
Summary. Nitrogen-containing bisphosphonates (N-
BPs) are potent antiresorptive drugs and their actions on
osteoclasts have been studied extensively. Recent studies
have suggested that N-BPs also target bone-forming
cells. However, the precise mechanism of N-BPs in
osteoblasts is paradoxical, and the specific role of
osteocytes is worthy of in-depth study. Here, we
investigated the cellular mechanisms of N-BPs
regulating bone defect healing by zoledronate (ZA).
Bone histomorphometry confirmed an increase in new
bone formation by systemic ZA administration. ZA
induced more alkaline phosphatase-positive osteoblasts
and tartrate-resistant acid phosphatase-positive
osteoclasts residing on the bone surface. Inexplicably,
ZA increased SOST expression in osteocytes embedded
in the bone matrix, which was not compatible with the
intense osteoblast activity on the bone surface. ZA
induced heterogeneous osteocytes and disturbed the
distribution of the osteocytic-canalicular system
(OLCS). Furthermore, according to the degree of OLCS
regularity, dentin matrix protein 1 reactivity had
accumulated around osteocytes in the ZA group, but it
was distributed evenly in the OLCS of the control group.
The control group showed a dense array of the gap

junction protein connexin 43. However, connexin 43 was
extremely sparse after ZA administration. In summary,
ZA treatment reduces gap junction connections and
blocks cellular communication between osteocytes and
osteoblasts. Retaining SOST expression in osteocytes
leads to activation of the Wnt signaling pathway and
subsequent bone formation. 
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Introduction 

Because of its potent antiresorptive effects,
zoledronate (ZA) is a commonly used nitrogen-
containing bisphosphonate (N-BP) for bone metastasis
treatment (Chen and Fu, 2002). It shares most
commonalities of N-BPs, such as inhibiting the critical
enzyme farnesyl pyrophosphate synthase in the
mevalonate pathway (Rogers, 2003) and suppressing
prenylation of small GTPases (Luckman et al., 1998),
which are essential for cytoskeletal organization of
osteoclasts, finally affecting osteoclast survival
(Palokangas et al., 1997; Abu-Amer et al., 1999).
Indeed, it has been demonstrated that N-BPs prevent
differentiation of macrophages into osteoclasts, block the
activity of mature osteoclasts, induce osteoclast
apoptosis (Rodan, 1998; Rogers et al., 2000), and reduce
the number of osteoclasts (Tanaka et al., 2010). Thus far,
bone-resorbing osteoclasts have long been thought to be
the primary target of N-BPs.

N-BPs may also target other cell types such as bone-
forming osteoblasts. They have been reported to
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stimulate osteoblast proliferation, early osteo-
blastogenesis, and osteoblast differentiation in vitro
(Giuliani et al., 1998; Lindtner et al., 2014). Local
application of N-BPs promotes bone formation and
improves bone structures in vivo (Tanzer et al., 2005;
Gao et al., 2009; Günes et al., 2016). Previously, our
group demonstrated that systemic administration of N-
BPs increases osteoblastic activity and the trabecular
volume of tibiae in mice (Liu et al., 2015). Consistently,
ZA treatment promotes new bone formation in
osteoporotic rats (Mardas et al., 2017). In addition, ZA
enhances new bone formation by autogenous bone
grafting in the rat calvarial defect model (Toker et al.,
2012). In terms of the precise biological mechanisms of
this anabolic action in bone, the antiapoptotic effects of
N-BPs on osteoblasts through extracellular signal-
regulated kinase signaling provides a rational
explanation (Bellido and Plotkin, 2011). However,
during physiological bone remodeling, bone formation
continuously occurs on bone surfaces along with
resorption pits, a process referred as “osteoclast-
osteoblast coupling” (Crane et al., 2016). Therefore, the
inhibition of osteoclastic bone resorption induced by N-
BPs should cause a reduction in both osteoblastic
activity and bone formation (Tsuboi et al., 2016). Such
an assumption supports previous reports showing that N-
BPs inhibit bone nodule formation and bone
mineralization in rats (Iwata et al., 2006; Corrado et al.,
2010). Taken together, the paradoxical roles of N-BPs in
osteoblastic activity and the precise mechanism of N-
BPs in bone remodeling are worthy of in-depth study.

Moreover, there is the possibility that indirect effects
from osteocytes embedded within the bone matrix may
be involved in the regulation of bone remodeling by N-
BPs. Osteocytes, which account for 90% of bone cells,
lie among osteocytic lacunae and stretch out thin
cytoplasmic processes that pass through narrow
osteocytic canaliculi, forming the osteocyte lacunar
canalicular system (OLCS) (Hirose et al., 2007). The
OLCS not only senses mechanical/hormonal stimuli, but
also coordinates the functions of osteoblasts and
osteoclasts (Hirose et al., 2007). Our previous study
suggested that osteocyte ablation causes corresponding
changes in osteoblasts, osteoclasts, and bone matrix
mineralization by analyzing the diphtheria toxin receptor
transgenic mouse model (Tatsumi et al., 2007; Li et al.,
2013). Importantly, osteoblasts and osteocytes connect
their cytoplasmic processes via gap junctions (Stains and
Civitelli, 2005; Stains et al., 2014), thereby forming a
functional syncytium. From another aspect, N-BPs
prevent osteocyte apoptosis (Follet et al., 2007), modify
the osteocyte channel arrangement (Rabelo et al., 2015),
and regulate expression of osteocyte-specific factors
such as dentin matrix protein 1 (DMP-1) and PHEX
(Yao et al., 2008). Thus, it is plausible that N-BPs may at
least partly regulate the biological activities of
osteoblasts through osteocytes.

Optimal repair of skeletal tissue is necessary in all
varieties of elective and reparative orthopedic surgical

treatments (Gerstenfeld et al., 2003). However, postnatal
skeletal repair is unique because it requires bone
modeling in which preosteoblasts are recruited to form
bone, followed by prolonged bone remodeling involving
osteoclastic bone resorption and coupled bone formation
(Phillips, 2005). Bone trauma destroys the normal
microenvironment and is usually considered to be a
major risk factor for clinical use of N-BPs (Yu et al.,
2012). The interaction between different cell populations
and their microenvironment forms the specific nature of
the site of bone trauma (Gerstenfeld et al., 2003). Under
these circumstances, we performed bone defect surgery
combined with systemic ZA administration to explore
the effects of N-BPs on bone defect healing, and the
behavior of osteoclasts, osteoblasts, and osteocytes in
mice at 8 weeks after continuation of weekly ZA
administration.
Materials and methods

Animal model establishment and tissue preparation

All animal experiments in this study were conducted
according to the Guidelines for Animal Experimentation
of the School of Stomatology, Shandong University.
Twenty 8-week old male mice (KM strain) were
obtained from Animal Centre of Shandong University
(Jinan, China) and kept in plastic cages (3-5 animals per
cage) under standard laboratory conditions with a 12h
dark, 12h light cycle and a constant temperature of 20°C
and humidity of 48%. All mice were fed a standard
rodent diet ad libitum. Under general anesthesia with an
intraperitoneal injection of 10% chloral hydrate (400
mg/l00g body weight), skin incisions were made along
the right femurs on lateral sides of the thighs of all
animals, vastus lateralis muscle and rectus femoris
muscle were carefully separated to expose the femur. A
3mm×5mm×lmm (width×length×depth) bone defect was
made by stainless fissure bur at the middle part of the
anterior surface of the femur. Skin incisions were
sutured carefully. All mice were randomly divided into
two groups, ZA-administered group and control group
(n=l0). To prepare ZA for administration, one vial of ZA
(4 mg) (The pharmaceutical Co., Ltd, Anhui, China) was
dissolved in 200 ml of physiological saline. According
to one of our previous studies, we chose the amount of
ZA to reproduce in mice the posology used for the
therapy of bone metastases in humans (Liu et al., 2015).
In ZA group, animals were administrated a weekly
intravenous injection of ZA (125 µg/kg body weight) for
up to 8 weeks. Control mice received physiological
saline. 

After 8 weeks, the animals were anesthetized with
an intraperitoneal injection of 10% chloral hydrate (400
mg/l00g body weight) and fixed with 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) by
transcardial perfusion. After fixation, femurs were
removed and immersed in the same fixative for an
additional 24 h. Following that, samples were
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decalcified with 10% EDTA-2Na solution for 3 weeks at
4°C. Then the specimens were dehydrated through an
ascending ethanol series and then embedded in paraffin
using standard procedures. Serial longitudinal 5-µm-
thick sections were prepared for following histological
analysis using sliding microtome (LEICA SM 2010R,
Heidelberger, German).
Histological examination and image analysis

Hematoxylin and eosin (H&E) staining was
performed to investigate the morphology of bone defect
area in both groups. Stained sections were observed and
digital images were taken with a light microscope
(Olympus BX-53, Tokyo, Japan). The newly formed
bone volume, expressed as a percentage (area of newly
formed bone/area of original wound (defect) ×100%),
was measured at an original magnification of ×40 by
Image Pro Plus 6.2 software (Media Cybernetics, Silver
Spring, MD). Specifically, bone defect area was defined
from histologically visible cut edge of cortical bone and
newly formed bone was identified by its woven
structure. Ultimately, 10 slices of each sample were used
for quantitative histomorphometric analysis to get the
mean value. 
Immunohistochemical (ALP, SOST, DMPJ, and
Connexin 43) and Histochemistry (TRAP) examination 

For immunolocalization of ALP, SOST, DMPl and
Connexin 43, serial 5 µm-thick paraffin sections were
dewaxed in xylene and rehydrated in ethanol series.
Endogenous peroxidases were blocked by incubation
sections in 0.3% hydrogen peroxide for 30 min at room
temperature. Then sections were preincubated with 1%
bovine serum albumin in phosphate-buffered saline
(BSA-PBS) for 20 min to reduce non-specific staining.
The sections were then incubated for 2 h at room
temperature with: 1) rabbit antiserum nonspecific
ALPase, generated by Oda et al. (1999) at a dilution of
1:100; 2) anti-SOST antibody (R&D Systems,
Minneapolis, MN, USA) at a dilution of 1:50; 3) anti-
DMP-1 antibody (Millipore, Boston, MA, USA) at a
dilution of 1:50; and 4) anti-Connexin 43 antibody
(Proteintech Group, inc, Chicago, MI, USA) at a dilution
of 1:50 in 1% BSA-PBS. After rinsing with PBS,
sections were incubated with horseradish peroxidase-
conjugated swine anti-rabbit IgG (Dako, Glostrup,
Denmark) for ALP and Connexin-43; rabbit anti-goat
IgG (Jackson ImmunoResearch Laboratories, Baltimore,
MD, USA) for SOST; and goat anti-mouse IgG (Jackson
ImmunoResearch Laboratories, Baltimore, MD, USA)
for DMP-1 at a dilution of 1:100 for 1 h at room
temperature. The immunoreaction was visualized with
diaminobenzidine (DAB) (Sigma-Aldrich, St. Louis,
MO, USA). All sections were counterstained faintly with
methyl green and observed under a light microscope
(Olympus BX-53; Olympus, Tokyo, Japan). 

Tartrate-resistant acid phosphatase (TRAP) staining
was performed as previously shown (Li et al., 2013). In
brief, sections were submerged in a mixture of 3.0 mg of
naphthol AS-BI phosphate, 18 mg of red violet LB salt,
and 100 mM L(+) tartaric acid (0.36 g) diluted in 30 ml
of 0.1 M sodium acetate buffer (pH 5.0) for 15 min at
37°C. The sections were then faintly counterstained with
methyl green for assessing by light microscopy
(Olympus BX-53, Tokyo, Japan). 

For double immunostaining with SOST/ALP and
DMPl/ALP, we at first performed SOST or DMP-1
immunohistochemistry visualizing using DAB, and then,
ALP detection by employing enzyme histochemistry. In
brief, the sections with the immune complex were
incubated in an aquenous mixture of 2.5 mg of naphthol
AS-BI phosphate(Sigma) and 18mg of fast blue RR salt
(Sigma) diluted in 30ml of 0.1M Tris-HCL buffer (pH
8.5) for 30 min at 37°C. Double stained sections
carrying SOST/DMPl (brown) and ALP (blue) were
finally counterstained faintly with methyl green.

Statistically, ten tissue sections were selected from
each sample. SOST-positive osteocytes numbers were
counted; the mean optical density of ALP was measured
in three randomly selected non-overlapping microscopic
fields from each section by Image-Pro Plus 6.2 software.
Statistical analysis 

All statistical analyses were performed using SPSS
software. Values are presented as the mean ± standard
deviation. Differences among groups were assessed by
the unpaired t test. P<0.05 was considered statistically
significant. 
Results

Histological alterations during bone defect restoration 

At 8 weeks’ post-surgery, the new bone featured
thicker trabeculae and almost covered the entire bone
defect area. A meshwork of new bone with large bone
marrow cavities was found in the control group (Fig.
1A). ZA treatment induced an increase in newly formed
bone, which was accompanied by prominent remnants of
uncalcified cartilage (Fig. 1B). In the ZA group, the
newly formed bone often connected into a sheet, and
bone marrow cavities were much smaller. As shown in
Fig. 1C, statistical analysis revealed significant
differences between ZA and control groups in terms of
the newly formed bone volume (59.3±2.17 in the control
group vs 86.2±1.97 in the ZA group, P<0.001).
Effects of ZA treatment on osteoblasts and osteoclasts 

As shown in Fig. 2, alkaline phosphatase (ALP) was
faintly expressed in the control group, but obviously
detected on the surface of newly formed bone in the ZA
group (Fig. 2A,B). Several small osteoclasts with
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uniform morphology were found on the bone surface in
the control group (Fig. 2A), whereas numerous large
osteoclasts exhibited varying degrees of polymorphism
in ZA-administered mice (Fig. 2B). Statistically, ALP
activity (0.130±0.018 in the control group vs
0.262±0.019 in the ZA group, P<0.001) was increased
after ZA treatment (Fig. 2C). These results suggested
that ZA promoted bone regeneration.

ZA induces higher SOST expression with irreconcilable
ALP activity

Osteocytes of the control group were uniform and
arranged regularly with faint expression of SOST (Fig.
3A). However, osteocytes of the ZA group were
heterogeneous and arranged disorderly with strong
immunostaining of SOST (Fig. 3B). Moreover,
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Fig. 1. Hematoxylin-eosin staining and statistical analysis.
Histological images of bone defects in control group (A) and
ZA group (B). Statistical analysis for the value of newly
formed bone volume/tissue volume (BV/TV) (C). A meshwork
of new bone with large bone marrow cavities could be
identified in control group. ZA treatment induced an increase
in the newly formed bone amount accompanied by prominent
remnants of uncalcified cartilage. Statistical analysis revealed
significant differences between ZA group and control group
with regards to newly formed bone volume. (n=10; **:
P<0.001). Error bars indicate ± SD. × 40.



expression of ALP was enhanced on the surface of
newly formed bone. Statistical analysis showed
obviously higher SOST-positive osteocyte numbers/field
in the ZA group than the control group (19.0±2.37 in the
control group vs 64.8±3.76 in the ZA group, P<0.001)
(Fig. 3C). It is very perplexing that, although osteocytes
expressed abundant SOST, ZA could still stimulate
osteoblast activity and promote new bone formation. 
Effects of ZA treatment on the osteocytic canalicular
system 

DMP-1 is an osteocyte-secreted factor that is also
found in the osteocytic canalicular system.
Histochemically, we assessed osteocyte morphology and
the OLCS distribution by DMP-1/ALP double
immunostaining. As shown in Fig. 4, in the control
group, osteocytes showed a uniform morphology with an
abundant OLCS arranged regularly (Fig. 4A,C). ZA
induced heterogeneous osteocytes and disturbed the
distribution of the OLCS (Fig. 4B,D). The OLCS in the

control group extended from osteocytes to the bone
surface (Fig. 4A,C). However, in the ZA group,
osteocytes mainly formed short and small protrusions
that could not contact with the bone surface (Fig. 4B,D).
Furthermore, according to the degree of OLCS
regularity, DMP-1 reactivity had accumulated around
osteocytes in the ZA group, but it was distributed evenly
in the OLCS of the control group (Fig. 4A-D). 
Effects of ZA treatment on connexin 43

Connexin 43 is a component of gap junctions that
play important roles in cellular communication. In the
control group, there was intense expression of connexin
43 arranged as a cluster in the newly formed bone (Fig.
5A,C). However, ZA treatment induced abnormal
osteocytes with enlarged lacuna and a folded shape (Fig.
5B,D). Connexin 43 expression became sparse upon ZA
treatment, which was consistent with the blocked
communication between osteocytes and osteoblasts (Fig.
5B,D).
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Fig. 2. Double staining for ALP and TRAP. Double staining for ALP
(brown) and TRAP (red) in bone defect area of control group (A) and
ZA group (B). Statistical analyses for activity of ALP (C). ALP was
faintly expressed in control group but obviously detected on the
surface of newly formed bone in ZA group. Small osteoclasts with
uniform morphology were found in control group while numerous
large osteoclasts exhibited varying degrees of polymorphism after ZA
treatment. Statistically, ALP activity increased after ZA treatment.
(n=10; **: P<0.001). MOD: mean optical density; TB: trabecular bone;
BM: bone marrow cavity; OC: osteoclast. Error bars indicate ± SD. ×
400.



Discussion 

Systemic ZA administration induced more newly
formed bone in the bone defect model of mice. By
detecting alterations in osteoblasts and osteoclasts, we
found that ZA induced an increase in the osteoclast
number, which appears to be in contrast to the
antiresorptive effect of N-BPs, and promoted bone
regeneration. However, our previous report using the
same dose of ZA showed induction of morphological
changes in osteoclasts, a defective ruffled border, and a
decrease in their adhesive ability (Liu et al., 2015). Thus,
ZA may cause a decrease in the bone remodeling rate,
which provides good evidence to explain the increase in
immature bone structures of newly formed bone. 

As a more important event during bone defect
healing, bone formation is the central aim of this study.
ZA enhanced ALP activity on the surface of newly
formed bone. N-BPs either stimulate osteoblast

precursor differentiation or inhibit in vitro osteoblast
proliferation, depending on the type of N-BP, the
concentration, and experimental model (Reinholz et al.,
2000; Itoh et al., 2003). The coordinate increase in the
number of osteoblasts and osteoclasts supported the
hypothesis that osteoclastic bone resorption triggers the
differentiation and activation of osteoblasts, a process
referred to as a “coupling phenomenon” (Tsuboi et al.,
2016) during bone remodeling. Alternatively, there is the
possibility that ALP-immunopositive osteoblasts play a
supporting role in osteoclast formation by
simultaneously expressing RANKL (receptor activator
of NF-κB ligand) (Liu et al., 2015). This result may
partly explain the increase in osteoclast numbers and
asymmetric resorption activity. 

An increasing number of studies are suggesting that
osteocytes are the regulation center of bone remodeling
(Rochefort et al., 2010). Secretion of a variety of factors
by osteocytes coordinates osteoblast activity indirectly.
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Fig. 3. Double immunostaining of SOST and ALP. Double
immunostaining for SOST (brown) and ALP (blue) in bone
defect area of control group (A) and ZA group (B). Statistical
analyses for the value of SOST-posit ive osteocytes
number/field (C). The osteocytes of control group were uniform
and arranged regularly with faint SOST. However, the
osteocytes of ZA-treatment group were heterogeneous and
arranged disorderly with strong immunostaining of SOST.
Moreover, the expression of ALP was enhanced on the surface
of newly formed bone in ZA group. Statistical analysis showed
that the value of SOST-positive osteocytes number/field was
obviously higher in ZA group than control group. (n=10; **:
P<0.001). TB: trabecular bone; BM: bone marrow cavity; OC:
osteoclast. Error bars indicate ± SD. × 400.



SOST inhibits bone formation by antagonizing several
members of the bone morphogenetic protein family and
binds to LRP5/LRP6, thereby inhibiting canonical Wnt
signaling (Winkler et al., 2003). Loss of SOST
expression in humans leads to bone disorders, such as
sclerosteosis, which are characterized by progressive
skeletal overgrowth (Balemans et al., 2001). Targeted
deletion of the SOST gene in mice leads to increased
bone formation and bone strength (Li et al., 2008).
Although it is clear that osteocytes inhibit osteogenesis
through the secretion of SOST, our results showed that a
reduction of SOST expression in osteocytes caused an
increase in osteoblast activity on the new bone surface,
which is perplexing.

Osteocytes establish the functional osteocytic
canalicular system that plays crucial roles during matter

exchange and mechanical stress sensing (Aarden et al.,
1994; Burger and Klein-Nulend, 1999). The OLCS also
regulates bone remodeling and mineral metabolism by
affecting communication among osteocytes and between
osteocytes and osteoblasts (Weinbaum et al., 1994; Feng
et al., 2006; Tatsumi et al., 2007). Under physiological
conditions, the OLCS usually exhibits a finely tuned
arrangement, but it can be altered by physical or
chemical imbalances (Masuki et al., 2010). Osteocyte-
derived molecules may not only provide clues to
understand osteocytic functions, but also reflect the
biological roles of the OLCS. DMP-1, which is a bone
matrix protein expressed in osteocytes, is widely
accepted to regulate bone mineral homeostasis because
of its high calcium ion-binding capacity (Toyosawa et
al., 2001). Because DMP-1 has been identified in the
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Fig. 4. Double immunostaining of DMP-1 and ALP. Double immunostaining for DMP1 (brown) and ALP (blue) in bone defect area of control group (A,
C) and ZA group (B, D). In control group, osteocytes showed uniform morphology with abundant OLCS which arranged regularly. ZA induced
heterogeneous osteocytes and disturbed distribution of OLCS. DMP-1 reactivity was accumulated surrounding osteocytes in ZA group but it distributed
evenly in OLCS in control group. TB: trabecular bone; BM: bone marrow cavity; Ocy: osteocyte. × 1000.
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Fig. 6. A hypothetical scheme illustrating the influence of ZA during bone defect healing. ZA treatment reduces gap junction connections and blocked
cellular communications between osteocytes and osteoblasts. The retaining of SOST in osteocyte leads to activation of Wnt signaling pathway and
subsequent bone formation.

Fig. 5. Immunostaining of Connexin 43. Immunostaining of Connexin 43 in control group (A) and ZA group (B). The visual fields framed by the red line
are magnified in the adjacent below images (C, D). In the control group, there is intensive expression of Connexin 43 arranged in clusters in the newly
formed bone. But, ZA treatment induced abnormal osteocytes with enlarged lacuna and folded shape with sparse Connexin 43 expression. TB:
trabecular bone; BM: bone marrow cavity; Ocy: osteocyte. A, B, × 200; C, D, × 400.



OLCS (Sasaki et al., 2013), we histochemically assessed
osteocyte morphology and the OLCS distribution by
DMP-1 staining. As shown in Fig. 4, ZA induced
heterogeneous osteocytes and disturbed the distribution
of the OLCS. Furthermore, according to the degree of
OLCS regularity, DMP-1 reactivity had accumulated
around osteocytes in the ZA group, but it was distributed
evenly in the control group. These results may partly
explain the impaired mineralization after ZA treatment.
Considering that the OLCS serves as an important
channel for information transmission from osteocytes to
osteoblasts, we assume that the disappearance of
negative regulation of bone formation from osteocytes
through SOST can be at least partly interpreted as
promotion of new bone in the ZA group. In addition,
ZA-induced abnormal bone remodeling may further
aggravate disorganization of the OLCS (Hirose et al.,
2007; Ubaidus et al., 2009). 

Osteocytes connect to each other and osteoblasts by
their cytoplasmic processes interconnected through gap
junctions (Doty, 1981; Shapiro, 1997). Connexin 43
(also known as GJA1) is a component of gap junctions
and has important roles during cellular communication
(John et al., 1999). N-BPs stimulate osteoblast
proliferation and survival partly through regulation of
connexin 43 hemichannel activity (Plotkin and Bellido,
2001). Alendronate has been reported to induce
connexin 43 phosphorylation and therefore regulates its
hemichannel activity, potentially through disassociation
of connexin 43 with protein tyrosine phosphatase
RPTPμ (Lezcano et al., 2014; Plotkin et al., 2002). In
this study, we found that connexin 43 expression became
sparse upon ZA treatment, which is consistent with the
described blockade of communication between
osteocytes and osteoblasts. In addition, connexin 43 has
other functions such as regulating osteocyte cell
survival, controlling the expression of osteocytic genes,
and affecting bone remodeling (Bivi et al., 2012). Thus,
the specific role of connexin 43 in this process and the
signaling mechanisms of ZA affecting connexin 43 still
need to be studied further.

Based on our data, we propose that ZA treatment
reduces gap junction connections and blocks cellular
communication between osteocytes and osteoblasts.
Retaining SOST expression in osteocytes leads to
activation of the Wnt signaling pathway and subsequent
bone formation (Fig. 6). Our study provides a molecular
insight to further understand the effects of N-BPs on the
bone-remodeling process. It should be pointed out that
there are many limitations in the current study. For
example, differences between the animal model and
humans are inevitable. It is hard to extrapolate data from
animals to humans. We cannot accurately control the
dosage of the medication used in animals to be similar to
the dosage used in humans. Nonetheless, we expect to
determine the mechanism of the effects of ZA on bone
cells and the differences among various concentrations
and diverse animal models, and to improve therapeutic
protocols in future studies.
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