
Introduction
Over the past 3 decades, bisphosphonates (BPs) — stable
analogs of pyrophosphate — and calcitonin have been
developed as potent inhibitors of bone resorption and
effective agents for the management of osteoporosis and
other bone diseases (1–4). Decreased osteoclast progen-
itor development, decreased osteoclast recruitment, and
promotion of apoptosis of mature osteoclasts leading to
decreased bone remodeling are thought to be the main
mechanisms of the antiresorptive actions of BPs (5–8).
Likewise, disruption of osteoclast function is thought to
be the main mechanism for the antiresorptive actions of
calcitonin (4). At least some of the effects of BPs on
osteoclast development and function might be mediat-
ed indirectly through actions on cells of the osteoblastic
lineage. Thus, pretreatment of osteoblastic cells with BPs
inhibits the formation of osteoclast-like cells from their
marrow or spleen precursors (9), as well as osteoclast-
resorbing activity in cocultures with mature osteoclasts
(10, 11). These inhibitory effects can be reproduced by
addition of conditioned media from BP-treated
osteoblastic cells to the cultures, suggesting that BPs
promote the release of factors that inhibit osteoclast for-
mation and activity (9–11).

Long-term treatment of human and nonhuman pri-
mates with BPs increases wall thickness, an index of focal-
ly increased osteoblast numbers or activity, resulting in

more complete refilling of resorption cavities (12–14).
This evidence has raised the possibility that BPs do more
than simply reduce remodeling space and that they may
possess anabolic activity (15).

Antiresorptive agents such as BPs and calcitonin, as
well as estrogen, decrease fracture incidence dispropor-
tionally to their effect on bone mass (16). This suggests
an additional effect on bone strength unrelated to effects
on bone mineral density (BMD). However, an explana-
tion for this phenomenon remains elusive. Osteocytes,
differentiated osteoblasts regularly spaced throughout
the mineralized matrix, are believed to detect bone
microdamage and to transmit signals leading to its
repair (17, 18). Disruption of the osteocyte network
could compromise this mechanism, leading to micro-
damage accumulation and increased bone fragility. Such
a defect in bone quality could account for the higher
incidence of fractures in glucocorticoid-treated patients
compared with postmenopausal women, even though
BMD in the former is relatively higher (19, 20). Based on
the observations that glucocorticoid excess increases the
prevalence of osteocyte and osteoblast apoptosis (21, 22)
and that BPs are effective in the management of this con-
dition (23–25), we have hypothesized that BPs and per-
haps other antiresorptive agents such as calcitonin pre-
vent osteocyte and osteoblast apoptosis. We present
evidence that BPs and calcitonin exert antiapoptotic
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effects on osteocytic cells and mature osteoblasts in vitro
and that BPs also prevent osteocyte and osteoblast apop-
tosis induced by glucocorticoid excess in vivo.

Methods
Materials. The bisphosphonates used in this study were
provided by Gador S.A. (Buenos Aires, Argentina). Bovine
calf serum was purchased from Hyclone Laboratories
(Logan, Utah, USA). FBS was purchased from Summit
(Collins, Colorado, USA). Recombinant murine TNF-α
was obtained from Genzyme Pharmaceuticals (Cam-
bridge, Massachusetts, USA). Phenol red-free αMEM and
trypsin-EDTA were purchased from GIBCO BRL
(Gaithersburg, Maryland, USA). Etoposide, geneticin

(G418), and calf skin collagen type I were obtained from
Sigma Chemical Co. (St. Louis, Missouri, USA). Collage-
nase type 2 was purchased from Worthington Biochemi-
cal Corp. (Freehold, New Jersey, USA). PD98059 was pur-
chased from New England Biolabs Inc. (Beverly,
Massachusetts, USA). U0126 was kindly provided by J.M.
Trzaskos (DuPont Merck Research Laboratories, Wilm-
ington, Delaware, USA). The caspase-3 inhibitor Asp-Glu-
Val-Asp-aldehyde (DEVD-CHO) was purchased from Bio-
mol Research Laboratories, Inc. (Plymouth Meeting,
Pennsylvania, USA). DEVD conjugated with 7-amino-4-
trifluoromethyl coumarin (DEVD-AFC) was from Bio-
Rad Laboratories, Inc. (Hercules, California, USA). The
mouse mAb anti–phospho-extracellular signal regulated
kinases (ERKs) 1 and 2 (ERK1/2), the rabbit polyclonal
antibody antiphosphorylated and unphosphorylated
ERK1/2, and secondary anti-mouse or anti-rabbit anti-
bodies conjugated with horseradish peroxidase were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, Cal-
ifornia, USA). Salmon calcitonin (sCT) was purchased
from Bachem California (Torrance, California, USA). 125I
was obtained from Amersham Life Sciences Inc. (Arling-
ton Heights, Illinois, USA).

Cell culture. The murine long bone–derived osteocytic
cell line MLO-Y4 was provided by L. Bonewald (Univer-
sity of Texas Health Center at San Antonio, San Antonio,
Texas, USA). Cells were cultured in phenol red-free
αMEM supplemented with 5% FBS, 5% bovine calf
serum, 100 U/mL penicillin, and 100 µg/mL strepto-
mycin. Cells were plated at 1 × 104 to 2 × 104 cells/cm2 on
collagen type I–coated plates, as described previously
(26). Murine calvaria cells were obtained from neonatal
(3- to 6-day-old) C57BL/6J mice by controlled digestion
with collagenase, as described previously (27). After iso-
lation, cells were cultured in 10% FBS at 1 × 104 to 2 × 104

cells/cm2 until 90–95% confluence. Subsequently, cells
were harvested and frozen for later use. UMR-106-06
cells were cultured in phenol red-free MEM supple-
mented with 10% FBS, 1% nonessential amino acids, 100
U/mL penicillin, and 100 µg/mL streptomycin (28).

Establishment of MLO-Y4 cells stably transduced with green flu-
orescent protein. The retroviral vector containing the nuclear
green fluorescent protein (GFP) was provided by C. O’Brien
(University of Arkansas for Medical Sciences, Little Rock,
Arkansas, USA). The SV40 large T antigen nuclear localiza-
tion sequence (29) was attached to the COOH-terminus of
the cDNA construct encoding GFP and subcloned into the
pLXSN retroviral vector (CLONTECH Laboratories Inc.,
Palo Alto, California, USA). The plasmid harboring the
retroviral construct was transiently transfected into the
packaging cell line Phoenix Eco (30) using SuperFect (QIA-
GEN Inc., Valencia, California, USA). Supernatants con-
taining retroviral particles were collected 24–48 hours after
transfection and were used immediately to infect cell cul-
tures. Subconfluent MLO-Y4 osteocytic cells were exposed
to viral supernatants in the presence of 8 µg/mL polybrene
for 8 hours and then incubated in fresh culture medium for
16 hours. Subsequently, cells were exposed to the super-
natants containing the viral particles once more before
being trypsinized and plated at low density. Transduced
cells were selected by culturing them in the presence of 400
µg/mL of G418 for 3 weeks.
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Figure 1
Demonstration of MLO-Y4 cell apoptosis. (a) MLO-Y4 cells were incu-
bated for 1 hour in vehicle or 50 nM DEVD-CHO. Subsequently, etopo-
side, TNF-α, or dexamethasone (Dex) were added at final concentrations
of 50 µM, 1 nM, or 10–6 M, respectively, and cells were incubated for an
additional 6 hours. Dead cells were enumerated by trypan blue uptake, as
described in Methods. Bars represent the mean ± SD of 3 independent
measurements. Data were analyzed by 1-way ANOVA. *P < 0.05 versus
control (Student Newman-Keuls method). (b) MLO-Y4 cells stably trans-
duced with GFP were maintained for 6 hours in the presence of vehicle, 50
µM etoposide, 1 nM TNF-α, or 10–6 M dexamethasone. Numbers indicate
the percentage of cells undergoing apoptosis, as determined by evaluat-
ing the nuclear morphology of more than 500 cells in fields selected by sys-
tematic random sampling. Results are means ± SD of 3 independent
experiments. Original magnification: ×400. Data were analyzed by 1-way
ANOVA. *P < 0.05 versus control (Student Newman-Keuls method).



Quantification of apoptotic cells. MLO-Y4 osteocytic cells
and calvaria osteoblastic cells were treated for 1 hour in
the absence or presence of different BPs or sCT. Subse-
quently, dexamethasone, etoposide, or TNF-α was added
to obtain final concentrations of 10–6 M, 50 µM, or 1 nM,
respectively, and cells were incubated for additional 6
hours. The effect of PD98059 (50 µM) or UO126 (1 µM)
was evaluated by pretreating the cells with the inhibitors
for 30 minutes before adding the BPs or sCT. In the
experiment using the membrane permeable caspase
inhibitor DEVD, cells were cultured for 1 hour with 50
nM DEVD-CHO, and subsequently the proapoptotic
agents were added to reach the final concentrations
already indicated here. MLO-Y4 cells stably transduced
with nuclear GFP were fixed in neutral buffer formalin
for 8 minutes, and apoptosis was assessed by enumerat-
ing cells exhibiting chromatin condensation and nuclear
fragmentation under a fluorescent microscope. At least
500 cells from fields selected by systematic random sam-
pling were examined for each experimental condition.
For the detection of apoptotic cells using the transferase-
mediated biotin-dUTP nick end-labeling (TUNEL) reac-
tion with Klenow terminal deoxynucleotidyl transferase
(Oncogene Research Products, Cambridge, Massachu-
setts, USA), MLO-Y4 cells were cultured with either vehi-
cle or 10–7 M alendronate for 1 hour, and subsequently
dexamethasone was added to reach 10–6 M. After 6 hours,
cells were fixed in neutral buffer formalin for 10 minutes
followed by 80% ethanol for 1 hour. The TUNEL reaction
was performed according to the manufacturer’s instruc-
tions, using 0.15% CuSO4 for color enhancement. Nega-
tive controls were made by omitting the transferase from
the reaction. Cells presenting brown nuclear staining
were considered positive. More than 500 cells per condi-
tion were analyzed. Apoptosis of parental MLO-Y4 or cal-
varia cells was quantified by trypan blue staining (31).

Nonadherent cells were combined with adherent cells
released from the culture dish using trypsin-EDTA, resus-
pended in medium containing serum, and collected by
centrifugation. Subsequently, 0.04% trypan blue was
added and the percentage of cells exhibiting both nuclear
and cytoplasmic staining was determined using a hemo-
cytometer. At least 100 cells per condition were counted.

Caspase-3 activity. Caspase-3 activity was measured by
determining the degradation of the fluorometric sub-
strate DEVD, which contains the amino acid sequence
of the caspase-3 cleavage site in poly(ADP-ribose)poly-
merase (32), conjugated with DEVD-AFC. Cells were
lysed in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 10 mM NaF, 1 mM sodium orthovanadate, 5
µg/mL leupeptin, 0.14 U/mL aprotinin, 1 mM phenyl-
methylsulfonylfluoride, and 1% Triton X-100. Protein
concentration was measured using a Bio-Rad deter-
gent–compatible kit (Bio-Rad). Lysates (100 µg protein)
were incubated with 50 µM DEVD-AFC in 50 mM
HEPES (pH 7.4), 100 mM NaCl, 0.1% CHAPS, 10 mM
DTT, 1 mM EDTA, and 10% glycerol, in the absence or
presence of the irreversible inhibitor DEVD-CHO for 60
minutes. The released fluorescent AFC was measured in
a microplate fluorescence reader FL500 (Bio Tek Instru-
ments, Winooski, Vermont, USA) with excitation/emis-
sion wavelengths of 340/542 nm.

Western blot analysis. Semiconfluent (75–80%) MLO-Y4
cells were incubated in medium without serum (in the
absence or presence of 50 µM PD98059 or 1 µM UO126)
for 25 minutes and treated with 10–7 M alendronate,
IG9402, or etidronate for the last 0.5, 1, 2, 5, 10, or 15 min-
utes, or with 5 ng/mL sCT for the last 2, 5, 10, or 15 min-
utes. Monolayers were washed with cold 20 mM Tris-HCl
(pH 7.5), 150 mM NaCl, and 1 mM sodium orthovanadate
and lysed in the lysis buffer already described here. Insolu-
ble material was pelleted in a microcentrifuge at 16,000 g
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Figure 2
Bisphosphonates inhibit glucocorticoid-induced apop-
tosis of MLO-Y4 osteocytic cells. MLO-Y4 cells were pre-
treated with the indicated concentrations of BPs for 1
hour, and subsequently dexamethasone (10–6 M final
concentration) was added for 6 hours. The percentage
of dead cells was determined by trypan blue uptake, as
in Figure 1a. Bars represent the mean ± SD of 3 inde-
pendent measurements. Data were analyzed by 1-way
ANOVA. *P < 0.05 versus dexamethasone alone (Student
Newman-Keuls method).



for 10 minutes. The phosphorylation status of ERK1/2
was analyzed by immunoblotting, as described previously
(27). Proteins (10 µg) were separated on 7.5% SDS-poly-

acrylamide gels and electrotransferred to a polyvinylidene
difluoride membrane. Immunoblotting was performed
using a mouse mAb recognizing tyrosine phosphorylated
ERK1/2, or a rabbit polyclonal antibody recognizing total
ERK1/2, followed by incubation with either an anti-mouse
or an anti-rabbit antibody conjugated with horseradish
peroxidase. Blots were developed using chemiluminescence
according to the manufacturer’s recommendations. Quan-
titation of the intensity of the bands in the autoradiograms
was performed using a scanner (Microtek Laboratory,
Redondo Beach, California, USA).

Calcitonin binding assay. sCT was labeled with 125I in the
presence of chloramine T using a standard protocol. Bind-
ing of [125I]sCT to MLO-Y4 or UMR-106-06 cells was per-
formed using a whole-cell assay. Cells were harvested by
trypsinization, washed twice with PBS, resuspended in
culture medium without serum, and incubated in tripli-
cates (1.25 × 105/tube) with 10–8 M [125I]sCT in the
absence or presence of 100-fold molar excess of unlabeled
sCT, for 1 hour at room temperature. Subsequently, cells
were washed 3 times with iced PBS containing 0.2% BSA,
and pellets were obtained by centrifugation at 500 g for 10
minutes were counted using a γ-counter.

Cyclic AMP production. The concentration of cAMP in
lysates of MLO-Y4 cells upon treatment with sCT was
determined using a kit based on the competition for a fixed
amount of anti-cAMP antibody between unlabeled cAMP
present in the sample and peroxidase-labeled cAMP (Amer-
sham Life Sciences Inc., Arlington Heights, Illinois, USA).

Glucocorticoid administration to mice. Male Swiss Webster
mice (Charles River Laboratories, Stone Ridge, New
York, USA) were given daily subcutaneous injections of
0.75 mg/kg per day of alendronate dissolved in saline (4-
amino-1-hydroxybutylidene-1,1-bisphosphonate;
obtained from C.W.G.M. Löwik, University Hospital, Lei-
den, the Netherlands) beginning 3 days before subcuta-
neous implantation of 2.1 mg/kg per day pellets of slow-
release prednisolone (Innovative Research of America,
Sarasota, Florida, USA). To adjust for the difference in
the metabolic rate in mice compared with that in
humans, the daily glucocorticoid dose was divided by the
metabolic weight, i.e., the weight in kg to the 3/4 power
(33, 34). Expressed in this manner, 2.1 mg/kg per day of
prednisolone is 0.0735 mg/d given to a 0.035 kg mouse
or 0.909 mg/kg3/4, a value quite similar to 0.926
mg/kg3/4, which results when a dose of 20 mg/d of pred-
nisolone is given to a 60-kg human. One control group
received saline injections with placebo pellet implanta-
tion, whereas another group received saline injections
plus prednisolone pellets. Dual-energy x-ray absorp-
tiometry was used to determine spinal bone mineral den-
sity (spinal BMD) at the end of the 56-day experiment, as
described previously (21).

Measurement of apoptosis in undecalcified bone sections. Sec-
tions of vertebral bone (L1–L5) were mounted on silane-
coated glass slides (Scientific Device Laboratory, Inc., Des
Plains, Illinois, USA), deplasticized, and incubated in 10
mM citrate buffer (pH 7.6) in a microwave oven at 98°C for
5 minutes (31). Slides were then incubated with 0.5%
pepsin for 30 minutes at 37°C. Apoptotic cells were detect-
ed by the TUNEL reaction in sections counterstained with
1% methyl green. Cells whose nuclei were clearly brown
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Figure 3
Bisphosphonates inhibit glucocorticoid-induced apoptosis of MLO-Y4
osteocytic cells. MLO-Y4 cells stably transduced with GFP were treated
for 1 hour with 10–7 M concentration of the indicated bisphosphonates,
followed by addition of 10–6 M dexamethasone. After 6 hours, cells were
fixed. Numbers indicate the percentage of cells undergoing apoptosis as
determined by evaluating the nuclear morphology of more than 500 cells
in fields selected by systematic random in at least 3 different experiments
(mean ± SD). Original magnification: ×400. Data were analyzed by 1-way
ANOVA. *P < 0.05 versus control (Student Newman-Keuls method). The
effect of bisphosphonates on the proportion of MLO-Y4 cells exhibiting
chromatin condensation and/or nuclear fragmentation in the absence of
dexamethasone was also analyzed using exact χ2 tests in 3 experiments
with pamidronate, olpadronate, or IG9402, and in 6 experiments with
alendronate. Bonferroni adjusted pairwise comparisons between untreat-
ed groups and groups treated with bisphosphonates yielded no signifi-
cant differences when the experiments were analyzed individually; how-
ever, differences were significant when all experiments for given treatment
condition were combined in a stratified χ2 analysis (see the text).



from the streptavidin-horse radish peroxidase conjugate
instead of blue-green from the methyl green were inter-
preted as positive. Plastic-embedded sections of weaned rat
mammary tissue were used as a positive control. Negative
controls were made by omitting the transferase from the
TUNEL reaction. Morphological changes characteristic of
apoptosis were carefully examined to minimize ambiguity
regarding the interpretation of results. With these precau-
tions, TUNEL has been unequivocally associated with
apoptosis and used with DNA fragmentation and
immunohistochemical studies to demonstrate apoptosis
of osteoblastic cells and osteoblasts both in vitro and in
vivo (21, 31). Osteocytes were identified inside lacunae in
mineralized bone. Osteoblasts were identified as cuboidal
cells lining the osteoid-covered trabecular perimeter.

Statistical analysis. Data were analyzed by 1-way ANOVA,
and the Student Newman-Keuls method was used to
estimate the level of significance of differences between
means. The effect of bisphosphonates on the proportion
of MLO-Y4 cells exhibiting chromatin condensation
and/or nuclear fragmentation in the absence of dexam-
ethasone was also analyzed using exact χ2 tests, adjusting
the P values within each experiment using a Bonferroni
correction, and stratifying by experiment when combin-
ing information across experiments. All P values were
compared to an α value of 0.05 to determine significance.
To establish whether the effect of BPs was dependent on
the proapoptotic agent used, data were analyzed by 2-way
ANOVA in which the 2 variables were the proapoptotic
agents (dexamethasone, etoposide, and TNF-α) and the
pretreatments (vehicle, alendronate, and IG9402). The
Student Newman-Keuls method was used to estimate the
significance of the differences among pretreatments.

Results
Bisphosphonates inhibit apoptosis of osteocytic cells and
osteoblasts. Exposure of MLO-Y4 osteocytic cells to the glu-
cocorticoid dexamethasone (10–6 M) increased the per-
centage of cells stained with trypan blue (Figure 1a). As
in other in vitro systems (35–37), proapoptotic effects of
dexamethasone were also obtained with concentrations
between 10–7 and 10–5 M. Similar effect was obtained with
the inhibitor of DNA repair etoposide, which blocks
topoisomerase II activity (38), and with TNF-α, an acti-
vator of death receptors (39). The increase in cell mem-
brane permeability detected by trypan blue was prevent-
ed by DEVD-CHO, a specific inhibitor of caspases that
trigger death by apoptosis (40). Consistent with this find-
ing, all the proapoptotic agents used here induced an
increase in the percentage of cells exhibiting the charac-
teristic features of apoptosis, i.e., chromatin condensa-
tion and nuclear fragmentation, as shown by microscop-
ic examination of MLO-Y4 cells stably transduced with
nuclear green fluorescent protein (Figure 1b).

Pretreatment with BPs for 1 hour before addition of dex-
amethasone inhibited apoptosis, with minimal effective
concentrations between 10–9 and 10–8 M (Figure 2). At
concentrations higher than 10–6 M, this inhibitory effect
was decreased or lost. Comparable responses were
obtained with etidronate and with the aminobisphos-
phonates alendronate, pamidronate, or olpadronate. Sim-
ilar biphasic effects of bisphosphonates on osteoblastic
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Figure 4
Bisphosphonates inhibit the increase in caspase-3 activity and the decrease
in the number of living cells induced by dexamethasone. MLO-Y4 cells were
incubated with vehicle or 10–7 M alendronate for 1 hour. Subsequently, dex-
amethasone was added to reach a final concentration of 10–6 M, and cells
were cultured for 16 hours (a) or 24 hours (b). Caspase-3 activity was deter-
mined by measuring the degradation of the fluorometric substrate DEVD-
AFC in the absence or presence of the irreversible inhibitor DEVD-CHO, as
detailed in Methods (a). Cells were harvested by trypsinization, and the num-
ber of living cells was scored using an hemocytometer as described in Meth-
ods (b). Bars represent the mean ± SD of 3 independent measurements. *P
< 0.05 versus control, by ANOVA (Student Newman-Keuls method).

Figure 5
The protective effect of bisphosphonates on osteocytic cells is independent
of the proapoptotic stimulus. MLO-Y4 cells were incubated with vehicle, 10–7

M alendronate, or IG9402 for 1 hour. Subsequently, etoposide, TNF-α, or
dexamethasone were added to reach final concentrations of 50 µM, 1 nM,
or 10–6 M, respectively, and cells were cultured for 6 hours, as in Figure 1. The
percentage of dead cells was determined by trypan blue uptake. Bars repre-
sent the mean ± SD of 3 independent measurements. Data were analyzed by
2-way ANOVA. No interaction between the proapoptotic agents and the pre-
treatments was found (at an α level of 0.05). *P < 0.05 versus etoposide,
TNF-α, or dexamethasone alone (Student Newman-Keuls method).



cell preparations have been described previously (41–43).
Interestingly, amino-olpadronate (IG9402), a compound
that lacks antiresorptive activity (44), was also effective.
However, unlike the other BPs, the inhibitory effect of
IG9402 persisted at high concentrations. Removal of BPs
before inducing apoptosis or addition of BPs simultane-
ously with dexamethasone also prevented the effect of the
proapoptotic agent (data not shown). Exposure of MLO-
Y4 cells to 10–10 to 10–3 M alendronate or IG9402 in the
absence of proapoptotic stimuli did not affect cell viabili-
ty (data not shown). The prevention of glucocorticoid-
induced apoptosis by BPs was confirmed by examining
the nuclear morphology of MLO-Y4 cells stably trans-
duced with nuclear GFP (Figure 3).

Consistent with an antiapoptotic action, alendronate
inhibited the dexamethasone-induced increase in cas-
pase-3 activity (Figure 4a) and in the number of TUNEL-
positive cells (Table 1). Likewise, alendronate prevented
the dexamethasone-induced decrease in the number of
viable MLO-Y4 cells (as determined by trypan blue
uptake) (Figure 4b). Alendronate alone, i.e., in the
absence of the proapoptotic stimulus of dexamethasone,
did not affect any of these parameters. The small (2–3%)
increase in cells exhibiting chromatin condensation
and/or nuclear fragmentation observed in BP-treated
cultures compared with untreated cultures was not
reproduced by trypan blue uptake (Figure 5) and was not
inhibited by DEVD (data not shown), indicating that it
was not due to apoptosis. Treatment with bisphospho-
nates for 6 or 24 hours did not increase the total number
of MLO-Y4 cells. However, we cannot exclude the possi-
bility that these agents stimulate osteocytic cell division,
as it has been demonstrated for other osteoblastic cell
preparations in vitro (42). This could cause an increase
in the number of cells with 2 nuclei that could have been
scored as exhibiting nuclear fragmentation.

Alendronate or IG9402 also prevented apoptosis of
MLO-Y4 cells induced by either etoposide or TNF-α
(Figure 5). In full agreement with our earlier observa-
tions (31, 45), dexamethasone, TNF-α, and etoposide
induced apoptosis of osteoblastic cells derived from
murine calvaria (Figure 6). Similar to their effect on
osteocytic cells, alendronate and IG9402 inhibited apop-
tosis of osteoblastic cells induced by all these agents. No
statistical interaction was found between the proapop-
totic agents and the different pretreatments (vehicle,
alendronate, and IG9402), indicating that the inhibito-
ry effect of BPs on osteocytes and osteoblasts was inde-
pendent of the proapoptotic agent.

The mechanism of the antiapoptotic effect of BPs involves acti-
vation of ERKs. Antiapoptotic agents in other cell systems
transiently stimulate the phosphorylation of ERKs,
members of the MAP kinase family that enhance cell sur-
vival (46–48). To probe into the mechanism of the anti-
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Figure 6
The protective effect of bisphosphonates on osteoblastic cells is inde-
pendent of the proapoptotic stimulus. This experiment was performed
as in Figure 5, but using osteoblastic cells derived from murine calvaria.
Bars represent the mean ± SD of 3 independent measurements. Data
were analyzed by 2-way ANOVA. No interaction between the proapop-
totic agents and the pretreatments was found (at an α level of 0.05).
*P < 0.05 versus etoposide, TNF-α, or dexamethasone alone (Student
Newman-Keuls method).

Figure 7
Time course of ERK activation by alendronate and IG9402.
(a) MLO-Y4 cells were stimulated with 10–7 M alendronate (A)
or IG9402 (IG) for the indicated times. Phosphorylated
ERK1/2 and total ERK1/2 were determined by Western blot
analysis as described in Methods. (b) Phospho-ERK/ERK
ratios were obtained by quantifying the intensity of the bands
in the autoradiograms using a scanner.



apoptotic effect of BPs, we examined whether they influ-
enced ERK activation in MLO-Y4 osteocytic cells. Alen-
dronate and IG9402, at 10–7 M, induced a rapid and
transient increase in the phosphorylation of ERK 1 and
2 (Figure 7). This effect was observed as early as 0.5 min-
utes, reached a maximum at 1–2 minutes, and decreased
to basal levels by 15 minutes. The levels of total ERKs did
not change upon treatment. A similar increase in the
phosphorylated fraction of ERKs was induced by
etidronate (Figure 8a). As expected, BP-induced phos-
phorylation of ERKs was abolished by pretreatment of
the cells with PD98059 or by U0126, specific inhibitors
of mitogen-activated protein kinase kinase (49, 50), the
kinase responsible for phosphorylation of ERKs (Figure
8a). More importantly, pretreatment of MLO-Y4 cells
with either PD98059 or U0126 abrogated the antiapop-
totic effect of alendronate, IG9402, and etidronate (Fig-
ure 8, b and c), demonstrating that activation of ERKs is
required for the antiapoptotic effect of these agents.

Calcitonin (sCT) inhibits apoptosis of osteocytic cells and
osteoblasts by a mechanism that involves ERKs. Because sCT
is another antiresorptive agent with antifracture prop-
erties, we next investigated whether it also influenced
apoptosis of cells of the osteoblastic lineage. Previous
evidence indicates the presence of calcitonin receptors in
cells of the osteoblastic lineage, including osteoblastic
cells from murine calvaria (51–53). To determine
whether MLO-Y4 osteocytic cells expressed calcitonin
receptors, a binding assay using intact cells was per-
formed. UMR106-06 osteoblastic cells were used as a
positive control. Like UMR106 cells, MLO-Y4 cells exhib-
ited binding of [125I]sCT that could be effectively com-
peted by an excess of unlabeled sCT (Figure 9a). Consis-
tent with the presence of specific binding, treatment of
MLO-Y4 cells with sCT induced an increase in the intra-
cellular levels of cAMP (Figure 9b). As in the case of BPs,
pretreatment of MLO-Y4 or osteoblastic cells with 5–10
ng/mL (1.45–2.90 nM) sCT prevented apoptosis induced
by etoposide, TNF-α, or glucocorticoids (Figure 9c). Fur-
ther, sCT induced a rapid and transient increase in the
phosphorylation of ERKs in MLO-Y4 cells. This effect
was maximum at 5 minutes and decreased to basal lev-
els by 15 minutes (Figure 10a). In addition, and as in the
case of BPs, the prevention of MLO-Y4 cell apoptosis by
sCT was abolished by pretreatment with either inhibitor
of ERK activation, PD98059 or U0126 (Figure 10b).

Alendronate administration abolished the osteocyte and
osteoblast apoptosis induced by prednisolone in vivo. Finally, to
address the significance of these in vitro studies, we exam-
ined the effect of alendronate administration in a murine
model of glucocorticoid excess-induced apoptosis of
osteocytes and osteoblasts (21). As previously shown,
administration of prednisolone decreased spinal BMD
and increased the prevalence of osteoblast apoptosis in
vertebral cancellous bone (Table 2; Figure 11). The
increase in cancellous osteocyte apoptosis did not, how-
ever, reach significance. The higher rate of remodeling in
cancellous compared with cortical bone probably did not
allow the high accumulation of apoptotic osteocytes that
we had previously noted in femoral metaphyseal cortical
bone (21). Nonetheless, administration of alendronate,
beginning 3 days before the implantation of prednisolone

pellets, prevented the bone loss and abolished the increase
in bone cell apoptosis induced by the glucocorticoid.

The prevalence of apoptotic osteoblasts detected in this
experiment by the TUNEL reaction with CuSO4 enhance-
ment in bone sections is higher than the values obtained in
our previous studies using TUNEL without CuSO4 (21, 31).
As detailed in our recent studies (45), this is consistent with
the contention that the enhancer allows cells undergoing
the DNA degradation phase to be seen at an earlier stage.
Prolongation or shortening of the time that apoptosis can
be observed in a specimen, as a result of using more sensi-
tive or less sensitive detection methods, influences the
prevalence of the phenomenon (45). Considering that in
murine vertebral cancellous bone the wall width (W.Wi) is
approximately 15 µm and the mineral appositional rate
(MAR) is approximately 1.25 µm/d, the active life span of
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Figure 8
The antiapoptotic effect of BPs involves ERK activation. (a) Cells were
incubated for 23 minutes with vehicle, 50 µM PD98059, or 1 µM UO126
before addition of 10–7 M alendronate (A), IG9402 (IG), or etidronate
(E) for 2 minutes. Cell lysates were obtained and assayed for the presence
of phosphorylated ERK1/2 as in Figure 7. Cells were treated for 30 min-
utes with PD98059 (b) or with UO126 (c), followed by addition of 10–7

M BPs. After 1 hour, 10–6 M dexamethasone was added and cultures were
incubated for 6 hours. The percentage of apoptotic cells was determined
by trypan blue exclusion, as in Figure 1a. Bars represent the mean ± SD
of 3 independent measurements. *P < 0.05 versus control by 1-way
ANOVA (Student Newman-Keuls method).



an osteoblast (W.Wi/MAR) is 12 days (288 hours) (21, 54,
55). If the ratio between the duration of apoptosis (tAp) and
the active life span of an osteoblasts (288 hours) equals the
prevalence of osteoblast apoptosis divided by the fraction
of total osteoblasts that undergoes apoptosis at a given time
(fAp), estimated to be between 0.5 and 0.7 (56), then the
prevalence of osteoblast apoptosis of 11.34% that we found
in the placebo group (Table 2) indicates that the duration
of apoptosis recognized by this technique is between 46 and
65 hours. This is consistent with previous reports estimat-
ing the TUNEL-labeled phase of apoptosis from as little as
1.5 hours to as much as 48 hours, depending on the sensi-
tivity of the technique used (57, 58).

Discussion
The results of the studies reported herein demonstrate
that bisphosphonates inhibit osteocyte and osteoblast
apoptosis, regardless of the proapoptotic stimulus used,
indicating interference with a common pathway of
apoptosis. These effects appear to be unrelated to the
antiresorptive properties of these agents, as IG9402, a BP
that does not affect osteoclast activity (44), also exhibit-
ed antiapoptotic properties on osteocytic cells and

osteoblasts in the present studies. Moreover, the anti-
apoptotic effects of BPs were shown with concentrations
approximately 3 orders of magnitude lower than those
required by the same agents for the promotion of osteo-
clast apoptosis in vitro (5).

The inhibition of osteocytic and osteoblastic cell
apoptosis in vitro was reproduced in vivo. Alendronate
administration prevented the glucocorticoid-induced
loss of bone and increased prevalence of osteocyte apop-
tosis in vertebral cancellous bone. Osteocyte experi-
ments could have been performed in cortical bone, but
osteocyte apoptosis is restricted to a narrow zone of the
murine femoral metaphyseal cortex (21). To perform a
more comprehensive investigation and avoid focal phe-
nomena, we examined the lumbar vertebrae L1–L5. Ver-
tebral cortical osteocyte apoptosis was absent, but apop-
totic osteocytes and osteoblasts in the cancellous tissue
were evenly distributed and, therefore, measured with-
out bias. The prevalence of osteocyte and osteoblast
apoptosis detected by the TUNEL assay is higher with
than without the CuSO4 as a color enhancer (21, 31).
Similar results were obtained in our recent study in
which a direct comparison between both procedures
was performed (45). This is consistent with the con-
tention that the inclusion of CuSO4 allows cells under-
going the DNA degradation phase to be seen at an ear-
lier stage and thereby for a longer interval. Thus, the
precise inventory of the fraction of apoptotic cells in
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Figure 9
Salmon calcitonin inhibits glucocorticoid-, TNF-α–, and etoposide-
induced apoptosis of MLO-Y4 and osteoblastic cells. (a) MLO-Y4 or
UMR-106-06 cells were incubated with 10–8 M [125I]sCT in the absence
or in the presence of 10–6 M unlabeled sCT for 1 hour at room tempera-
ture. After washing, bound [125I]sCT was determined. (b) Concentration
of cAMP in MLO-Y4 cells upon treatment with 5 ng/mL of sCT was meas-
ured using a commercially available kit, as described in Methods. Each
point represents triplicate determinations ± SD. (c) MLO-Y4 osteocytic
cells or osteoblastic cells were treated with sCT for 1 hour before the
addition of the proapoptotic stimuli. The percentage of dead cells was
determined by trypan blue uptake as described in Figure 1a. Bars repre-
sent the mean ± SD of 3 independent measurements. *P < 0.05 versus
etoposide, TNF-α, or dexamethasone alone by 1-way ANOVA (Student
Newman-Keuls method).

Figure 10
The antiapoptotic effect of salmon calcitonin involves ERK activation. (a)
MLO-Y4 cells were stimulated with 5 ng/mL of sCT for the indicated
times. Phosphorylated ERK1/2 and total ERK1/2 were determined by
Western blot analysis as described in Methods. (b) Cells were treated for
30 minutes with PD98059 or with UO126, followed by addition of 5
ng/mL of sCT. After 1 hour, 10–6 M dexamethasone was added and cul-
tures were incubated for 6 hours. The percentage of apoptotic cells was
determined by trypan blue exclusion, as in Figure 1a. Bars represent the
mean ± SD of 3 independent measurements. *P < 0.05 versus control by
1-way ANOVA (Student Newman-Keuls method).



bone varies depending on the identification technique
and duration of the histologically recognizable features
of a cell undergoing apoptosis.

The antiapoptotic action of BPs on osteocytic cells and
osteoblasts involved the rapid activation of ERKs.
Indeed, rapid phosphorylation of ERKs by BPs was indis-
pensable for the effects of BPs, as their antiapoptotic
effects on osteocytic cells could be completely prevented
by 2 specific inhibitors of ERKs activation, PD98059 and
UO126. These findings are in full agreement with evi-
dence that the ERK family of protein kinases is activat-
ed by several other antiapoptotic agents (46–48).

In sharp contrast with the findings of the present
report on osteoblasts and osteocytes, it is well estab-
lished that BPs promote the apoptosis of mature osteo-
clasts in vitro and in vivo (5). The proapoptotic action
of BPs on this cell type is probably mediated via inhibi-
tion of the mevalonate pathway, which is responsible
for the synthesis of lipids utilized in posttranslational
modification of proteins including prenylation (59).

Based on this evidence, it seems likely that BPs activate
ERKs in osteoblastic cells in a ras-independent way, as
ras activation and translocation to the membrane
requires its prenylation (59). Ras-independent activa-
tion of ERKs has been recently demonstrated for
parathyroid hormone (PTH) (60). Whether the activa-
tion of ERKs by BPs is also ras independent will
require further studies.

We also show in this report that similar to bisphos-
phonates, the peptide hormone calcitonin inhibits
osteocytic cell and osteoblast apoptosis, most likely via
actions mediated by receptors linked to the adenylate
cyclase system. These observations are in agreement with
earlier findings by our group and Machwate et al. indi-
cating that agents that increase cAMP production, such
as PTH and prostaglandins, suppress apoptosis of osteo-
cytes/osteoblasts and periosteal cells, respectively (45,
61). Therefore, it is likely that the protective effect of cal-
citonin on osteoblastic cells reported here is also medi-
ated via cAMP. Further, we found that calcitonin-
induced ERK phosphorylation was required for its
antiapoptotic effects on osteocytic cells.

The antiapoptotic effects of BPs on osteoblasts and
osteocytes demonstrated in this report are in the
opposite direction to their effects on the survival of
osteoclasts. Opposite effects on osteoclast and
osteoblast apoptosis have also been demonstrated for
TGF-β (31, 62). Moreover, we have found that estro-
gen also inhibits osteocyte and osteoblast apoptosis
(63), while promoting apoptosis of osteoclasts (62).
This remarkable phenomenon of opposing effects of
such diverse classes of agents on osteoblast/osteocyte
versus osteoclast apoptosis strongly suggests that the
signaling pathways controlling the life span of these
2 bone cell types are inherently distinct. We expect
that future elucidation of the basis of these striking
mechanistic differences in apoptosis should greatly
advance understanding of the balance between bone
resorption and formation.
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Figure 11
Effect of prednisolone on murine osteocyte and osteoblast apoptosis in
vivo. Photomicrographs are from vertebral cancellous bone of mice treat-
ed for 56 days with prednisolone. Apoptotic, TUNEL-positive osteocytes
(a) and osteoblasts (b) are indicated by the arrows. A normal osteocyte (a)
and a normal osteoblast (b) are indicated by arrowheads. Methyl green
counterstain viewed with Nomarski differential interference microscopy.
Original magnification: ×1,000 and ×630, for a and b, respectively.

Figure 12
Functional syncytium comprising osteocytes, osteoblasts, bone marrow
stromal cells, and endothelial cells. See the text for details. (Adapted with
permission from G. Marotti [64].) 



Prolongation of the life span of osteocytes by bispho-
sphonates or calcitonin could explain the decrease in
bone fragility that is disproportional to the gain in
BMD induced by these agents (2, 16, 64). Indeed, osteo-
cytes, the most abundant cell type in bone, are regular-
ly spaced throughout the mineralized matrix and com-
municate with each other and with cells on the bone
surface via cellular processes that run along the canali-
culi; osteoblasts in turn communicate with cells of the
bone marrow stroma that extend cellular projections
onto endothelial cells inside the sinusoids (17). Thus, a
syncytium extends from the entombed osteocytes all the
way to the vessel wall (65) (Figure 12). As a consequence,
the strategic location of osteocytes makes them excel-
lent candidates for mechanosensory cells able to detect
the need for bone augmentation or reduction during
functional adaptation of the skeleton and the need for
repair of microdamage, and in both cases, to transmit
signals leading to the appropriate response (66). Osteo-
cytes evidently sense changes in interstitial fluid flow
through canaliculi produced by mechanical forces (66)
and detect changes in the levels of hormones such as
estrogen and glucocorticoids that influence their sur-
vival and circulate in the same fluid (21, 67). Disruption
of the osteocyte network is likely to increase bone
fragility and could account for the higher incidence of
fractures in glucocorticoid-treated patients compared
with postmenopausal women, even though the BMD in
the former is relatively higher (19, 20). Conversely,
preservation of the osteocyte network could be one
mechanism by which bisphosphonates or calcitonin
decrease bone fragility.

The majority of osteoblasts die by apoptosis. Those
remaining have 2 alternative fates: to become lining
cells or osteocytes (31). The frequency of osteoblast
apoptosis in vivo seems to be such that changes in its
timing and extent could have a significant impact in

the number of osteoblasts present at
the site of bone formation (21, 31).
Indeed, it has been recently shown
that increased osteoblast apoptosis is
at least partially responsible for the
reduced bone formation in the
osteopenia induced by glucocorticoid
excess (21, 22). Conversely, we have
obtained evidence that inhibition of
osteoblast apoptosis is the most like-
ly mechanism of the anabolic effect of
intermittent administration of PTH
(45). In this report, we show that BPs

increase the survival of osteoblastic cells. Although we
found similar antiapoptotic effects of PTH and BPs in
vitro, the in vivo effects of BPs on bone formation are
not as readily demonstrated as those of intermittent
PTH administration, probably because the slowing of
remodeling by the former agents reduces the extent of
osteoblast covered surface. But where osteoblasts are
present, more bone is made, indicated by an increase in
wall thickness (12–14, 68).

The results reported here could also be of importance
to the recognized actions of bisphosphonates on the
origination and/or progression of the basic multicellu-
lar unit (BMU). It has been proposed that targeting of
osteoclast precursors to a specific location on bone
depends on a “homing” signal given by lining cells and
that lining cells are instructed to do so by osteocytes
(the only bone cells that can sense the need for remod-
eling at a specific time and place) (7). This, and the evi-
dence that BPs affect osteoclasts not only directly but
also indirectly via effects on osteoblastic cells (9–11),
raise the possibility that prolongation of the life span of
osteocytes (and osteoblastic cells in general) may con-
tribute to the reduction in the frequency of origination
and/or premature termination of BMU progression
that characterizes the decrease in bone resorption
induced by bisphosphonates (2, 7).

In conclusion, the studies reported here raise the
possibility that increased survival of osteoblasts and
osteocytes may both contribute to the efficacy of bis-
phosphonates and calcitonin in the management of
disease states due to loss of bone, such as glucocorti-
coid-induced osteoporosis. An increase in osteoblast
work time may lead to a gradual increase in trabecular
thickness, and preservation of osteocytes may con-
tribute to the antifracture efficacy of these agents,
which is disproportional to the relatively modest
increase in BMD.
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sampling. AP < 0.001 versus control by exact χ2, adjusting the P value using the Bonferroni correction.
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Effect of alendronate on BMD and the prevalence of osteocyte and osteoblast 
apoptosis in murine vertebral cancellous bone
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+ alendronate

Apoptotic osteocytes (%) 2.02 ± 0.70 2.37 ± 0.87 1.14 ± 0.22A

Apoptotic osteoblasts (%) 11.34 ± 4.02 19.79 ± 5.17B 10.88 ± 3.62A

Spinal BMD (% change) –5.02 ± 0.34 –12.48 ± 3.77B –5.46 ± 3.52A

Data shown are the mean ± SD from 4 to 8 animals per group. AP < 0.05 versus prednisolone
alone, by ANOVA (Tukey test). BP < 0.05 versus placebo, by ANOVA (Tukey test).
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