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ABSTRACT

Bisphosphonates are therapeutic agents in the
treatment of post-menopausal osteoporosis.
Although they have been associated with delayed
healing in injured tissues, inappropriate femoral
fractures, and osteonecrosis of the jaw (ONJ), the
pathophysiological mechanisms involved are not
clear. Our hypothesis is that alendronate, a mem-
ber of the N-containing bisphosphonates, indi-
rectly inhibits osteoblast function through the
coupling of osteoclasts to osteoblasts by ephrinB-
EphB interaction. We found that alendronate
increased gene and protein expression of ephrinB1
and EphBl1, as well as B3, in femurs of adult mice
injected with alendronate (10 pg/100 g/wk) for 8
weeks. Alendronate suppressed the expression of
bone sialoprotein (BSP) and osteonectin in both
femurs and bone marrow osteoblastic cells of
mice. After elimination of pre-osteoclasts from
bone marrow cells, alendronate did not affect
osteoblast differentiation, indicating the need
for pre-osteoclasts for alendronate’s effects.
Alendronate stimulated EphB1 and EphB3 protein
expression in osteoblasts, whereas it enhanced
ephrinB1 protein in pre-osteoclasts. In addition, a
reverse signal by ephrinB1 inhibited osteoblast
differentiation and suppressed BSP gene expres-
sion. Thus, alendronate, through its direct effects
on the pre-osteoclast, appears to regulate expres-
sion of ephrinB1, which regulates and acts through
the EphB1, B3 receptors on the osteoblast to sup-
press osteoblast differentiation.
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Alendronate Affects Osteoblast

Functions by Crosstalk through
EphrinB1-EphB

INTRODUCTION

Bisphosphonates are potent inhibitors of bone resorption and are used in
the treatment of bone diseases (Park e al., 2009). Alendronate acts on
osteoclast function and survival by binding and blocking the enzyme farnesyl
diphosphate synthase in the HMG-CoA reductase pathway (Fleisch, 2002; van
Beek et al., 2003). Although they are associated with inappropriate femoral
fractures, the pathophysiological mechanisms are not known.

Cell-surface molecules, such as receptors and their associated ligands, play
a role in the maintenance of bone homeostasis (Edwards and Mundy, 2008).
EphrinB2 and EphB4 mediate osteoclast-osteoblast interactions by simultane-
ous signal transduction in both cells. Eph receptors are members of the recep-
tor tyrosine kinase family, and their cell-surface ligands, ephrins, are involved
in a variety of cell communications (Noren et al., 2009). EphrinB1 and
ephrinB2 are strongly expressed during osteoclast differentiation. EphrinB2
expressed on osteoclasts stimulates ephrin-Eph bidirectional signaling in the
osteoblast and induces osteoblast differentiation as a forward signal. In con-
trast, a reverse signal from EphB4 on the osteoblast inhibits osteoclast forma-
tion (Zhao et al., 2006). Interestingly, the interaction of ephrinA2-EphA2
inhibits osteoblast differentiation at the initiation phase of bone remodeling,
whereas ephrinA2-EphA2 stimulate osteoclast formation (Irie et al., 2009).

Here, we have identified that alendronate inhibited normal physiological
bone remodeling and turnover through the coupling of ephrinB1-EphBs.

MATERIALS & METHODS
Mice

Two-month-old C57B1/6 mice were obtained from Taconic (Hudson, NY,
USA). Mice were assigned to two different groups with 15 mice per group.
Each received either saline or alendronate (10 pg/100g/wk) subcutaneously
for 8 wks and then was sacrificed by CO, narcosis. The dose of alendronate
used in humans is approximately 1 mg/kg/wk orally (Huang ef al., 2005). Our
dosage in mice approximated the human dose (Samadfam et al., 2007).

Cell Culture

Bone marrow osteoblastic cells were flushed from the tibiae and femurs of
mice, plated in growth medium (aMEM supplemented with 10% FBS, 100
international units/mL penicillin, 100 pg/mL streptomycin, and 2 mM gluta-
mine), and incubated at 37°C in 5% CO,. Elimination of myeloid cells was
performed with a Dynabeads Biotin Binder (Invitrogen, Carlsbad, CA, USA)
with CD11b antibody (eBioscience, San Diego, CA, USA), according to the
manufacturer’s instructions. For immunofluorescent staining, cells were fixed
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in 4% paraformaldehyde in PBS. Primary anti-
bodies for anti-F4/80 conjugated to Alexa Fluor
488 and anti-CD45 conjugated to PE (eBiosci-
ence, San Diego, CA, USA) were used at a
dilution of 1:100. Mouse primary osteoblasts
were derived from mouse calvariae by diges-
tion in 0.1 mg/mL collagenase P, 25 mg/mL, or
50 mg/mL trypsin. The cells were re-plated in
oMEM supplemented with 10% FBS, 50 pg/
mL ascorbic acid, and 5 mM B-glycerol phos-
phate. To stimulate forward signaling, ephrin
B-Fc or Fc fragments (R&D, Minneapolis,
MN, USA) were clustered with anti-Fc anti-
body at 2 pg/mL on the plates prior to the addi-
tion of cells unless otherwise indicated.

Von Kossa Staining

Cells were fixed with 100% ethanol, and then
stained with silver nitrate solution for 60 min at
37°C and exposed to bright light. Images were
analyzed with Image analysis software (SPOT
Advanced; Diagnostic Instruments, Inc.,
Sterling Heights, MI, USA).

Real-time RT-PCR

Total RNA from the spongiosa of femurs or
bone marrow osteoblasts was isolated with
TRIzol reagent. Total RNA was reverse-
transcribed to ¢cDNA with the Superscript kit
(Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. All were ampli-
fied by the addition of cDNA to the PCR mix-
ture containing each primer and the SYBR
Green PCR Master Mix (Applied Biosystems,
Foster City, CA, USA). The sequences used are
listed in the Appendix Table. The PCR reac-
tions and program were described in a previous
publication (Shimizu ef al., 2010).

Western Blot

Distal femurs were homogenized with lysis buffer
at 4°C. Proteins were separated by SDS-PAGE
and transferred to polyvinylidene difluoride mem-
branes. Proteins were detected by SuperSignal
West Dura Extended Duration Substrate (Thermo
Scientific, Rockford, IL, USA) according to the
manufacturer’s instructions.

Immunohistochemistry

Femurs were fixed in 4% formaldehyde and
decalcified in 10% EDTA. Frozen sections (10 pm)
were cut longitudinally. Immunohistochemical
staining was performed by the ABC staining sys-
tem (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) according to the manufacturer’s instructions.
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Figure 1. Alendronate inhibits osteoblast gene expression in vivo and alters ephrin/Eph
gene and protein expression. Two-month-old C57BI/é mice received either saline or
alendronate (10 ug/100 g/wk) subcutaneously for 8 wks. Total RNA was extracted from
primary spongiosae of saline- or alendronate-injected mice. RNAs were measured by
realtime RT-PCR. The relative levels of mRNAs were normalized to B-actin and then
expressed as fold stimulation over controls. Error bars represent + SEM of 6 animals. (A)
Osteoblast genes. a, p < 0.001; b, p < 0.03; ¢, p < 0.04 compared with saline-injected
animals. (B) Ephrin and Eph genes. a, p < 0.002; b, p < 0.01; and ¢, p < 0.03
compared with saline-injected animals. (C) EphrinB1, EphB1, and B3 protein expression.
(D) Relative levels of ephrins and Ephs in femurs of saline-injected animals compared with
B-actin. BSP, bone sialoprotein; OC, osteocalcin; Osx, osterix; ON, osteonectin; OPN,
osteopontin; ALP, Alkaline phosphatase. (E) Femurs were isolated from saline (A, B, E, F,
I, and J) or alendronate (C, D, G, H, K, and L}-injected mice. Sections were incubated
with antilgG (A, C, E, G, |, and K), anti-ephrinB1 (B and D), anti-EphB1 (F and H), or
anti-EphB3 (J and L). Staining was completed with 3,3"-diaminobenzidine (DAB). Sections
were counterstained with hematoxylin. Black arrowheads show ephrinB1, EphB1, or
EphB3 protein expression. Magnification, x 600.
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specific Gene Expression in Mice

The numbers and sizes of TRAP-positive
cells and osteoclast marker genes in
femurs of alendronate-injected mice
were decreased compared with those in
saline-injected mice, whereas hematoxylin-
eosin staining did not differ (Appendix
Fig. 1). We found that BSP, osteonectin
(ON), alkaline phosphatase (ALP), and
type 1 collagen alpha 1 (CollAl) gene
expression were significantly decreased
in femurs of alendronate-injected mice
compared with saline-injected controls
(Fig. 1A).

Ligands and Receptors in Bone
Were Affected by Alendronate

We found that alendronate changed
expression of these genes, with enhanced
ephrinB1, EphBl, B3, and B6 gene
expression, but not ephrinB2 (Fig. 1B).
Moreover, alendronate stimulated eph-
rinB1, EphBl, B3 protein expression
compared with saline-injected controls

Figure 2. Osteoblast differentiation from bone marrow cells of alendronate-injected animals is
impaired. Bone marrow osteoblastic cells from tibia or femur of saline- or alendronate-injected
mice were cultured with 50 pg/ml ascorbic acid and 5 mM B-glycerophosphate for 21 days,
and then total RNA was extracted. RNAs were measured by realtime RT-PCR. The relative
levels of mRNAs were normalized to B-actin and then expressed as fold stimulation over
control. Error bars represent + SEM of 8 animals. (A) Eph gene and protein expression
compared with cells from saline-injected mice. a, p < 0.01 and b, p < 0.05 compared with
controls. (B) Osteoblast gene markers. a, p < 0.001; b, p <0.01; and ¢, p < 0.05 compared
with cells from saline-injected mice. (C) (upper) Bone marrow osteoblastic cells formed bone
nodules as shown by von Kossa staining. (lower) Quantitation of nodule areas, *p < 0.04 vs.
cells from saline-injected mice, by SPOT Advanced software and microscopy.

(Fig. 1C). We also showed the relative
gene expression of ephrins and Ephs
under basal conditions in femurs.
EphrinB1, B2 or EphB1, B3, B4 genes
were more abundant than EphB2 and B6
genes, indicating that these genes may be
important for regulating bone metabo-
lism (Fig. 1D). In addition, alendronate
stimulated ephrinB1 protein level in
monocytes or pre-osteoclasts of bone

The sections were incubated with anti-ephrinB1 (AF473, R&D,
Minneapolis, MN, USA), anti-EphB1 (M-19), and anti-EphB3
(7ES) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibod-
ies or normal IgG as negative control at 4°C. The sections were
incubated with biotin-labeled anti-IgG. Staining was completed
with S-minute incubation with 3,3'-diaminobenzidine (DAB).
TRAP staining was performed with a leukocyte acid phosphatase
kit from Sigma (St. Louis, MO, USA), according to the manufac-
turer’s instructions. The sections were incubated at 37°C in staining
solution for 1 hr. Cells positive for TRAP and having more than
3 nuclei were considered as TRAP-positive pre-osteoclasts
microscopically.

marrow, whereas it enhanced EphB1 and
EphB3 protein in osteoblasts of trabecular bone (Fig. 1E).

Alendronate Affected Osteoblast Differentiation
and Mineralization

We found that EphBl and B3 gene and protein levels were
enhanced in bone marrow osteoblastic cells from alendronate-
injected mice, whereas EphB6 was unchanged (Fig. 2A). Next,
we examined bone marker genes from the same cells. The gene
expression of BSP, ON, and osterix (Osx) was decreased in bone
marrow osteoblasts from alendronate-injected mice (Fig. 2B).
Bone nodules were decreased in cells from alendronate-injected
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mice compared with saline-injected mice
(Fig. 2C). We hypothesize that alendronate
affects osteoblast development indirectly
through crosstalk from the osteoclast to the
osteoblast.

Alendronate Affects Osteoblast
Differentiation through
Pre-osteoclasts

To investigate how alendronate directly or
indirectly affects osteoblast differentiation
in vivo, we investigated the effect of alen-
dronate (10 nM or 1 puM) using mouse
bone marrow cells. Alendronate at 10 nM
inhibited osteoblast marker genes such as
BSP, OC, ON, and ALP genes (Fig. 3A).
Alendronate at 1 uM also suppressed BSP,
OC, and ALP gene expression, but not ON,
OPN, or Osx genes. Moreover, alendronate
at 10 nM slightly inhibited the formation of
bone nodules, whereas a high concentra-
tion (I uM) completely inhibited nodule
formation (Fig. 3B). Alendronate did not
affect early osteoblast differentiation
(Appendix Fig. 2). We hypothesize that
inhibition of osteoblast differentiation and
mineralization was associated with effects
through osteoclast precursors. To test this
hypothesis, we cultured the bone marrow
cells so that pre-osteoclasts would be elim-
inated and then examined the effect of
alendronate. We confirmed deletion of
myeloid cells using immunofluorescent
staining with F4/80 (macrophage marker)
and CD45 (pan-hematopoietic marker)
(Fig. 3C). We found that alendronate
did not change gene expression after the
elimination of myeloid cells (Fig. 3D).
These results support the hypothesis that
alendronate acts on pre-osteoclasts which
interact with osteoblast precursors, thus
inhibiting osteoblast differentiation and
mineralization.

EphrinB1 Affects Osteoblast
Differentiation in vitro

EphrinB1 strongly inhibited BSP gene
expression, but ephrinB2 did not (Fig. 4A).
In contrast, ephrinB2 significantly stimu-
lated OC, ALP, and CollAl gene expres-
sion. We also examined the gene expression
of ephrins and Ephs in osteoblasts and
osteoclasts relative to P-actin. EphrinB1
was more highly expressed than ephrinB2
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Figure 3. Alendronate affects osteoblast differentiation through pre-osteoclasts in vitro. (A)
Mouse bone marrow osteoblastic cells were cultured with or without alendronate (10 nM or
1 uM) for 21 days. RNAs were measured by realtime RT-PCR. The relative levels of mRNAs
were normalized to B-actin and then expressed as fold stimulation over control. Error bars
represent = SEM of three independent experiments. a, p < 0.001; b, p < 0.002; ¢, p <
0.004; d, p < 0.005; and e, p < 0.02 compared with control. (B) (upper) Mouse bone
marrow osteoblasts formed bone nodules as shown by von Kossa staining. (lower)
Quantitation of nodule areas, *p < 0.05 vs. cells from saline-injected mice, with SPOT
Advanced software and microscopy. (C) After elimination of myeloid lineage cells, bone
marrow osteoblastic cells were cultured with or without alendronate (10 nM or 1 uM) for 21
days. Primary antibodies against F4/80 or CD45 were used at a dilution of 1:100. Primary
antibodies were conjugated to either green-fluorescent Alexa Fluor 488 dye (E and G) for
F4/80 or PEfluorescent dye (A and C) for CD45. B, D, F, and H represent the phase-contrast
micrographs of A, C, E, and G, respectively. Magnification x100. (D) RNAs were measured
by realtime RT-PCR. The relative levels of mRNAs were normalized to B-actin and then
expressed as fold stimulation over control. Error bars represent + SEM of 3 independent
experiments.
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(B) Eph and ephrin expression in osteoblasts and osteoclasts. The relative levels of mRNAs
were normalized to B-actin. OB, primary mouse osteoblasts; OC, mouse osteoclasts derived
from mouse bone marrow. (C) Schematic representation of osteoclast-osteoblast interactions
and the effect of alendronate. Alendronate stimulated ephrinB1 gene expression in osteoclasts,
which interacts with EphB1 or B3 receptors on osteoblasts to inhibit osteoblast function,

especially BSP.

in differentiated osteoclasts (Fig. 4B). These results suggest that
ephrinB1 expressed by osteoclasts inhibits osteoblast differen-
tiation, especially BSP gene expression.

DISCUSSION

Alendronate-associated femoral fractures arise from sites of
cortical stress reactions (Schneider, 2009). Rats injected with

ephrinB1

Osteoclasts (pre-osteoclasts)

ephrinB2 In this study, we obtained data estab-

lishing that mRNA for ephrinBl was
increased in femurs of mice after alen-
dronate injections. We also found that
EphB1 and EphB3 gene expression was
stimulated in femurs or differentiating
mouse bone marrow osteoblastic cells
from the alendronate-injected mice. At
the same time, several osteoblast differ-
entiation markers were decreased in the
same samples. Therefore, the effect of
alendronate on ephrinB1/EphB1 or B3
interaction may cause the inhibition of
osteoblast differentiation and mineraliza-
tion. Analysis of our data revealed that
alendronate indirectly inhibited osteo-
blast differentiation in vitro through pre-
osteoclasts. These results indicate that
the expression of ephrinB1 in pre-osteo-
clasts inhibited osteoblast differentiation
and mineralization, especially the BSP
gene. BSP is a member of the SIBLING
family and is essentially expressed in the
initial stage of trabecular bone and other
mineralized tissues (Chen et al., 1992;
Fisher et al., 2001). The protein regulates the nucleation of
hydroxyapatite at the mineralization front of bone (Hunter and
Goldberg, 1993). Why should ephrinB1 in pre-osteoclasts par-
ticularly affect the BSP gene? Activation of the EphB receptor
via ephrinB1 may affect bone remodeling and turnover at an
early stage, as does ephrinA2-EphA2 interaction. BSP is also
an Arg-Gly-Asp (RGD)-containing peptide, and it is involved in
osteoclastogenesis and increases osteoclast differentiation and
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activity through avp3 integrin (Valverde et al., 2005; Malaval et
al., 2008). We found that alendronate inhibited B3 integrin gene
expression in vivo but not av integrin (data not shown). Eph
receptors regulate integrin activity; activation of EphA2, B2,
B3, and B4 resulted in a decrease in integrin activation and cel-
lular adhesion (Zou et al., 1999; Miao et al., 2005). Thus, acti-
vation of Eph receptors in osteoblasts may regulate integrin
activity and consequently regulate BSP-gene expression (Zhao
et al., 20006).

We found that alendronate at a high concentration suppressed
OC, BSP, ON, and ALP genes in bone marrow osteoblastic cells,
which are a mixed culture. After depletion of pre-osteoclasts,
alendronate had no effect on gene expression, indicating that
this is an indirect effect. Iwata et al. (2006) have shown that
bisphosphonates suppress bone formation. Intracortical remod-
eling of the alveolar portion of the mandible was significantly
suppressed by zoledronate treatment (Kubek er al., 2010).
Zoledronate suppressed bone formation in the jaws without
causing osteocyte death (Huja et al., 2009). Since zoledronate
has the same inhibitory actions on osteoclasts as alendronate, it
may also affect ephrinB-EphB interaction. To study whether
alendronate directly affects osteoblasts, we treated rat calvarial
primary osteoblasts in vitro with alendronate for 21 days. At the
higher concentration, alendronate significantly inhibited OC
gene expression while not affecting other genes (Appendix Fig.
3A). High concentrations of aminobisphosphonates, such as > 1
UM, have a cytotoxic inhibitory effect on osteoblast growth and
function (Orriss et al., 2009). Moreover, high doses of zole-
dronic acid decreased osteoblast viability and function (Pozzi
et al., 2009). However, we found that total RNA amounts were
not significantly different with 10 nM or 1 pM alendronate
(Appendix Fig. 3B), indicating that it is not toxic for these
cells at the lower doses. Therefore, our results suggest that
alendronate indirectly affects osteoblast differentiation and
mineralization.

A lack of ephrinB1 results in perinatal lethality associated with
a range of phenotypes, including defects in neural-crest-cell-
derived tissues, incomplete body wall closure, and abnormal
skeletal patterning. Neural-crest-cell-derived tissues are the
source of the frontal bone osteoprogenitor population, and eph-
rinB1 and ephrinB2 control migration of these cells (Davy et al.,
2004, 2006). Targeted deletion of the ephrinB1 gene in type 1
alpha 2 collagen-producing cells in vivo led to the conclusion
that ephrinB1 stimulates osteoblast differentiation through
EphB2 in bone marrow stromal cells (Xing et al., 2010).
Although ephrinB1 is expressed in both osteoclasts and osteo-
blasts, in this study we show that ephrinB1 functions in osteo-
clasts through Eph receptors in osteoblasts. We show that
ephrinB1-Fc suppressed osteoblast differentiation, whereas
ephrinB2-Fc stimulated osteoblast marker genes. Analysis of
our data leads us to propose that activation of EphB receptors by
ephrinB1 in osteoclasts or pre-osteoclasts suppresses osteoblast
differentiation, and that this is increased by alendronate.

In summary, our findings provide evidence that alendronate
suppresses osteoblast differentiation indirectly. Alendronate
regulates ephrinB1 gene expression in osteoclasts, which
interacts with EphB1 or B3 receptors on osteoblasts to inhibit
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osteoblast function. Alendronate may affect osteoclast precur-
sors, which then act on osteoblast precursors in bone marrow
cells through ephrinB1-EphB interactions. We conclude that
alendronate affects physiological bone metabolism through the
crosstalk of the osteoclast and osteoblast.
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