statistical analysis

Results are expressed as the mean £ S.D. The signifi-
cance of differences between experimental conditions was
determined using the two-tailed Student’s #-test. A prob-
ability of p < 0.05 was considered significant.

3. Results

3.1. Risedronate-induced apoptosis and its sensitivity
to MPT inhibitors and prenyl compounds

Risedronate induced PS exposure in a time dependent
manner (Fig. 1) and DNA fragmentation in a concentration
and time dependent manner (Fig. 2A and B). These apop-
totic events were detected clearly at 36 h and increased
steadily for up to 48 h after the treatment with 100 pM
risedronate. At this time, DNA ladder was detected on 2%
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Fig. 2. Risedronate-induced DNA fragmentation in U937 cells and its sensitivity to MPT inhibitors. (A) U937 cells were treated with various concentrations of
risedronate for 48 h. DNA fragmentation was assessed by the diphenylamine method. (B) U937 cells were treated for the indicated times with 100 nM
risedronate. (C) Electrophoretic patterns of DNA from the cells (2 X 10°) treated for 24, 36 and 48 h with 100 M risedronate. (D) Sensitivity of risedronate-
induced DNA fragmentation to cyclosporine A plus trifluoperazine, inhibitors of MPT. U937 cells were preincubated with 0.5 pM cyclosporine A plus 5 uM
trifluoperazine for 2 h and then incubated for 48 h with 100 wM risedronate. Data showed means £ S.D. from triplicate experiments. The asterisk indicated that
cyclosporine A plus trifluoperazine significantly inhibited risedronate-induced DNA fragmentation (p < 0.05). RIS, CsA and TFZ are risedronate, cyclosporine

A and trifluoperazine, respectively.
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Fig. 3. Effects of geranylgeraniol and farnesol on risedronate-induced DNA
fragmentation. Experimental conditions were the same as described in
Fig. 2. U937 cells were preincubated with 10 wM geranylgeraniol or
20 uM farnesol for 2 h and then incubated for 48 h with 100 wM risedro-
nate. Data showed means £ S.D. from triplicate experiments. The asterisk
indicated that geranylgeraniol and farnesol significantly inhibited risedro-
nate-induced DNA fragmentation (p < 0.05). GGOH and FOH are gera-
nylgeraniol and farnesol, respectively.

agarose gel electrophoresis (Fig. 2C). The DNA fragmenta-
tion was almost completely suppressed by the pretreatment
with mitochondrial MPT inhibitors, namely cyclosporine A
plus trifluoperazine (Fig. 2D). In addition, pretreatment with
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GGOH and farnesol suppressed the DNA fragmentation in
U937 cells (Fig. 3).

3.2. Inhibition of the DNA fragmentation by
cytochalasin B, but not by demecolcine

Cytochalasin B, which inhibits actin filament polymer-
ization, suppressed the risedronate-induced DNA fragmen-
tation as well as nuclear fragmentation in a concentration
dependent manner (Fig. 4A-C). However, demecolcin,
which inhibits microtubules polymerization, did not sup-
press the DNA fragmentation (Fig. 4A).

3.3. Activation of caspases and their sensitivity to
cytochalasin B and MPT inhibitors

The activities of various caspases were examined using
specific synthetic substrates for the enzymes. Risedronate
activated caspase-3 like activity in a concentration depen-
dent manner in U937 (Fig. 5A). The activation of caspase-3
like activity occurred at similar risedronate concentration
to that of DNA fragmentation (Figs. 2A and 5A). Rise-
dronate also activated caspase-9 and -8 like activities
(Fig. 5C and D), although their activities were substantially

__aof
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Fig. 4. Effect of cytochalasin B and demecolcine on risedronate-induced DNA fragmentation. Experimental conditions were the same as described in Fig. 2A.
(A) Cells were preincubated with 0.6 uM cytochalasin B or 1 ng/ml demecolcine for 2 h and then treated with 100 wM risedronate for 48 h. (B) Concentration-
dependent suppression of risedronate-induced DNA fragmentation by cytochalasin B. Cells were preincubated with indicated concentrations of cytochalasin B
for 2 h and then incubated for 48 h with 100 wM risedronate. (C) Inhibition of risedronate-induced nuclear fragmentation by cytochalasin B. Cells were
preincubated with 0.6 WM cytochalasin B for 2 h and then treated with 100 wM risedronate for 48 h, and then stained with Hoechst33342 and observed with
fluorescence microscopy. Similar results were obtained in three separate experiments. Data showed means £ S.D. from triplicate experiments. The asterisk
indicated that cytochalasin B significantly inhibited risedronate-induced DNA fragmentation (p < 0.05). CyB and Dem are cytochalasin B and demecolcine,

respectively.
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Fig. 5. Activation of caspases by risedronate and their sensitivity to cytochalasin B, cyclosporine A plus trifluoperazine and cAMP. The activities of various
caspases were measured by using synthetic peptide substrates (Ac-DEVD-MCA for caspase-3, Ac-IETD-MCA for caspase-8 and Ac-LEHD-MCA for caspase-
9) after treatment with risedronate. (A) Dose-dependency of risedronate-induced caspase-3 like protease activity. Cells were incubated with various
concentrations of risedronate for 48 h. (B—D) U937 cells were preincubated with the indicated reagents for 2 h and then incubated with 100 uwM risedronate
for 48 h. (B, C) Effects of cytochalasin B, and cyclosporine A plus trifluoperazine on the risedronate-induced caspase-3 like (B) and caspase-9 like (C) protease
activation. Used concentrations of cytochalasin B, cyclosporine A plus trifluoperazine were 0.6 uM, 0.5 pM and 5 nM, respectively. (D) Effects of cytochalasin
B and pCPT-cAMP on the risedronate-induced activation of caspase-8 like activity. The used concentrations of cytochalasin B and pCPT-cAMP were 0.6 pM
and 100 pM, respectively. Data showed means & S.D. from triplicate experiments. The asterisk indicated that cyclosporine A and cytochalasin B significantly
inhibited risedronate-induced caspase activations (p < 0.05). RIS, CyB, CsA, TFZ and cAMP are risedronate, cytochalasin B, cyclosporine A, trifluoperazine

and pCPT-cAMP, respectively.

lower than that of caspase-3 like enzyme. Cytochalasin B
almost completely suppressed the activation of the three
caspases (Fig. 5B-D). Mitochondrial MPT inhibitors also
strongly suppressed caspase-3 and -9 activation (Fig. 5B
and C).

3.4. Functions of mitochondria and their sensitivity to
cytochalasin B and MPT inhibitors

Since risedronate activated caspase-9, which is typically
activated following cytochrome c release from mitochon-
dria, we investigated whether risedronate induce cyto-
chrome c release in U937 cells. Significant fraction of
cytochrome ¢ was released from mitochondria into cytosol
after risedronate treatment, and the release was suppressed
by 0.6 uM cytochalasin B and 10 puM GGOH (Fig. 6).

Since the cytochrome c release by pore opening of MPT
is characterized by mitochondrial membrane depolariza-
tion [30], we studied the effect of risedronate on membrane
potential of mitochondria and its sensitivity to cytochalasin
B and MPT inhibitors. Risedronate induced the depolar-
ization at 48 h after incubation with risedronate in a
concentration-dependent manner (Fig. 7C). The depolar-

ization was potently suppressed by preincubation with
cytochalasin B or MPT inhibitors (Fig. 7A and B).

3.5. Role of Akt/caspase-8/Bid cleavage pathway in the
DNA fragmentation

Since risedronate induced the activation of caspase-8,
which can works before cytochrome c release and caspase-
3 activation, we studied the effect of Ac-IETD-CHO, a
specific inhibitor of caspase-8, on the caspase-3 activity in
U937 cells. No distinguishable effect of Ac-IETD-CHO on
the caspase-3 activity was observed at 48 h after the
treatment with 100 wM risedronate (Fig. 8A).

Caspase-8 can cleave Bid, and then the truncated Bid
can mediate cytochrome c release from mitochondria [31-
33]. Western blot analysis revealed that Bid was present as
a 22 kDa protein in U937 cells. However, truncated Bid
was not observed at 48 h after treatment with 100 pM
risedronate (Fig. 8B).

We reported previously that p-Akt has an important role
in the activation of caspase-8 and cleavage of Bid [34], and
that the cellular level of p-Akt is regulated by cAMP
through a phosphoinositide (PI) 3-kinase dependent path-
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Fig. 6. Risedronate-induced cytochrome c release and its sensitivity to
cytochalasin B and geranylgeraniol. U937 cells were preincubated with
cytochalasin B or geranylgeraniol for 2 h and then incubated with 100 pM
risedronate for 48 h. Cytochrome c in mitochondrial and cytosolic fractions
was detected by western blotting using anti-cytochrome c antibody. Lanel;
none treated, lane 2; risedronate, lane 3; risedronate plus 0.6 wM cytocha-
lasin B, lane 4; risedronate plus 10 puM geranylgeraniol. Similar results
were obtained in three separate experiments. CyB and GGOH are cytocha-
lasin B and geranylgeraniol, respectively.

way [35,36]. Thus, we examined the effect of pCPT-cAMP,
a membrane-permeable cAMP, on the risedronate-induced
activation of caspase-8. As a result, the pCPT-cAMP did
not affect the risedronate-induced activation of caspase-8
(Fig. 5D). Moreover, we examined the effect of risedronate
on the cellular levels of Akt and p-Akt as well as the

phosphorylation status of Akt downstream substrates
including GSK-3B (Ser9), FKHR (Ser256) and Bad
(Ser136). The levels of Akt and p-Akt proteins did not
decrease by 100 uM risedronate (Fig. 8C). The phosphor-
ylation status of Akt substrates did not change either. In
addition, pCPT-cAMP and cytochalasin B had no effects
on Akt protein levels and its phosphorylation status.

3.6. Risedronate-induced downregulation of Ras/ERK
signaling pathway and its sensitivity to cytochalasin B
and GGOH

Since risedronate inhibits FPP synthase, the intracellular
distribution of Ras was examined, which normally loca-
lizes on the inner surface of the cell membrane through
farnesyl anchor. After the treatment with risedronate, the
level of Ras in cytoplasm was increased with a decrease in
membrane fraction, and the distribution was restored by
the preincubation with cytochalasin B and GGOH (Fig. 9).

The protein levels and the phosphorylation status of
ERK 1/2, which is a downstream signaling molecule of the
prenylated s-GTP-bp such as Ras [9,11], were studied.
Risedronate suppressed the phosphorylation of ERK in a
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Fig. 7. Risedronate-induced mitochondrial depolarization of U937 cells and its sensitivity to cytochalasin B and cyclosporine A plus trifluoperazine.
Mitochondrial membrane potential was detected by fluorescence of JC-1 and quantified by using a FACScan flow cytometer. (A) Cells were preincubated with
or without 0.6 uM cytochalasin B or 0.5 uM cyclosporine A plus 5 uM trifluoperazine for 2 h and then incubated with 100 uM risedronate for 48 h. (B)
Quantitative analysis of the data depicted in panel A is shown. (C) Dose-dependency of risedronate-induced depolarization. Cells were incubated with indicated
concentrations of risedronate for 48 h. Similar results were obtained in three separate experiments. The asterisk indicated that cytochalasin B and cyclosporine A
plus trifluoperazine significantly inhibited risedronate-induced mitochondrial depolarization (p < 0.05). RIS, CyB, CsA and TFZ are risedronate, cytochalasin

B, cyclosporine A and trifluoperazine, respectively.
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Fig. 8. Effect of risedronate on the Akt/caspase-8/Bid cleavage pathway. Experimental conditions were the same as described in Fig. 6. (A) Effect of pCPT-
cAMP and caspase-8 inhibitor, Ac-IETD-CHO, on caspase-3 like activity. Cells were preincubated for 2 h in the presence or absence of 100 WM cAMP and
100 wM Ac-IETD-CHO and then cells were incubated with 100 wM risedronate for 48 h. Caspase-3 like activity was determined as in Fig. 5. Data show
means £ S.D. from triplicate experiments. (B) Effect of risedronate on the cleavage of Bid. Bid was detected by Western blotting with anti-Bid antibody. Cells
were treated with or without 100 .M risedronate for 48 h. Similar results were obtained in three separate experiments. (C) Effect of risedronate on Akt and its
downsteam substrates and their sensitivity to cytochalasin B and pCPT-cAMP. Cells were pretreated with 0.6 .M cytochalasin B or 100 uM pCPT-cAMP for
2 h and subsequently with or without 100 uM risedronate for 30 h. p-Akt (Ser473), Akt, p-FKHR (Ser256), p-GSK-38 (Ser9), p-Bad (Ser136) and Bad were
detected by Western blotting with each specific antibody. As a control for protein loading, Western blot analysis of actin was also carried out. Similar results
were obtained in three separate experiments. IETD and cAMP are Ac-IETD-CHO and pCPT-cAMP, respectively.

time dependent manner (Fig. 10A). The risedronate-
induced suppression of p-ERK occurred prior to PS expo-
sure and DNA fragmentation (Figs. 1B and 2B). Consistent
with this suppression of ERK phosphorylation, the phos-
phorylation of ERK downstream substrates, namely Elk-1
(Ser383) and Bad (Ser112), was also decreased by rise-
dronate. The suppressed phosphorylation of ERK and its
downstream substrates were restored by the preincubation
of cytochalasin B and GGOH (Fig. 10B).

3.7. Effect of risedronate on the level and distributions of
Bcl-2 family proteins and their sensitivity to cytochalasin
B and GGOH

Protein kinases such as Akt and ERK have been reported
to promote cell survival through the regulation of some
Bcl-2 family proteins [37,38]. In addition, risedronate-
induced apoptosis was dependent on mitochondrial MPT
which is generally regulated by Bcl-2 family proteins [37].
Therefore, the effect of risedronate on the level and dis-
tribution of Bcl-2 family proteins were examined. No

changes in the level and distribution of Bax, Bcl-2 and
Bad were observed by the treatment with risedronate. By
contrast, Bcl-xL. protein decreased substantially from the
cytosolic fraction after the treatment with risedronate,
whereas the Bcl-xL in mitochondrial fraction did not
decrease. This reduction was rescued by the presence of
cytochalasin B and GGOH (Fig. 11).

RIS - - - + - +
CyB - + - = +
GGOH - - + = = +
Cytosol - “+— Ras
Membrane | %6 o o & “|<Ras

Fig. 9. Effect of risedronate on the distribution of Ras in cells and its
sensitivity to cytochalasin B and geranylgeraniol. Experimental conditions
were the same as described in Fig. 8. Cells were pretreated with 0.6 uM
cytochalasin B or 100 wM geranylgeraniol for 2 h and subsequently with
100 wM risedronate for 15 h. Ras in membrane and cytosolic fractions was
detected by Western blotting with anti-Ras antibody. Similar results were
obtained in three separate experiments.
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Fig. 10. Effect of risedronate on the levels of ERK 1/2 and p-ERK 1/2 in risedronate-treated U937 cells and their sensitivity to cytochalasin B and
geranylgeraniol. Experimental conditions were the same as described in Fig. 8. (A) Time-dependent changes of p-ERK. Cells were treated for the indicated
times with 100 wM risedronate and ERK 1/2 and p-ERK 1/2 (Thr202/Tyr204) were detected by Western blotting with each specific antibody. (B) Effect of
cytochalasin B and geranylgeraniol on ERK 1/2 and its downstream substrates in the risedronate-treated cells. Cells were pretreated with 0.6 pM cytochalasin B
or 10 uM geranylgeraniol for 2 h and subsequently with or without 100 wM risedronate for 48 h. p-ERK(Thr202/Tyr204), ERK, p-Bad (Ser112), Bad and p-
Elk-1 (Ser383) were detected by Western blotting with each specific antibody. As a control for protein loading, Western blot analysis of actin was also carried
out. Similar results were obtained in three separate experiments.
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Fig. 11. Changes in the distribution of Bcl-2 family proteins in risedronate-treated U937 cells and their sensitivity to cytochalasin B and geranylgeraniol.
Experimental conditions were the same as described in Fig. 6. Cells were pretreated with 0.6 uM cytochalasin B or 10 uM geranylgeraniol for 2 h and
subsequently with or without 100 M risedronate for 48 h. Bax (A), Bcl-2 (B), Bel-xL (C) and Bad (D) in mitochondrial and cytosolic fractions were detected
by Western blotting with each antibody. Similar results were obtained in three independent experiments.
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4. Discussion

In the present study, we showed the molecular mechan-
ism of risedronate-induced apoptosis of monocyte-like
U937 cells. Our results suggested the apoptosis of U937
cells was induced by mitochondrial MPT through Ras/
ERK but not Akt pathway. All of the apoptosis-related
changes induced by risedronate were strongly suppressed
by cytochalasin B. Cytochalasin B seemed to inhibit the
apoptosis at its early step.

3-Hydroxy-3-methylglutaryl-CoA reductase enhances
sterol and isoprenoid synthesis, and increases the prenyla-
tion of s-GTP-bps [39]. Previously, we observed that mevas-
tatin, an inhibitor of HMG-CoA-R, induced apoptosis of
HL-60 cells through a GGOH inhibitable mechanism [40].
Nitrogen containing BPs inhibit the FPP synthesis and the
membrane localization of s-GTP-bp through suppressed
prenylation with farnesyl or geranylgeranyl isoprenoid
group, and thus suppressed post-translational modification
of s-GTP-bps [7,10]. In fact, it has been reported that
zoledronate impaired Ras membrane localization and
induced cytochrome c release in breast cancer cells [41].
Thus, BPs might inhibit the signal transduction from pre-
nylated s-GTP-bp to ERK [42]. In the present experiment,
we observed that risedronate stimulated translocation of Ras
in cytosol from cell membranes and suppressed the phos-
phorylation of ERK and its downstream substrates in a
GGOH inhibitable mechanism (Figs. 9 and 10). These
results suggested that risedronate-induced apoptosis of
U937 cells occurred through Ras/ERK 1/2 pathway.

In the present experiment, we observed that ERK was
markedly dephosphorylated at 12 h after risedronate treat-
ment, but apoptosis, which was detected by PS exposure
and DNA fragmentation, was not obvious until 36 hours
(Figs. 1, 2B and 10A). These results revealed the existence
of time lag between dephosphorylation of ERK and apop-
tosis. This time lag may indicate that the series of events
from ERK dephosphorylation to apoptosis require sub-
stantial time, or that the decrease in ERK signal is not
sufficient for apoptosis and additional apoptosis-inducing
signal is required.

Accumulated evidences indicate that ERK might reg-
ulate the apoptosis through expression or phosphorylation
of Bcl-2 family proteins [37,38]. It has been reported that
constitutively active MEK, Ras, or Raf-1, like B-Raf,
prevented apoptosis after growth factor deprivation, and
that the B-Raf (Ras)/MEK/ERK pathway conferred pro-
tection against apoptosis at the level of caspase activation,
downstream of cytochrome c release [42,43]. Ras/Raf/
MEK/ERK pathway is involved in maintaining cell survi-
val by modulating the activity of apoptosis regulating
molecules including Bad [44]. Non-phosphorylated Bad
can promote apoptosis by binding to Bcl-xL and abrogat-
ing its function that suppresses mitochondrial MPT [37].
Serinel12 and 136 of Bad is phosphorylated by ERK
pathway and Akt pathway, respectively, and this phosphor-

ylation decreases Bad-Bcl-xL binding affinity [44,45]. In
the present experiment, we observed that Akt pathway
signaling and serine136 phosphorylation of Bad was not
decreased by risedronate treatment, whereas ERK pathway
signaling and phosphorylation at serinel12 of Bad was
decreased (Figs. 8C and 10B). These findings suggested
that dephosphorylation of Bad by the decrease in kinase
activity of ERK, but not Akt, might promote apoptosis
through the mitochondrial apoptosis pathway. Actually, in
the present experiment, we observed that the level of
cytosolic Bcl-xL decreased significantly, whereas mito-
chondrial localization of Bad was not affected by risedro-
nate treatment (Fig. 11). As the dephosphorylation of Bad
enhances Bad-Bcl-xL binding, these findings suggested
that cytosolic Bcl-xL might be translocated to mitochon-
dria to bind Bad. Moreover, our results also indicated that
the risedronate-induced apoptosis depended on mitochon-
drial MPT. In fact, risedronate induced depolarization and
cytochrome c release (Figs. 6 and 7), and the risedronate-
induced apoptosis was strongly inhibited by cyclosporine
A plus trifluoperazine, blockers of the mitochondrial MPT
(Figs. 2, 6 and 7) [46]. Thus, it is likely that risedronate-
induced apoptosis was due to the enhancement of mito-
chondrial MPT through the impaired function of Bcl-xL,
which resulted from Bad-Bcl-xL binding.

Another proposed mechanism of apoptosis by BP is the
inhibition of protein kinase B (Akt) pathway [10,12]. In the
present experiment, however, we found that risedronate did
not affect Bid cleavage, the phosphorylation of Akt and its
downstream substrates in U937 cells. Furthermore, cAMP
and an inhibitor of caspase-8, Ac-IETD-CHO, did not
affect the caspase-3 activity (Fig. 8). These results indi-
cated that Ras/Akt pathway was not involved in risedro-
nate-induced apoptosis of U937 cells and that risedronate-
induced activation of caspase-8 might be the results of
caspase-3 activation [47].

In relation to the involvement of actin cytoskeletal
architecture in BP-induced apoptosis, it is plausible that
cytochalasin B inhibited the uptake of risedronate into the
cell. It has been reported that cytochalasins can inhibit
apoptosis in articular chondrocytes, B lymphoma cells and
lymphocytes [20-22]. Furthermore, cytochalasins can also
inhibit endocytosis [48-50] and translocation of BP into
the cell occurred through endocytosis [51,52]. In addition,
our experiments showed that cytochalasin B restored all
the risedornate-induced changes. Thus, cytochalasin B
appeared to inhibit the effects of risedronate somewhere
at the earlier step, including its uptake into the cell. To
elucidate the anti-apoptotic mechanism of cytochalasins is
our next subject.

From these results, it was concluded that Ras/ERK has an
important role in the mechanism of risedronate-induced
apoptosis of U937 cells and that the apoptosis mechanism
and bone resorption inhibition of osteoclasts by risedronate
might be mediated by actin cytoskeleton at upstream of FPP
synthase inhibition.
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